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ABSTRACT 'AJT"” -
Transfer funct1on analys1s was 1nvest1gated as a means of

studyung and evaluat1ng the postural stab111ty oﬁ subJects ' T} ,?A

A

in an erect stance

A measurement dev1ce was constructed to re ord

s

concurrently the movement of. the center of foot pressure ‘and

8.

‘ the sway of the body at three po1nts in the sag1tta] pTane

- Subsequent computer ana]ys1s us1ng a. three segment modeT of

*th body pﬂbduced s1gnaTs wh1ch descr1bed the 1ndependent
':hor1zontaT movements of the legs, torso and the head
Spectra] anaTyS1s of these s1gnaTs and the moveme t of the

center of foot pressure produced power spectra and ]"3;\

R fcoherences Transfer funct1on anaTys1s ut111zed th1s

'freduency doma1n data to prov1de ‘the - reT t1onsh1ps wh1dhy

'f |
D

;11nd1cated how body sway 1nteracted with movement of the
'-center of foot pressure . N

“ As part of a modeT of the controT system govern1ng
’_human postura] mot1on, these transfen funct1ons were used to -
‘re1nforce specuTat1on about the neuraT processes 1nvoTved in :
‘gma1nta1n1ng balance - The ga1n funct1ons T1nk1ng the two - ! i
'observat1ons otﬁsag1ttaL body movement 1nd1cated a number of
rtresonant peaks The he1ghts and magn1tudes of these peaKs
_:var1ed between the body segments The Tower segment
':demonstrated the Targest resonance occurr1ng at .
1 approx1mate]y 2 Hz The m1ddTe segment d1spTayed more peaks
iof Tower magn1tudes The upper segment had even more peaKs

'Var1at1on3“between the frequenc1es of these resonances from

v



(subject tO\SUbjeCt tended to .obscure the peaks,
: »
The*ﬁesonant peaKs genera]]y grew in magn1tude and

‘shwfted;'tgghtly upward in frequency when the subJects eyes

THAE

: ‘y:wséd},as oppoSed to be1ng open. It was postulated

that the 1ncreased magn1tudes of the resonances contr1buted
-to a decrease 1n¢stab111ty of the postura] contro1 system,.
anq hence a decrease in stead1ness off the subJects The -
impulse responses of the transfer functions demonstrated
osc11]at1ons of greater magn1tude and 1onger durat1on for
'the tests w1thout v1s1on | ' |
S1m11ar observat1ons were made w1th the a]coho] tests

The advantage of s1ght for balance control was apparent]y of
less 1mportance for the subJects when they were 1nebr1ated

. than when they were sober

5

‘ A small number of neuro]og1ca1 pat1ents wene tested
fhe resultant data d1d 1ndeed/1nd1caﬂe abnorma]1t1es in
opostura] contro] but the sources and patterns of part1cu]ar'

.‘cond1t1ons must awa1t further study /

A brief study of sag1tta1 body movement as. opposed to
| 1atera1 body movement was 1n1t1ated _ The resu]ts concurred."
‘w1th those of the maJor1ty of prev1ous researchers |

Sag1tta1 movement was found to be more su1tab]e for postural
kf measurements ' The transfer funct1ons produced were of

‘ greater magn]tude w1th 1ess var1ance
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‘INTRDDUCTIDNE"'.

| 'Posturoéraphy,lthe study of human posture has come to: be aan

,1ntensely stud1ed f1e1d -as ev1denced by the number and
k»var1ety of 1nvest1gat1ons over recent years .With ‘i

h ;w1despread 1nterest :1t has come to be Known by other names,
‘T1Ke stab1Tography,Tstatok1nes1ography, and posturometry
| Posture,for the att1tude of the body dur1ng movement or:

rstat1on 1s recogn1zed as requ1r1ng the constant Attent1on

" of varwous neura] mechan1sms , The ma1ntenance of the body sv,i S

’ﬁequ1T1br1um 1s generaT]y paramount 1n the successfu]

comp]et1on of tasks, whether motor or mental and hence mustﬁf'

\ .

o \ R
’.'be*atta1nab1e 1ndependent]y of> eonsc1ous controT As :

descr1bed by WeTTs and Luttgens,, posture 1s a gauge of o

mechan1ca1 eff1c1ency, of K1nesthet1c sense of muscTe
- balance and of neuromuscu]ar coordwnat1on LT

1.1 Applications

“t“1'1 1 NeuroToqy

The human body is a comp]ex mechan1ca1 structure ’:As“a;.'7"
'ldynam1ca1 system, 1t requ1res a h1gh1y soph1st1cated contro]_ybv
*mechan1sm to ma1nta1n baTance The fact that the erect body.

:-,e1s cont1nuaTTy mov1ng has\been acknowTedged s1nce the tTjH

'm1d n1neteenth century An: 1853 Romberg ut1]1zed th1s
'h"phenomenon to 1nd1cate tabes dorsal1s, a degenerat1on of the

.dorsal co]umn of the sp1na] cord and: of sensory nerve o

D"
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. trunks W1th the feet in the Romberg pos1t1on heels and
‘toes together the pat1ent was asked to c]ose his eyes . The - "
test was positive 1f the pat1ent could not ma1nta1n h1s o
‘ba1ance Although 1t 1s now~Khown that other cond1t1ons can
,cause s1m11ar d1sequ111br1um the Romberg-test is st111 a

_va11d d1agnost1c tool (see pub11cat1on by Mayo C11n1c and

S Mayo Foundat1on)

_r"The test1ng for ab111ty to ma1nta1n balance has R
ds1nce become one' of the rout1ne procedures Tn |
‘H‘uzneurolog1ca1 exam1nat1ons _ (Fear1ng, 1925) ot

ﬁAtthough Skogland found no. character1st1c pattern of

sway for a number of phys1ca1 cond1t1ons, he recogn1zed the |

"ﬂ‘Qtest1ng of stand1ng sway as a c11n1ca1 procedure of value ;

:1n test1hg for the 1ntegr1ty of the nervous system
M1tche11 and Lew1s found it useful for detect1ng poster1ort f"
' sclerosws~ NJ}oKthJ1en and . de R1JRe conc]uded that N

;‘vertebrobas11ar 1nsuff1c1ency, wh1ch g’ dtffhcult to-

;fd1agnose by other phys1ca1 s1gns 1s qu1te ev1dent through ?':’7--

vposturography ToK1ta et al used spectral ana]ys1s of body
”,5movements to d1fferent1ate between degrees of damage as wett_"
;as types of var1ous 1es1ons and d1seases S11fersk1o]d

~

- observed a character1st1c frequency of osc111at1on in, .T.

'”,}pat1ents w1gh cerebellar syndrome due to chron1c alcohol1sm

"’-as did Maur1tz D1chgans, and Hufschm1dt S1m11arly, HonJo,

?'Tanaka, andaSeK1tan1 could d1st1ngu1sh between 1abyr1nth1ne‘f
”11es1ons and vest1bu1ar nerve d1sturbances Buche]e and |

tBrandt recogn1zed that character1st1cs of postural sway



common to vert'go and other cond1t1ons ight yte]d causes

Iand treat hts, as d1d Nasse et al. Sug no, TaKeya, and

Kodair -1nvest1gated the effects of wh1p1ash psychosomat1c

dJSOP ers. andjanx1ety, as well as neurolo%1ca1 d1seases
Other spec1f1c cond1t1ons have been 1nvestjgated by Mano
(sp1nocerebe11ar degeneratvon) Gregor1c and Lavr1c
fParK1nson1sm) de Wit (1973) Draganova et al (vest1butar
aref]ex1a) . and Kapteyn ‘and Bles (Men1ere s d1sease) »The
-Aeffects of 1earn1ng and behav1oura1 d1sorders were eV1deht
'1n measurements taken by NJ1ok1ktJ1en et al |( 1976)'» After
extens1ve stud1es w1th many d1fferent cond1t1ons Edwards 2
:‘concluded ‘ | ‘hr o . ‘ | "’
'-La_ "The accurate measurem nt of stat1c ataxia has been.
S found to be more 1nd1cj¥*Me§9f organ1c and menta] o
cond1t1on than most of the psychomotor tests.

- v

.2 Pharmacoloqy R
»I Many researchers have found posturography 1nva1uab1e in
t,mon1tor1ng the effects of drugs in the treatment of -
ﬂtneurolog1cal-d1sorders, 11Ke ParK1nson1sm (Cernacek Brezny,.
and Jagr;’and Str1b1ey et a]) Pharmaco]ogy has many :
»poss1b]e app11cat1ons for such tests | Sou]a1rac, Baron,Aand.
f'nChavannes found excel]ent corre]at1on between posturograph1cvvj

fmeasurements and psychometr1c techn1ques The effects of

--certa1n substances on the body part1cu1ar1y the -

equ111br1um have been stud1ed by Andersson et al.

i

_jtneurolept1cxagentstn”Baron,\Bess1neton, and Aymard



/e
{
/

/\
(alcohol), Begbie (atooho]); Folkerts and NJ1ok1KtJ1en
(L-dopa),_Hirasawa (pesticides), Soulawrac et al (1973, ~
1977) (alcohol, vasoactiQeAagents; CQZ, and g]ucose). Sugano’
,and'Tominaga.(1973 ,}977) (alcohol, diazepam;pbetahtstinet
'caffeine, and anti-mottonusicKness'drugs)‘*and TereKhov
"“(1974) (atcoho]) Sugano and Takeya prov1ded extens1ve |
vc11n1ca1 appllcat1ons and results. _ | | ‘

“ Indeed it may be: possible to 1nvest1gate the phys1ca1
causes of aberrat1ons of persona11ty through posturography
'Sch11der made many def1n1te connect1ons be tween. the
’1ntegr1ty of the’ postural contro] system and mental d1sease

"D1zz1ness ocdurs therefore in almost every
~'neuros1s.. The neurosis may produce organ1c changes

in'the'Vest1bu1ar sphere Dizziness is a “danger B

s1gna] in the sphere of the ego and occurs when the
ego cannot exerc1se 1ts synthet1c functwon in the
_senses. " o | | |
‘"DﬁzzineSS'is:as'important_from'the psychoanalytic
'point of'vtew‘asvanxietyt“ | 4 '
. King. drew;simi1ar»COnc1ustonS'
L " Some 1nd1v1duals have defect1ve propr1ocept1ve
feedback mechan1sms, the vest1bu1ar component 1h.,f
part1cu1ar be1ng f1rst underreact1ve, and second'
gunderact1ve in 1ts role vn ‘the sensor1motor
v1ntegrat1on~process This def101t whether

.'genet1c developmenta] or the result of'trauma}

const1tutes an 1rportant et1o1og1cal or prodromalv

oL

\v
N
\
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factor in process and- react1ve sch1zophren1a
According to Ingham, '”a]] 1nvest1gat1ons c]a1m1ng to have
found a pos1t1ve re]at1onsh1p between neurot1c1sm and
suggest1b111ty have assessed the 1atter by means of the

Body - sway test.” ; ' B

1.1.3 Orthopaedics

of the spine and its shape. Snijder

_c]assified problems.

Posturography“has seen-extensive use in orthopaedics.
Sni jders used'a'statokinesimeter to\&gvestigate the loading
t al assessed the"

treatment of scol1os1s (1atera1 cury ture of the sp1ne) w1th

: stabx]ography : Sahlstrand Ortengr;r and Nachemson

1nvest1gated the poss1b1]1ty of postural d1sequ111br1um

‘contr1but1ng to 1d1opath1c scoliosis.

A]though amputees were found to have adJusted quite .

adequately w1th ba]ance, He]]ebrandt et a] (1950) used
:posturography to opt1m1ze the se]ect1on f1tt1ng, and;

"tra1n1ng for use of prostheses The work of Fernwe and -

Ho]]uday 1nvo1ved a iarge number of amputees. Murray et al o
(1975)’measured body movement to gauge the adequacy of

surg1ca1 h1p rep]acement A Tsukimura’sfsubjects‘Were

‘cr1pp1ed chjldren w1th whom_hejeva]uated‘treatment and

1



1.1.4 Other Appticattons

Aside'from abnormat.ponditions. many.researchersrhave.
= suggested the‘application of posturographic Know]edge‘to our
everyday 11ves The use of ba]ance studies: in 1ndustry to
1mprove work1ng cond1t1ons was suggested by Greene and
- Morris. Sugano and Takeya observed the effects of fat1gue
tThe destab111zat1on caused by load1ng the body. w1th extra
we1ght-has been 1nvest1gated (Car]soo Hellebrandt et a]
,1843; H]avacka and Sa11ng) Others conswdered‘the f1e1ds
b of sport med1c1ne (Reicke and YaJ1n RottembOUrg)' Hirasawa
‘and’ Usui co@pared the stand1ng abilities of twins. )
| To. demonstrate the effects of env1ronment~upon man s
'Stat1c equ1]1br1um many tests were performed under var1ous
1 adverse conditions. Stress has been seen to increase body
"movement (Carron Stre]ets et a]' TanaKa'et a]) | Morgan and
Watkins found sway to 1ncrease when the subJect was measured

on the edge of a h1gh roof Constant1nescu et al

: 1nvest1gated the effects of magnet1c pu]ses on balance

,Hom1ck and~ReshKe 1ooKed 1nto the decrease in stead1ness
" evoked by exposure to the zero grav1ty of space f11ght |
M1gra1ne et al .studied. the effects of extended subterranean
SOJourns | Adolfson et al dec1ded that 1ncreased ambtent air’
pressure affected the . 1ntegrat1ve processes of the bra1n
: 1nvo]ved in balance contro] BJerver and Persson noted that
_hypox1a apparent]y 1mpa1red the coordinating mechan1sms of
stab1]1ty Ctgarette smoke was observed to s1gn1f1cant1y

t1ncrease postural tremor 1n separate stud1es by Boudene et



"al and by Pay
A def1n1te degenerat1on of equ1l1br1um wi th advanc1ng

‘;age has been shown in the elderly (Boman and dalav1sto,

yy'5e1reg, and Sep1c. Oversta]] et al; She]don)

' Hasselkus and Shambes noted that a better understandrng'of
\T$\\\\\the\heeds of the e]derly can be used to improve their . '

Tifestyle. On the other hand Casaer, O Br1en, and Proeeit]

‘studied the postural control of babies as an 1nd1cat1on ofh
abnormal development Dantin—Ga]]ego and Gomez suggested
that vta'a global study of the body posturography is
vaanble as an 1nd1cator of norma11ty - Terekhov (1976)

v]isted*further}possib]e app11cat1onsﬁ

1.2 History

/,/‘
As ‘noted by Yoo et atl, the Romberg test prov1ded no*

quantwtat1ve data A h1gh1y sk111ed observer was requ1red

desp1te the s1mp11c1ty of the test procedure Therefore, it

n’was necessary to. dev1se a better measurement scheme to gauge
body movement. |

1n 1886, #Mitche11’and:Lewis observed the displacement
of the head w1th ‘a ca11brated bar mounted hor1zontally at
“ head 1eve1 In 1887, Hinsdale develobed an atax1ameter to
study the effects of defect1ve muscu]ar cooggjnat1bn’that
| was evident: 1n 1nd1v1duals attemptjng to ma1nta1n a’ f1xed

body pos1t1on Movements of the head forward or backward

and to elther side were recorded by threads attached to pens'

\ .
\



writing on sheets of paper. A pen attached to the head
recorded movement on a chart suspended horizontally above
the'subject Scales beneath the SUpporting platform |
indicated the dlstr1but1on of the supportng forces
Many variations of this type of system were de$1gned
without much standard1zat1on (see Eysenck) In 1922, Miles
buitt the first popular]y.accepted device.’ It‘woutd be used
'for.the next thirty years. ThevMiles'ataxiameter also
_ 1nvo1ved strings attached to the head, but the accumutated
4head movements were measured., The threads moved ratchet
wheelsblocated‘on thezfopr”sides of the subJect. The total
movement of the head-in.each direction waskrecorded dur1ng a
._ battery of tests. | | A' o |
| | M11es work was . re1nforced by the stud1es of Edwards,
EysencK Fear1ng, and He]lebrandt who contr1buted the bu]K
l'of posturograph1c Know]edge from-1920 to 1950. A]though‘ |
contemporary apparatus has become largely e]ectron1c 1n
'nature, and much more sens1t1ve,_the bas1c observat1ons have
remained'unchanged.
}-TohCOnclude this brief review of pioneerinngork, the
author can only agree wtth Begbie:""These preliminary

experiments have thrown ug more ‘questions than answers.”
i L - ' \
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1.3 Physioloqgy | \

Although no attempt can be made in this research to
explain the. phys1olo&%cal basis for observations, some
insight may be gained by examining previous work which

concentrated on such aspects.

1.3.1 Reasons for Motion

v

1
o
The movement of the qu1et1y stand1ng‘body may be

‘attrlbuted to many factors. Various phys1ological
lactivitiesrlike respirationwand cardtac function, inherent
v1brat1ons of "the mechan1ca1 construct1on, and active
control by the central nervous system all contr1bute to body
motion. However, the frequenc1es_observed are often higher
Bhan'thOSevdf-tne physiological activities, and the high
degree of‘variabiltty resigns passive, uncontrollable
eiastb—mechanical‘propertjes to a Secdndary role (Aggashyan,
Gurfinkel, and Fomin).
- The human body is naturally inclined Torward about 2 to
3 degrees‘while standing. Although this bﬂts"the calf
: muscles under cont1:uous tens1on Morton recogn1zed the
”T.pos1t1ve asdects of the arrangement To take advantage of
the 1ength of the foot anter1or to the ankle for leverage,
Jtthe center of mass of the body must be anter1or to the
;ankle' If the center of mass was locat?d d1rect1y above the‘
tanKle extens1ve counterbalancing torques in both d1rect1ons
~ about the joint would be required. A forward lean also

\

facilitates forward motion.



Dur tng electromyographic tests of the leg Basmajian
noted relatively slight muscle activity during ralax@a
standing. He remarked on the apparent efficiency of human
balance control. In stud%es of the movement of the body
during simple activitfes. Murray, Seireg, and Scholz were
impreséed by the minimal exertion associated with the high
éoorgiqation required to execute tasks. Hellebrandt (1938)
attributed the stamina of postural muscles to the phenomenon
of sway. Although the extgnsors of the ankle joint are
under constant #ehsion, the movement of the body around that
Jjoint is accompaniedlby varying degrees of muscle‘
contractiap. This)rotation of motor units allows some'parts
of the musclie to P%ft while others work.

Smith came té‘the same conclusion. He observed
periodic variations in'intehsity of the discharge of action
potentials. This 10 Hz variation was considered to be part
of an active torgque at the ankle whibh limits the range of
motion around the joint while a]\owing sets of muscle units
to re]a%f | |

Bonnet et al identified'”rhythmic bursts” of 10 Hz

~activity in the postural muscles of the legs. This was
thought to constitute a ;dynamic interrogatibn of the
proprioceptors” in'order to mainfain a communicaﬁion Tink

‘betWeen the analytical center of the control system and the

‘peripherals.



“fﬂ parts. ;1nput sensors,*a central processor and motor

when ah extyeme]y prec1se regu1at1on of T
e p
spos1t1on 1s necessary and one cannot pass1ve]y

cawait a detectable pos1t1on change to trtgger il

fregulat1on commands rii smal] and per1od1c

i -d1sturbances are made for wh1ch system response 1s v;‘)

"iwe11 def1ned and wh1ch do not endanger system

| }equ111br1um | | | ' g
Th1s act1v1ty 1s most probably the postural tremor that
other researchers have observed (Allum D1etz, and Freund
L1tv1ntsev 1972 R1etz and St11es,.Sugano and TaKeya)

| A byproduct of such musc]e act1v1ty 1s the musc]e‘ »
pump. wh1ch alds blood c1rquat1on 1n the 1eg He]]ebrandt
et al (1940) specu]ated that ‘the . fat1gue resu1t1ng from ’

st nd1ng for per1ods of tfme resuits more from cerebral
t3

anoxem1a %han from 1acK of b]ood flow or muscle strength 1n::m

BN

b

R

the 1ower extrem1t1es

)
POt e

3 2 Percept1on of Balance

When 11Kened to a contro] system the phys1o]og1ca1

ma1ntenance of balance may be cons1dered to requ1re three

'OUtput Many 1nterconnect1ons between these parts are w

PR LR
A

Sénsory 1nput 1s der1ved from three sources (D1cK1nson

1974) Proprwoceptors prov1de awareness ofzmovement through

Ee organs 1n the muscles, tendons, and vest1bu1ar apparatus

Some stud1es have constdered muscular and tendonous 5

[



PR exteroceptorsl the eyes, ears,,nose mouth and sk1n are e

;:t}cnanges in 1ength and tens1on in the soft t1ssue at the i

’rafferentat1on as be1ng propr1ocept1on, w1th vest1bu1ar j][”
lsensatton be1ng a separate source (de W1t 1973) Th1s ;“f
'2paper will also treat the two sources as be1ng separate for
';c]ar1ty The trad1t1ona1 fjve senses be]ong to the ﬁ;t, o
;sens1t1ve to: st1mu11 or1g1nat1ng outs1de the body
',Interoceptors are found n. the V]scera and sense changes ‘
'_.shape and or1entat1on Lo | A

3 2 1 Muscu]ar and Tendonous Propr1ocept1on

Muscular and tendonous propr1oceptors respond to

f;301nts Deecke et al 1nvest1gated the mod1f1cat1on of P
"‘Qvest1bU‘ar s1gnals by the. DPOPP1ocept1ve afferentation of
::the necK as a means of avo1d1ng postura] ref]exe? or»wpf““"'

Somatogyra] sensat1on dur1ng head movements Lew1t ITT'”

@

-'fyemphastzed thevrole of propr1ocept1ve_1nformat1on,

Vor1g1nat1ng from the sp1na] column

Propr1ocept1on 1s stong]y re1nforced by pressurev”'

.9

5fhsensat1on 1n the soles of the feet | Watanabe et al (1979),t

‘"stud1ed the eff%ct of the texture of the support1ng surface

: y plantar mechanoreceptors ,vobta1n1ng responses more

e comp]ex than sp1na1 reflexes The v1brat1ng p]atform of

“ffSh]pley and Hap]ey 1mpa1red stead1ness by 1nterfer1ng w1th

';&fexterocept1on Kapteyn (1972a) bta1ned 51m11ar resu]ts

R e
‘j;;w1th foam pads beneath the subject ‘s’ feet ‘ Under norma} \

'”tf3c1rcumstances,‘afferentat1on from the Jotnts, musc]es and



feet can control balance (Kapteyn and de W1t)

After enforc1ng 1schem1a upon- . the muscles of the leg.
| MamasaKhl1sov Elner and Gurf1nkel d1scovered that the-'“
vert1cal posture was not markedly d1sturbed S1m1larly, =

(1978) observed only an 1ncrease 1n 1,Hz
regulat1on‘ e

Aggashyan et al

osc1llat1on w1th the decrease in postural
Sensory 1nput from other sources Q

result1ng from 1schem1a
must thencact to replace the muscular afferentat1on vSome=’

researchers have ranKed vest1bular sensat1on above muscular
Marttn j:ﬁw

‘:Fahd tendonous propr1oceptton (Sugano and Tom1naga)
(1965) places vest1bular funct1on 1n the predomtnant role in
“(0n: the other hand Btrren found nov‘ -

vunstable condlttons
relatlon between vest1bular funct1on and body sway )

1 3 2 2 Vest1bular Propr1oceptton BRI v
low frequency postural;,,,.

Walsh suggested that the large,
wh1le__

\

l

movements are controlled by the stretch reflex

vest1bular react1ons are l1m1ted to smaller, h1gher
Oku et al concurred where the1r tests

??f frequency movements
revealed that‘h1gh ampl1tude sway ‘was not adequate for

test1ng the vestlbular r1ght1ng reflex since. muscular
In stud1es w1th postural

°

cqntrol systems 1nterfered
act1v1ty and sleep, Sugawara et al concluded that the

vestlbular controll1ng system takes longer to stab1l1ze the

ton1c postural pos1t1on than the proprlocept1ve system

Fukuda observed that postural muscle responses var1ed
W1th s1m1lar results Mano

w1th the p051t1on of the head
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'oivet a] descrtbed a’ funct1on of the vest1bulo spinal ref]exes,‘

wh1ch fac111tates the stretch ref]ex of Teg musc]es
. Nashner has done much work to determ1ne the ro]e of the
,vest1bu1ar apparatus in the contro] of ba]ance | In 1973 and
"f1974 he developed a contro1 mode] 1nvo]v1ng the two

,vvest1bu1ar organs Angular accelerat1on above a certa1nf

a'.ethreshold ‘is detected by the sem1c1rcu1ar canals, and thus d

"'-]_tthe head .

dh1gher frequency movements are mon1tored The utr1cu1ar
v_otol1ths hand]e the detect1on of 11near acce]erat1on and

ifprov1de a 1ow frequency s1gna1 concern1ng the or1entat1on of

Ga1van1c st1mu1at1on (Baron et a] t973'lcernacek’and_L o
ddagr Coats,‘Dzendolet Ferna]d and Moore, Kubtczkowa and 2
3[SK1bn1ewsK1) and calor1c stwmu]at]on (donsson and ‘

irSynnerstad) of the vest1bu1ar apparatus have been used to

;Vfurther e]uc1date the ro]e of thts mechan1sm in equ1]1br1um n

B3

:fcontro1 Bar1gant et a] used a var1ety of such tests, yr

v1nclud1ng 1um1nous and acoust1c sttmulat1on S '

v',ft 8 2 3 Exterocept1on

Some stud1es have conc]uded that v1s1on has 11tt]e

';effect on ba]ance (Vranken and W1]1ems Wetssman and

b";'Dzendolet) vAfter a]] ‘a person can stand w1th h1s eyes e

,fclosed ' Any 1ncrease 1n body sway may Just be due to’ a v
’~ref1ex1ve tens1ng of the musc]es W1th the eyes c]osed the

3:body tends to lean forward further ' Thls is p0551b1y a.
'defence;mechanlsm_toﬁensure.that 1f a fa11 occurs,_1t w1]1

ARV R
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be'forward and allow some protect1on by the arms: (Gantchev
‘Draganova, and Dunev) & Thts posture w111 make the body even'

e

- more mechan1ca11y unstable |

However, the overwhe1m1ng maJor1ty of worK po1nts to
- some def1n1te dependence of ba]ance on the gua11ty and
‘ quant1ty of v1sua1 1nformat1on The effect of ‘vision on
srwfbalance 454perhaps the'most eas11y tested'of the sensory

-

inputs ~An eyes c]osed test of stand1ng stead1ness
‘ genera11y‘produces about 50% more body movement tha? the
o eyes open counterpart Thls,decrease 1n equ111br1um 1s also_-
.;observed gradua]ty w1th a gradual decrease 1n 11ght (Kapteyn‘
‘et aj, 1979) 3 Per1phera1 v1s1on was found to be 1mportant
as-We11 (Begb]e, 1967 D1cK1nson 1969 D1ck1nson and
E Leonard) : De W1t Judged per1phera1 vws1on to be more '
r_teffecttve than central f1e1d v1s1on 1n 1mprov1ng balance
.t ‘y It 1s conceded that v1s1on is of 1ess 1mportance to
-ff'ystat1c ba]ance than proprwocept1on Durthg dynam1c body o
vtfmovement though ‘v1s1on is necessary for ba]ance unless
‘tra1n1ng is undertaken (D1ck1nson 1974 van Parys and !
‘,;NJ10K1KtJ1€n) B]es and de W1t assumed that vision
,Jsupercedes vest1bu1ar sensat1on under such cond1t1ons |
prerhaps 1t is on]y the many years of pract1ce at stand1ng o
hftgthat enabtes people to accomp]1sh 1t w1thout v1s1on Lee“h

'and Aronson observed that s1ght p]ays a dom1nant ro]e in the'"

"stand1ng of young ch1ldren, where a constant]y chang1ng body iif‘

”t}1nterferes w1th the ca]1brat1on of the other sensory -

. organs. ,,;:f
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Rather than being a separate source of balance control
v1s1on is regarded -as enhanc1ng the performance of other

control mechan1sms (D1cK1nson 1974) . The effect of vision

1:

S

appears to be greatest at low frequenc1es (less than 1 Hz)
wh1ch 1nd1cates 1nvolvement w1th the otol1ths (D1chgans et
'al, Seldel and Brauer)l: Us1ng optok1net1c st1mulat1on

Brandt and Buchele" demonstrated some effects on body o

o movement at h1gher frequenc1es They proposed that v1sual

exterocept1on could alter the latenc1es of responses to
propr1ocept1ve 1nputs In th1s context Nashner and Berthoz‘
cons1dered v1s1on to act as a moderator Qf postural act1on,
. unt1l confus1ng sensory 1nput could be resolved : o
V1s1on may serve ‘to gauge the degree of 1mbalance or
the effect1veness of correct1ve measures undertaken by the
body It 1nh1b1ts lateral postural movements el1c1ted by
galvan1c st1mulat10n of the labyr1nth (NJ1oK1KtJ1en and
FolKertsl ‘1In elderly pat1ents w1th a b1lateral loss of U
labyr1nth1c funct1on v1s1on is requ1red to maintain balancep
(devHaan) sz1on compensates for a. lacK of exterocept1ve.

vlnput as 1nduced by foam pads beneath the subJect s feet

(Amblard and Crem1eux Bles and de W1t) or by a cold foot .

bath (Orma).u Fern1e and . Hall1day not1ced a s1m1lar 1ncreasenﬂvu

_1n dependence upon’ s1ght by-amputees Adolfson Goldberg,
and Berghage noted that an. 1ncrease in a1r pressure
decreased stab1l1¢y poss1bly by act1ng upon the cevtral”v‘

- nervous system ‘This’ effect was. ‘more obv1ous w1th the g

subJect s eyes closed when vision could not compensate T



Hamann et al dec1ded that sihce v1sua] st1mulat1on

: could d1srupt balance to some extent the other‘sensory

@

systems cou]d not compensate for an absence of stable v1sua1

1nformat1on : W1tk1n and Wapner noted the d1Fference in .

effect of an unstable v1sua1 field as. opposed to a weakened

¢ PN

v1sua1gf1e1d. Many tests have shown the tendency of the .

body.tO'deviate from true'vert1ca1 and hence to greater s
1mba1ance when™ ‘a, v1sua]1y perce1ved motion or false .

\
i

vert1ca] reference 1s 1ntroduced (Edwards , 1946 Lestienne

et a] Taguch1 Z1Kmund and Ba]l) Such v1sua1‘stimulationf/

o znvo]ved complex mechan1sms of postura] react1on as..v"

1nd1cated by long delay t]mes (OblaK M1he11n,;and

J

- Gregor1c) j’/ ST ‘f" ~-¢ o 'M‘._ j-”

|
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lt 1s noned that the contr1but1on to balamce control by,

o v1s1on cou]d be . 1arge1y muscu]ar propr1ocept1oh from eye
movement - (Kapteyn et aT” 1979) Stud1es by Tokumasu, -

Tash1ro,-and Yoneda 1nd1cate that the v1sua1 format1on
; l

‘ -‘1tse1f provwdes the necessary sensory 1nput "Lee and

' L1shman (1975) ma1nta1n that s1ght 1s more sens1t1ve to'

'jacce]erat1on and pos1t1on than propr1ocept1on or vest1bu1ar

'sensat1on and thus acts to f1ne1y tune the react1on to{such
l
.~1nputs The 1nstab111ty exper1enced at great he1ghts may

_.then be expla1ned by the f1e1d of v1ew be1ngtso/d1stant

V1sua] feedback via an osc11loscope general]y decreases: o

_'1ow frequency sway, w1th a correspond1ng 1ncrease 1n h1gh
‘ |

"affrequency movements (Gantchev GDraganova, and Dunev 19797

kK H]avacka and L1tv1nenkova) Rather than actua]]y prov1d1ng

e

i
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vtsua1 data for-batance control, ISuch feedback may primarily‘~\
: 1ncrease the level of aIertness or sens1t1v1ty of the

centra1 balance controH system ‘ Increased attent1on as

1mposed by visual and_mentalvtasks also decneases_body
\&*%s\;\\g;movement (Cantrel] Litvinenkova,‘LipKova} and‘LisKa;lsetdeT
" and Brauer) o ' o .

Sound cou]d have a s1m11ar effect on ba]ance control
No1se or tones ‘have- been found to 1ncrease body sway
(Bensel Dzendo]et and Me1se]man, L1tv1nenkova, Lipkova,
and L1sKa) ; Interm1ttent audwtory d1stract1ons were |
observed to decrease sway (Fear1ng, 1925) and aud1tory s

» feedback produced a greater 1mprovement in stead1ness (Ratov
and MerKulov TaKeya, Sugano 'and Ohno) .- NJ1oK1KtJ1en
(1973) noted that a decrease 1n 1ow frequency sway dur1ng

Aaud1tory tasks ‘was agaln accompan1ed by an 1ncrease in h1gh
frequency movement 'h ., ‘

-;'4VH' h'. y'i I't 1s most probab]y the 1nterp]ay between a]]

o afferentat1on that prov1des the body w1th a sense of
‘ pos1t1on and movement and hence the ab1]1ty to ma1nta1n
‘ equ111br1um | Once a pattern of performance has been v
estab11shed any dev1at1on from this stereotyped postural
4‘11mage produces contro111ng s1gna]s tu ”a],_L1psh1ts, and -

Popov);
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1.3.3 Central ControT'of Motion

Informat1on from the input sensors must be 1nterpreted

1n some manner. so as to 1n1t1ate an appropr1ate response

Th1s is accomp11shed by the central nervous system. _Thev

TbLTance control system is’ he1rarch1ca1 but the d1v1s1on of

'tasks between the TeveTs is not . ent1re1y cTear ,
T .
; The cerebra] cor tex occupies the h1ghest TeveT being.

3mespons1b1e for voTuntary movement ' Roberts (1978) also

| . - .

|

P4
refers to the cortex as a

sensory 1nput is anaTyzed and su1tabTe patterns of motor

recogn1t1on machine”, where

response are generated . The cerebe]]um aqd bra1n stem :

ssume support1ve roTes D1cK1nson (1974) attr1butes the

1ntegrat1on of sensory 1nput w1th cortwcaT movement 1mpuTses-

to the cerebeTTum Both authors agree that the dense

’1nterconnect1on between the cortex and the cerebeTTum
vresuTts in h1gh coord1nat1on between the1r act1v1t1es
| Thus, a feedbacK controT is achieved- to. prevent 1nstab111ty e
.1n‘a*controT system as,compTex‘as that,requ1redvfor oody |

!
| baTance | SR _' AR
'f “ . . N
*J7 . The brain stem serves to mod1fy the output of hvgher

f bra1n centers : The patterns o) motor responses, or -motor

programs accord1ng to Brooks, are further ta1Tored‘to :

.adJust for spec1a1 cond1t1ons and to produce coord1nated
{

, movement.‘_TWe basal gang11a uppTy thepsupport1ve funct1ons

:for‘voTuntary movements, such as posturaT fixation and
’1wetght transfer. during loco tion. The reticular formation
is partTCuTarTyzimportant i ‘modifying responses. By means

o
£
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'o%xa,tonic inhibition'system, thisiformation-can decrease
'the Sensitivity of sensory . organs. A similar effect is
exerted over the spinal reflexes, s.me of which are involved
fn posturai reguiation VJacortiéii control the reticuiarb

'formation affects the lTevel of arousal of . the cortex, thus
fac1litating the response to particular sensory 1nputs 'Deb
W1t~(197QJ reported.a.simi]ar function 1n:the.dorsa1 |
"vestibutar nucleus (of beitersi A-somatopographict
arrangement of the nucleus divides the human body into two
v parts Perception of movement of the top part is most
;dependent on the vestibular systems, whereas the 1ower part
is most dependent on the muscuiar proprioceptive system of
the 1egs.v Y ‘ , o 4 ! |

" The spina1 cord'reiays the‘neurai‘output“to:the'various
e ferentvherves. For compiex movements the amount of.
information tO'be transmitted must be immense Nashner and
Woollacott propose ‘the ex1stence of spinai‘"function
‘generators which e11c1t patterns of muscular actioh when
triggered.byvcommands~from the brain.. Severai such commands
_ wouid produce locomotor movements.‘]Static balanCing wouid
' require more»primitive,responses,f ‘ o f' L
| A synergistic effeCt is.observed tofnegate'the'effectsni
of interna] diéturbanCes No corre]ation is observed
between body ‘movement and heartbeat (Niisson) : Breathing is‘;
not eVident in the movement of the center of foot pressure

(Sugano  and Takeya). Local 1e51ons of  the brain resuit in

_apraxia;_the uncoordinated movement of thefbodylsegments.

e
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| , |
_Breathing then becomes _apparent. Gurfinkel and Elner
attr1buted this to some 1nterference w1th the feed forward
control within the cerebrum. Nashner and Woollacott
'deSCr{bed a coordination between’ankterand.hip.extenSOrA‘

_ musctes as a'stabiliztng,funCtionhcalled "sway synergy".
-Marksmen,could finely tune thts ability. Mauritz,'Dichgans,
and Hu#\s,\chmidt defined"'fixed 1'nterse.gmenta1 reaction =

patterns\ as those body movements wh1ch balance the

movements of other parts of the body

N,

3 4 In1t1at1\n\ f Mot1on_f

s

Once the appropr1ate excwtatory 1mpu]ses have been
transm1tted to the specific muscles, the muscles re]ax or
contract ‘to achieve the des1red body pos1t1on - Brooks

def1nes posture as a system of "f1xat1ons or tension-‘

7movements, in wh1ch groups of musc]es contract 1n oppos1t1on' e

to. each other: 1n order to hold a fixed pos1t1on |
| LNashner (1976) has ascr1bed four poss1b1e funct1ons tov‘.
postural musc]es in ma1nta1n1ng ba]ance U51ng a mov1ng
'platform he measured the various response t1mes of muscle‘
treact1onsrheln1t1a11y, the-st1ffness‘of the muscle resists
L immediateimovementf. PaSsivedresistance to.movement ts also
‘exerted'by theyetastic tension ot jointiligaments;_deep‘;
fasciae ’and‘skin (Smith) The myotatic stretch reflex
cou]d then fo1low 45 50 msec later, fairly qu1cK1y since 1tf
is a sp1na] reflex ' Then, a "funct1ona1 stretch reflex" or:

g"tr1ggered response (Nashner,‘1979)‘was observed after 120

<
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~ msec. It was postulated that;the cerebe]lum monitors the.
effects of,this.reflex action, and adjustsrthe intensity’of.
subseqUent efferent excitation accordingly. The‘final
,muscular response depended on vest1bular activation, where~’
_the longer and more comp]ex neural pathways cause 1atenc1es
of 180 msec. \ |
_," The - importanée of spinal retlexes in postural
regu]at1on has been an issue of some content1on Initiat |
1nvest1gat1ons ‘such as those by Ke]ton and Wr1ght d1scounted |
the role of the stretch ref]ex-1n static ba]ance. L1tt1e,

if any, muscle act1v1ty was recorded : tt was thought that‘
the deformat1ons of the musc]es durlng quiet’ stand1ng were
not great enough to e11c1t the stretch reflex. Litvintsev
{1973) conc]uded that the stretch reflex p}ayed no part in
postura] stab111ty at the ankles or Knees, but contro]]ed

o

the body pose, or the art1culat1on angles at the h1p5‘and

N
I

the wa1st S . . ';/”y’ -i N

N
N

The rock1ng p]atforms of Gurfinkel, Lipshtts, and Popovv \\x; |
.,and Gurfinkel et al (1976) caused ankle_rotat1on that | n
'vexceeded the threshold of the stretch reflex but muscle
act1v1ty was not ev1dent It was conc]ud d that suprasp1na1,
-controls raised the threshold. = Similar ¢ ntrols,ma1nta1ned
‘ibody ba]ance,during static standing through-variation,tn o
. muScle rigﬁdityv This mechanism-was presumed'to be ‘<_ -
suff1c1ent to compensate for sl1ght dev1at1ons 1n posture
.p(L1tv1ntsev 1972). | | |

- “_.. ;éf;J
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However, Thomas andEWhitney had calculated that the
body was not rigid enough to produce the 10 Hz motion that
they. observed. Continuous muscle action had:to be involved.
‘Subsequent research with more sensitive EMG equipment
reveated some mUscle activity. In 1973 Gdrfinkel conc luded
that the stretch reflex was the pr1nc1p1e mechan1sm of
’postural.control. Afferentation from sources outside the
postural muscles'sebved to alter the ref]ex loop gain”
thrdugh’centrel structUPes of the nervous. system.
Interference with muscle afferentation.(tnr0ugh fusimotor
blockade, ischemia, or Vibraticn) caused varying degrees of
tmbatanCe. This hypothesiS'waé suppotted by other“studtes
,(Elner,'1979; Elner et a],rt976; Elnerw‘Popov, and -
bdffinkel; Mano et al; Mamasakhlisov, 1979; %hambes).

Burke and EKTund dtffecenttated between sway-induced
contract1ons and the bas1c stretch reflex because of the
suprasp1nal 1nvo]vement Rack ass1gned the stretch ﬁef]exv
,to mere]y 11m1t1ng the d1sp1acement caused by an unexpected
d1sturbance, after wh1ch more adequate measuces would be
taken through central nervous cdptrot Sucn contro] could
alsoobe exerted_1n preparat1on for_an anticipated -

o

disturbance (E1'ner).

_ N . )
’ N ) ~ . : . .
o X
. N :
. 0 i T
D ‘ -
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2. SYSTEM DEVELOPMENT
Once the jnplications of body movement to the integrity of
the central nervous system were recognized, researchers
attempted tp qﬁantify such movement. The maximum amplitude
of the sway of the body was easily observable, and served as
the basis for the earliest tests. Mechanical apparafus was
designed to sum thesmovements of the body over predetermined
periods of time. With tracings of the meanderings of the ”
head, it was‘possible io calculate areas and mean posifions.
The advent of the force p]atfdrm prbvided similar

information regarding the movement of the body as a whole.

2i1 Characteristics of Motion
The>hovement of the body, whether represented by sway
or as displacement of 'the center of foot pressUre,.ﬁay’be
considered to octuf‘ih two oﬁthogonal planes of the body:.
the:sagittal or anterior—ppsteribr pTane and the lateral,
frontal, or 1eft-right'p1ane;' (Movemeht.in the”vebtféa]
direction is generaﬁ]y considgréd as bging negligible.) The
stabilogram records the'one-dimensional movement of the .
cénteﬁ of foot preésure in either the sagiéta] or lateral
plané. Each>p1ane appears to diSplqy different
characteristics of balance control. The statokinesigram is
ivtheitwo-dimensional Feprésentafion of the movement of the

center of foot bressurejin a honizohtal plane. . %

o
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:‘_vi

o

Us1ng an osc11losoope to prov1de var1at1ons of v1sua]

' feedback (ie de]ayed reversed amp11f1ed etc ). Sm1th and o

, Ramana exaggerated the d1fferences between the postural

. contro] systems assoc1ated w1th sagvtta] and lateral

movement They found that these systems are concerned w1th

the def1n1t1on of the relat1on of the eyes, héad and body

g to the movement of env1ronmenta1 st1mu]1 as. we]] as;

o

ma1nta1n1ng stat1c equ111br1um Dther stud1es have revea]ed‘

J1tt1e relatwon between lateral and sag1ttal movement
(Bense] and Dzendolet D1cK1nson 1974 Kapteyn, 1973
Le1fer and Meyer L1tv1ntsev 1976 Nﬁ1ok1kt31en) |
Sag1tta1 movement appears to be more useful than fﬁ
latera] movement 1n posturographtc stud1es Theu :
b1omechanlcs of the structure of the body 1n the sagttta] |

f

p1ane demonstrates 1ess s%ab111ty (KapteynA 1973) and 4.t

therefore demonstrates to a greater degree the resources ofv?d

the body to compensate for 1ncreased demands upon the

S

balance contro] mechan1sms (Nashner 1971 N1lsson) ';The

51mp1er b1omechan1ca] structure a]so prov1des greaterG
/

bjtré11ab111ty for measurements (Se1de1 et a]) Latera] body
- movement 1s\more dependent on- foot pos1t1on wh1ch is hard

to regu]ate un]ess a‘part1cu1ar stance is enforced (Wr1ght) 3

l

»As-a'result sag1tta1 sway power spectra have proven to be

'fijmore effect1ve in. d1fferent1at1ng pat1ents from norma]

Hufschm1dt)

(1

subJects 1n c11n1ca1 studzes (Maur1tz D1chgans, and '

R

"‘125r



Most stud1es have cgncentrated on body movement in the“'

sag1ttaﬂ p]ane Unfortunate]y, there has been 11tt1ef

g' e | “'Bes1des amp]1tudes,lareas, and mean p051t1ons of body
fmovement bother character1st1cs that have been 1nvest1gated.f,j

'1nclude d1rectlons, veloc1t1es,~accelerat1ons, an'gj"“”&'t

L frequenc1es R w S e
P . ) . %;mg: o - \r,. .

"é ;2 1 1 Var1ab111ty

standard1zat1on 1n the treatment of posturograph1c datat”,,.,t"”""

The search for new parameters of body movement has beeni:;:’f

{:spurred by the prob]em of var1ab111ty Inter-1nd1v1dua1 andiurl
.h:h;31ntra 1nd4v1dua1 var1ance has been too h1gh to enable ’ |
‘ foolproof d1st1nct1on between data obta1ned from subJects
/under vary1ng test cond1t1ons Sugano and Tom1naga noted

: changes 1n posturat measurements from season to season day:—
to day, and morn1ng to afternoon, w1th up to 20% var1ance
;;‘?5h ‘ f: The range;of norma] postural movements assumed a Po1sson

d1str1but1on When data has 1nd1cated d1sturbances 1n

balance,,these symptoms were’ usua11y V1SU611y obv1ous 'Asga T

iresu]t Henr1ksson et a] concluded that the mean pos1t1on of"”
‘we1ght d1str1but1on at the feet var1ed too muoh among |
norma]s to be usefu] as a test cr1ter1on ‘”‘
‘ b Attempts have been made to reduce the h1gh var1ance )
t; ;“!hvvu through norma11zat1on ,There 1s no estabt1shed relat1onsh1p ke
between equ111br1um and he1ght -we1ght or sex The R y
}}f hor1zonta1 he1ght of the center of grav1ty of the body is e

very un1form amohg norma] subJects wwth respect to the tota]ﬁ}h

P R



I N

body he1ght (He]]ebrandt et al, 1938 Palmer) ‘But,jit,'

cannot be stated that ta]]er or heav1er subJects will b'
'd1sp1ay greater body movement | Some researchers observed\
';flv' /1ess body sway w1th fema]es, attr1but1ng th1s to the1r_ .‘.
| \bod1es be1ng general]y shorter and 11ghter than those of
'fmales (eg Trav1s, 1944) However other researchers found
:males to be stead1er, wh11e some stud1es showed no Sl
;kd1fference : S | : S _ ' H

Orma concluded that men and women - use d1fferent '.;_f;’

v‘postural mechan1sms wh1ch are dependent on- muscu]ar
‘1i,strength Women were thought to use v1sua1 cues more l

e *effecttve]y as a compensatwon for 1ess muscu]ar strength

:‘(see also Wapner and W1tK1n Weﬂssman and Dzendo]et)

S

\‘: H1gh var1ance cannot be accounted for by d1fferences 1n"‘h

" \ .. (/.

b'bag The sense of ba]ance 1mproves from b1rth 1nto the teengf

'ﬂlyears and starts. decl1n1ng 1n the fort1es (Boman and .
'_dalav1sto De Oreo and Wade D1ck1nson 1974 Sheldon

v{g;Sugano and TaKeya) Between these ages no marked changes tnt;fv
.stead1ness have been observed in norma1 popu]at1ons gy

Cureton and W1cKens d1scovered a def1n1te re1at1on

nvrbetween balance and posture, strength phys1ca1 f1tness, and"

v;athlet1c'ab111ty doseph and McCo]] recorded cons1derab1e
Hfgfvaraat1ons in. musc]e act1v1ty in qu1et1y stand1ng subJects
Perhaps, the 1eva] of var1ance of posturograph1c stud1es

' ccould be. reduced by cons1der1ng muscu]ar ab111ty Thef.f

'.eva1uat1on of th1s parameter wou]d be a Further comp11cattonv.iﬁ

"?to stab1l1ty measurements
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2. 1 2 Reduct1bn of Var1ab111ty

For the most part researchers have tr1ed to reduce

r'var1ance w1th mod1f1cat1ons of the test procedure and data

,analys15‘ An unstabtef“r movable support pﬂatform prov1des'

Ta. dynam1c ba]anc1ng test Consc1ous movements are. requ1red"

hlto ma1nta1n balance whereas so- ca]led stat1c ba]ance v

v'ofdepends so]ely on nonvo]1ttona1 responses - By. 1ncreas1ng

o the d1ff1cu1ty of the ba]anc1ng task, \1t 1s hoped that

"fposturat d1sturbances wh1ch may be 1ess ev1dent dur1ng the

‘”(.) .

vf'been emp]oyed to q

"L1tv1ntsev) ;HOW

rDzendo]et Nashner

’results° ".tﬁ;:“‘]

o 'stat1c qu1et stand1ng test w111 be amp11f1ed by the '
‘greater demand upon the postural control mechan1sms (Azoy,

vaegble, 1967 Draganova et a]b Gantchev and Popov Hom1cK

u

zUp-t equ111br1um (Kobayash1,

1t has not been estab]1shed ‘that a

drelat1onsh1p ex1sts between stat1c and dynam1c ba]ance .
2f:f(Estep, Trav1sA 1945) Terekhov s cr1ter1a (1978) for the t;'”
‘1dea] measurement system 1nc]ude comfort and a so]wd steady:ff

"Tjisupport1ng surface

l

Some expertmenters have d1v1ded norma]s 1nto d1fferent -

ffgroups as a resu]t of h1gh var1ance (Aggashyan Dunstone,and

_appear to further o mp]1cate the analys1s procedure v Would

, unusual results convt1tute abnorma11ty or @ new class of

The most popular approach has been to compare data from

v,_tests w1th the subJect s eyes Closed to eyes open data.“'"

1 76 Scott and Dzendolet) vThis would L

"":and ReshKe) S1m11ar]y, d1sturbances to the upper body have;f”‘""
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Wh11e 1nvest1gat1ng the compensatory effects of vision 1n.;
balance control the test to test var1ance should also be
}reduced (NJ1oK1KtJ1en, Watanabe and Egam1) The Romberg s;
‘coeff1c1ent of TereKhov (1974, 1979) and the Romberg

3,,quot1ent of H]avacKa and Sal1ng 1nvo]ve rat1os of

j posturograph1c parameters from eyes open (ED) and eyes

closed,(EC) tests.

2.1.2 Frequency Character1st1cs of Mot1on

A rat1o of two numbers can hardty be - expected to
d1fferent1ate between ‘the very w1de var1ety of observab]e B
’_cond1t1ons w1th the 1arge var1ances seem1ng1y character1st1c‘

"of posturograph1c measurements Spectra] ana]ys1s y1e1ds‘
'va]ues wh1ch vary over the frequency range of 1nterest
These va]ues usually 1nd1cate the amount of! act1v1ty or‘_
;spower assoc1ated w1th the proceyg be1ng-measured at e
: pec1f1ed frequenc1es It is hoped that ‘a spectra]
’Ts1gnature can be estab11shed as a d1st1ngutsh1ng tra1t of vf
jthe var1ous cond1t1ons of ba]ance d1sturbance ' Aggashyan

:Gurf1nke1 and Fom1n noted that "the v1brat1ons of the body

: .descr1bed 1n the form of stab1lograms may be regarded as-a

" steady,yergod1c random process f The spectral and

"-correlat1on methods are a natura? apparatus for ana]ys1ng

: such processes

Postura1 body movements are genera]ly c]ass1f1ed as two
:‘types w1th regards to the1r power spectra Low frequency,

11arge amp]wtude movements occur 1n a band from DC to 2 Hz
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“H1gh frequency, smaTT ampT1tude osc1TTat10ns range from 5 to '
‘10 Hz.

. The Tow frequency movements are - generaTTy cons1dered to
represent the act1ons of the var1ous baTance controT
fsystems ' These movements are 1rregu1ar 1n frequency and
amp11tude but const1tute the greater amount of power
7Researchers have estabT1shed frequency bands ruTed by the
various afferent sources | B |

The vest1buTar apparatus and v1ston 1n1t1ate movementsz
h up to 0. 3 Hz. Propr1ocept1ve react1ons occur between O 5 |
and 1. .3 Hz (Aggashyan, Gurf1nke1 Mamasakh11sov and ETner,/

~de Wit, 1972a; Mauritz e a 1, 1975) . ATthough v1sua1

y Jn the Tower range, an 1ncrease 1n/

/

,responses exist_primarj
’fvpower Tnuboth bandshts bserved in ‘the EC test (Le1fer and
’_Meyer;'Litvintsev’A1972 . Movements at h1gher-frequenc1es.
”,(1h5‘to 2. 5-Hz)‘are seen to be mechan1cal oSciTTations

’ resuTt1ng from Jo1nt 1nstab111ty (Begb1e, t967)t"

. The osc1TTatory ‘movements observed 1n the range from 5 . 0
'to 10 Hz are~gé/era11y conceded to be muscle tremors "
v(HaTT1day and. Redfearn, L1tv1ntsev 1972 St1les and R1etz)
MuscTe tremor has been recorded as. h1gh as 20 Hz (R1etz and

;St11es) Some researchers have 1dent1f1ed two d1fferent

“force generat1ng mechan1sms of muscTe assoc1ated w1th

, d1fferent frequenc1es, above and beTow 6 Hz (ATTum D1etz;.,
. ol R
‘and Freund Sugano and TaKeya) i S ’

A

Stud1es re1y1ng on. the very Tow/frequenc1es encountered»

' h1gh var1ab1l1ty (Se1de1 et al; Soames,.Atha, and Hard1ng)
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N
‘EKTundoandeofstedt suggested that fequencies above 1 Hz be
. 'recorded’tovinvesttgate the invo]vementsof neural structures“-
‘*in'balancehControl7most effectively. - To/1nclude the
‘cons1stent high frequency components of body movement an
a upper 1imit around 16 Hz shou]d be conshdered (N1lsson |

Spaepen, Fortu1n, and W111ems)
P

- 2 1 2 2 Contro] §ystems Mode111nq

Another approach to reduce var1ance dea]s w1th control

'_‘systems mode111ng An 1nput is re]ated to an output v1a

°f'var1ous processes and feedback loops Most techn1ques
df1nvo]ve the der1vat1on of d1ffer§nt1a1 equat1ons wh1ch
approx1mate the performance of the system (see B1o]og1cak
Systems Analys1s and Control Theory “in C]ynes and M1lsum)
'LIn the ana1y51s of btolog1ca1 systems, however, many |
“7parameters are d1ff1cult or 1mposs1b]e to. obtaln 'Iheu
’jresu1t1ng equat1ons are ofteh unw1e1dy An alternat1ve is
Cto deduce the under1y1ng control system by observ1ng the
poutput resu1t1ng from an observed or. forced 1nput v
’ Gantchev and Popov used a hor1zontal]y mov1ng platform

wﬂ_sto 1n1t1ate body sway ' They then deduced the transfer
vbrfunct1ons re]at1ng percept1on of the body movement v1a'the
‘afferents, to muscu]ar response ; B1zzo and Baronv(also g
"B1zzo et al) USed ga]vantc st1mu1at1on of the 1abyr1nths to

develop transfer funct1ons re]at1ng the movement of the body;;

'to the 1nput st1mu11
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téNashner"(1972 1973) combined the movement of the

center of foot pressure, body sway at the waist, and

"',electromyographs of a 1eg}muscle w1th a servo contro]led

force p]atform to model the postura] control exerted by the
vest1bu1ar system ' WorK1ng w1th Woo]lacott Nashner'
‘produced a conceptua] mode] 1nclud1ng vision and-
F'vpropr1ocethon,as we]] w1th movement of the body in three
fsegments -,’ 'i";'_,'w | |

Mode111ng ana]yses have 1ndeed 1nd1cated the comp]ex1ty
o of human postura] contro] De W1t ]973) conctuded that no
‘11near corre]atlon between:input;and"output ‘was- poss;b]e'on;‘
a postura[vcontrol;modet.v The oentra1‘nervousdsystem3cou1d:‘
setectively concentrate:on Vartous se soryginpdts'as:the ._"

‘»situatton'Commanded':beuK conCUrred‘ Gott11eb and Agarwa]

- noted'thatvsuch variatﬁons in sens1t1v1ty to 1nput

- magn1tude of response were.necessary to adapt to changes 1n
_the dynam1c character1st1cs of the body (eg fat1gr
-;changes in the dean1t1on of adequate performance; as'

_for marksmen) as. well as to externa] d1sturbances

The 1ast ref1nement lead1ng up to the proposed method

- yof data process1ng comb1ned spectra] and contro] systems

: analyses Prev1ous work - a]ong th1s 11ne attempted to
~‘estab11sh‘a.11near_relat1onsh1p between sagttta} and lateralwwﬁ
fbodyfmovements (Brauer and'SeideTt,Le"Roox'et Ail'1973), btn
*'the1r research uswng th1s method Leﬁfer andiMeyerfreaohed |
"the conc]us1on stated prev1ous]y Thetr resu]tstf |

-demonstrated ‘the 1ndependence of the contro] systems
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| 1nvolved in sag1ttal and lateral balance
The present work in olves many of the aforement1oned
l"tr‘1clfts to reduce variability by establ1sh1ng a-
relatidnsh1p descr1b1ng postural control. EQ and EC tests
are.recorded ‘where the data'conslsts of*movement of the |
‘center of foot pressure and'body sWay.‘ Speotral analysis is

'.appl1ed to the data -Transfer funct1ons are produced to

M

formulate the relat1onsh1p between movement of the body and

[N  the sUbséquentmreaotjon at the feet.

2, 2 Development of Mode

If one cons1ders Jhe human body to be a s1mple 1nverted
vpendulum,,a one segment model, some 1nsnghtvof the,control
mechanisms involved can be gained. = The center of mass of

the‘body is'represented by‘ajweight'Fixed atop a weightiess,

rod wh1ch p1vots on a fixed ﬁhnge the ankle 301nt «As
' grav1ty acts upon the we1ght/ it tends to tiTt - the rod as if o :
Cin- the_sag1ttal plane‘of the body An appropr1ate torque .
f‘actingrat the-hihoe‘Wlll‘prevent the pendu tum f.rom fall]hg.

f;‘f: | In a stat1c s1tuat1on, ‘the angular displacement of the

: pendulum from vert1ca is-a sufficient.criterion-from'whlchh

L to determ1ne the forc required‘to generate‘this’torque

However, 1n dynam1c 1tuat1ons. quant1t1es such as angular

v

veloc1ty and angular accelerat1on can enter the fray The_‘
- mon1tor1ng of these uant1t1es;and feedback to.the force -

"f\ generator ‘can also e used to keep the pendulum erect.



'support1ng surface fur ther compl1cates the\control system
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Regularly induced vibration can also reinforce feedforward
and/or feedback contro] (MeerRov).- Compensation for

externa] disturbances such as wind and movement of the

)

2.2 Approximation of the Control System

The simple 1nverted pendu]um representat1on of the
o

stand1ng human body becomes the basis. for the control system

_mode]. The movement of the swng]e body segment,

‘ws;—\‘

'described by pos1t1on,'ve]oc1ty, and accelerat1on 1n terms o

/
of angu]ar or l1near movement, can be re]ated to the .
movement of the center of foot pressure as a functton of its

position and der1vat1ves. The control system may be

‘ constdered'as having an input the posvttonlof ‘the body

P

segment, and an output, the pos1t1on of the center of foot

"erres3ure;'at any given 1nstant in time. The data then

‘ cons1sts of many: such pos1t1ons observed over a period of

t1me The Four1er transform (descr1bed further in Append1x
A) of the output data d1v1ded by the transform of the 1nput

data y1e1ds the trdﬁsfer funct1on which descr1bes the act1on

fof the control system

In a'simi]ar system with multiple 1ndependent inputs,

. each 1nput may pass through a d1fferent transfer functton to _

- a common summat1on po1nt to produce a single output .'The7

1nd1v1dua1 transfer funct1ons may be found by the precedtng

| method if a]1 other 1nputs not 1nc1dent»to,the transfer

"functton in quest1on can be’e]iminatedj ;ﬁ many practtca1‘
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situ tions,‘suchfﬁs not the case., Inputs to the system
- cannpt be ’turned off’ without disturbing the control
“system. | | , , o
An example of thTs problem.is a three segment mode 1 of
_the|human body. USing“free body_analysts Koozekenani et al
derivedva number of equations'to eXpress the relatfonshtps
between the"forces‘and torques‘at,the jointsfand the masses -
an ﬂmovements of the body'segments 'Ffoure 1 iTTustrates :
t e parameters of a s1m1Par model 1n the sag1tta1 plane
T e equat1ons are numerous and compTex The proposed ‘method

/

f analys1s in th1s study 51mp11f1es the situation to some
- e

xtent f

o

The d1stance of the center of foot pressure from a
po1nt on the support1ng surface 1mmed1ate1y beTow the ankle
Jo1nt is found by man1pu1at1ng the equat1on wh1ch sums ‘the

‘forces actlng about the anKTe / o f

s Ty 7 Fyhor megde
d. .= 2 o

Yy .“y v
: )

|
i
h

Where»F sum of forces resuTtlng from hor1zonta1
r‘ ty
!

";'acceTeratlon of the body segments

Fy'= sum of forces result1ng fnom grav1ty and vert1caT

acce]erat1on of the body segments, ‘g : . .. @ -
. -m%f= the mass. of the foot , | ;_' |
= the acceleration of grav1ty, and‘
d, = hor1zonta1 distance from center of mass of the
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~ FIGURE 1. Free ,bbdy""’and]ysis of-three segment model.

"
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foot td the ankle joint. _
The torque, T , at the anK]e is balanced by a sum of

factors 1nc1ud1ng the moment of inertia of the’ shank the.

" vertical and hor izontal forces exerted on the shank, the

vertical and horizontal forces exerted on the thigh, and the
torque at the knee. The next equation is derived from this
sum of forces act1ng upon a s1ngle segment rotat1ng about

the .ankle: and ,defines the relat1onsh1p

/
Ty = -q]é].f m1x]d]cosei’+ my(g - Qf)d]sinéi,
. + T, - szl]stne1_+ Fy211co56]
) R (2)
| Where Ji = the moment of inerttaaof the first segment,
| éT :ithe angte sUbtended by the‘first’segment‘¥rom
hortzontal, _ v | . »
) 'é] z the.angutar'accelerationrof/thegfirst segment,
T, = the torque at the second joint o
m o= the»mass of the first body segment
R] = theﬂhor1zonta1 acce]eratton of the f1rst segment,
in the sagitta] plane, | '
: §T = the vertical acceleration of the ftrst segment in
the sag1tta1 p1ane | |
sz = the hortzontal force exerted at ‘the second Jo1nt
Fy2 = the. vert1ca] force exerted at the second joint,
d] = the d1stance from the center of mass of the f1rst

segment'to the first joint and

1 é the length of the f1rst segment



The torques at higher joints may also be expressed as
sums of similar terms[' Our preliminary analysis of these
equations, however, will deal with a one segment mode 1,
Forces and torques with tbe subscript of 2 in‘Eduation 2 are
therefore eliminated. If the body is neably'verticat, as
duribb normal'standing; the angles are very small. Hence,
sind = 0, eose\z'1, and x = db are valid approximations.
With the further assumption that g > y1, the torque

equat1on .can be approx1matéd by

i Ty mixg dixy) - Jdyxy/dy \ |
| S - R
f’é position_of the centreVOf fobtbpressure‘eab then be .
determined: |
. »ﬁg
| -:'(‘d‘c . tn]}]'td] - h) + glmede + myxy) - JyX/d
. mg - .
o ‘(4)»
“Further rearranging, where my X >} mfdf, yielbs:'
- d svxl + (m]d1 -tmTh - d]/d])ll/mlg'
(5)

‘For a single segment rotat1ng about one end tbe mbment‘of_

1nert1a is ]1Ke1y to be expressed

d]»= K]m]d%



_“Where_dt25‘§‘K{:(‘Ot33,“ Equation.S may,then be;written:

S
"A*,“;;» rfh»'{"',;ie_ trdcfgnkt,* Kadg%i/g" . y
o v'where.Kf~¥“1\: K]::rh/djsandhts;positive but'1ess thanv
. “if_un1ty R o R R o
e TaK1ng Fourter transforms, the frequencvidonwtnd“
i:;express1on is shown to be: | o
4 v B
Dels) = (1 s astingls)
s Adsixls) e
erWhereValﬁhKid]/g'andeF tsﬁ'is a functioh_of?théﬁfrequenéy”;p:°
dependent vartab]e% Sv=«j@- : ’d o : s
"df :gh The form of. Equat1on 8 1ends 1tse]f to transfer
functton ana]ys1s ' thure 2 1llustrates the form that the
‘transfer functbon 'Flts),‘would take. At zero frequency thequa

"t}center of foot pressure and the center of mass woutd
'vco1nc1de in hortzontal dtstance from the ank]e f,As"h
“‘frequency Tncreases to’ a frequency, fd 1/2n/' Hz,‘ther”

'Hfhor1zonta1 d1stance from the a@kle to the center Of fOOt

'pressure is a decre351ng fractton of that td the center of

'mass, but the movements are 1n phase Atﬂthe cut off

: J
frequency,,fo the m3?n1%yde re]at1onsh1p 1ncreases “
ﬁ;monotontcally but g% 180 out of- phase u' v

W1th the 1nc1uston of mu1t1p1e body segments 1n the

r,jmodel ahy new terms have proved to be addwttve The;f‘ 3hx§f
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t”segmentlmodel»can-bevshown to be»of the formn

o4

fo]]ow1ng frequency doma1n equat1on was der1ved in.a s1m1lar

manner as Equat1on 7, but a two segment model was assumed

. Col IT\] | '(_1 "",;_vmz f] :'*'- 'Klldj:Sz )X] (S) 4'." o
Do(s) = : R LI e
| mp . mdy g . |

+ ) m2’ (1 + szzSZ)XZ(S)

8 - '.-m] * m2 g . L : \“.<" _
EWhére:Kﬁ-?.lh- Ky - h/d],:_ dvj” e e e
Ky = 1=Ky - (h+ 141/

lfIhe relat1on equ1va1ent to Equat10n 8 fOP a three

__pc(;),=spfts)xi(s>’+'52@;)x2($5i%_r3fgix§ts);_

Th1s analgs1s procedure produces ‘three 1ndependent,

'&inputs, the hor1zonta1 movements of the body segments 1n the

,1sag1tta1 p]ane Each’ 1nput passes through a transfer h Ny : 3 o

3

"Afunct1on wh1ch 1nd1cates the forces requ1red to move the

fretat1ve body segment on]y ; The sum of these forces 1s::

W

% reflected in the pOS]t1on of the center of foot pressure

- Th1s serves as. the bas1s ‘of th1s study

The re]at1onsh1p between body sway and center of foot

pressure movement was mode]led as a set of three f11ters and

'na summat1on b]ock as- dep1cted in F1gure 3. The system was S

s1mpl1f1ed to’%ﬁ%ompass three 1nput st1mu11 to ‘which the S

gresponses were s1mp1y add1t1ve The f11ter character1st1cs,f

)

IS S



LOW SWAY ~ ~  MID SWAY . HIGH SWAY
(S.) sy (Sy)

b

"FHﬂf) ,

P

.,FIGURE‘B. Contro1 system mode] of re]at1onsh1p between sway and
: center of foot pressure ' S .
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‘each a complex funct1on of frequency, determIne the degree
fto wh1ch each body segment contr1butes to the center of foot
_pressure movement A least squares regre551on analys1s
,Iconducted at each frequency may be used to est1mate the

' frequency(response funct1ons,tdenk1nsrand Watts).- Autopower
and crOSSpower spectra'(Appendix B out]ines the}method of |
calculat1on which fo]lows the overlapp1ng w1ndow approach of

,,Welch) of the three sway components and the center of foot.

‘ 'ﬁpressure movement are computedvJ‘Mnn1m1zat1onztheory (see

| it

Appendi x C) y1e1ds the follow1ng equat1ons re]at1ng the g

”uifrequency components

an

"-StL.= F SLL * FMSLM + F SLH

f.,SCM FLSLM + FySun * F HSHH
,mdeCH 3 FLSLH * FMSMH‘+ F SHH

'where_Séa = auto?p0werjspectra,

S,p * cross'power‘speCtra,?'
: | .
Fy = f11ter character1st1c,‘and )

‘a,b

~Cr L, M, or H center of foot pressure, 1ow,”

~ m1d or h1gh sway. components, respect1ve1y | ,.,
The transfer funct1ons may now be found by solv1ng the,

;three equat1ons for FL,';FM and F The relat1ve o

”;contr1but1on of each sway component to movement of the

"‘center of foot pressure is then apparent



ag

' 2 2 2 Center of Foot Pressure‘

The most common]y stud1ed aspect of stat1c balance
contro1 has., been movement'of the center of foot pressure» A‘i
force p]atform is. ut1v1zed to 1nd1cate the pos1t1on of the
s1ng]e vert1ca1 force d1rected at a s1ng1e point on the,
support1ng surface/wh1ch is equ1valent to thefsum of the

forces-exerted by ‘the feet. Prev1ous stud1es, some very

L recent have cons1dered the pos1t1on of th1s force to -

ref]ect the hor1zonta1 pos1t1on of the center of mass of theyl
body (Baron NJoK1KtJ1en Pa]’tsev Ratov and Merku]ov
Taguch1 Tok1ta et a] ToKumasu, Tash1ro and Yoneda) _ In:
fact this. 1s true on]y 1f the body is not mov1ng at a]l

| Thomas and Wh1tney recogn1zed th1s factz1n 1959
Spaepen, Peeraer and W111emsbquest1oned the va]1d1ty of
' stab1lograms as 1nd1cators of body movement They found :
11tt1e re]at1on between resu]ts from a camera system and

those of the force p]atform : Spaepen, Fortu1n, and W111ems

o showed that movement of the. center of mass d1d not match the

_stab1logram Stevens and Tom11nson noted that th1s

S

' d1screpancy was due to- the force platform measur1ng the

secondary consequences of sway1ng movements rather than

.[ the sway 1tse1f Dther researchers acKnow]edged th1s

d1fference (EK]und and Lofstedt Kapteyn, 1973 Va]K Fa1)
| With the sl1ghtest movement ‘the accelerat1on and
dece]erat1on of the Lody mass adds to the torques at the’
body Jo1nts wh1ch res1st the pu]] of: grav1ty . W1th :

‘ 1ncreas1ng frequency of movement greater torque is requ1red

-l



to resist or initiate this"movement. The'eXtra tordde is
generated‘by increasing the%force'orsby increasing_the
diStance from the joint at'uhich the forcefis applied,‘ Both'
means produce the same result on the- forCe p]atform reading:
'the excurs1ons of the center of foot pressure are‘greater

| ‘than-the movements of;the center of mass‘of the bOdy{intthe '

hor1zonta1 plane The former movemen t tends to bean

exaggeratwon of the latter /i
Us1ng a s1ng]e 1nverted pendulum mode] Gu finkel -

_(1973) ca]cu]ated the error of us1ng the cente of foot

»pressure movement as an 1nd1cator of movement/ of the center.'

of mass.” At a. frequency of 0.5 Hz, the d1sv1acement of the

a center of foot pressure was due as much to the forces of

acce]erat1on as it was to the d1sp1acemen of the center of

-kmass | Guersen et al (0. 51 HZ)‘and Masse and Kodde (0.57
d?Hz) obta1ned s1m11ar results " Van de M~rte1 Massen'-andll
‘:Kodde produced an equat1on descr1b1ng he re]at1onsh1p
"between the acce]erat1on measured by the force p]atform and
"the actual acce]erat1on of the body f.vtl |

In the proposed measurement system the movement of thet
center of foot pressure is’ calcu]ated from the record1ngs of
forces at the four corners of ‘a square force p]atform (some_‘
systems use tr1angu]ar platforms) Accord1ng to F1gure 4
the dic, ement of the center of foot" pressure in the -

"sag1tta1 plane from the center of the p]atform is. g1ven



v FIGURE”4; DiStribution,of'forces'on thé‘force

o

'pTathrm.‘
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X = B
f1 + f2+ f3 + f4 2

(12)

| where d is the d1stance between the front and back po1nts of

‘j

/

i

'support. The .sum of the four forces 1n the denom1nator

corresponds to the total wenght of the subject, and is

assumed to be constant during the testing per iod.

2 2. 3 Sway of the Seqmental Body

| It has been observed that the human body does not act

as a s1np1e 1nverted pendulum Aggashyan (] spectral

analyses showed that tne observed frequenc1es of movement

vare 1ower than those Calculated for a s1mp]e 1nverted

/

"jpendu1um Roberts and Stenhouse concluded that a t1me lag, ..
'ex1st1ng between mowements of the head and the hip, was due .
”to some bend1ng at the 1atter Two segment models were

' proposed to include this bend1ng of the body at the wa1st or ’

hip Jo1nt
A]though the 1atera1 ma]leo]us is: the obvious po1nt of

rotat1on at the ank]e,_ch0051ng a- 51ngu1ar point of rotat1on

'between the 1egs and the torso is more d1ff1cu1t uThere 1sv1

] poss1b1e bendlng from- the h1p Jo1nt all the way up the'

sp1na1 co]umn to the neck. However it appears that

.rotat1on about the hip Jo1nt is ma1n1y a gross movement and“

'not normally 1nvo]ved 1h f1ne postura] adJustments

Electromyograph1c studies have recorded on]y sl1ght act1v1ty

in the th1gh,muscles of qu1etJy standqng subgects‘(doseph,
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. sway, with litt

’y-Knee /Hemam1 and daswa, KoozeKanan1 et al). . Suc

/Nashner and Woollacott observed relat1vely l1ttle Knee

Nightingale, and Williams; Portnoy and Morin). Similar
observations were made at'the.hip‘(dosephl. “Jonsson and

Steen concluded that the th1gh muscles would" control lateral

e effect on sag1ttal sway.
}Muscle aciﬁ1ty along the sp1nal column is largely |
confined to thé lower back and- abdomen dur1ng quiet standlng
( Joseph anc McColl) ~In stud1es .of movements of parts of
the body i relat1on to one another, H1rasawa (1976)f
concluded that the p1votal po1nt between the upper and lower*

body was 1n the v1c1n1ty of the lumbale (in the‘reg1on of

the lumbar vertebrae) Therefore, the height of'the second |

,rotat1onal po1nt was measured at the 1leac crest, ﬁhlch-

usually'comnc1des with the upper edge of a belt. ,
/
Some three segment mode 1s d1v1ded the leg 1n/two at the
studies

have concluded that relat1vely l1ttle rotat1on occurs about

' th1s Jo1nt (Gantchev Draganova,iand Dunev, 1979 ValK Fa1).

v

'rotat1on even with the Knees sl1ghtly bent . The‘l

representation in a model of the leg as one segment w1th thef '

Knees protracted is therefore val1d
l In the present study, the upper body is d1v1ded into

\
two segments the torso (1nclud1ng the arms) and the head..

- About. 70% of the’ body mass is above the hip Jo1nt (Thomash

and Whitney; Squire). The torso conta1ns 89% of the mass of’
the upper body I'ts movement should have a s1gn1f1cant

contr1but1on to the movement of the center of mass of the
R . . Y



body . ‘Thé head,{onwthe‘other hand, houses the postural
control mechanisms of}vision and the vestibu]ar'apparatustv
- as we11 as, proprioceptors in the necK joints and muscles.
Movement of the head may d1rect1y affect postural react1on’
of the 1ower body segments, desp1te not hav1ng a great.
effect'on the d1splacement of the center of mass 1tse1f.
Nashner (1973) notes that the or1entat1on of the head is
1mportant to the operat1on of the vest1bu1ar apparatus The
‘p1vota1 po1nt between the torso and the head is chosen by
observat1on . | |

It is noted that measurements of the Jo1nt he1ghts,
- ;taken ort'a number of d1fferent occasions, for one 1nd1v1dua1
'subJect ‘have var1ed by on]y 13 mm. Append1x D conta1ns test
data which illustrates the minor effect of th1s source. of
. error. '
| The adopted model is dep1cted in F1gure 5. 'Considering
1ndependent movements of ‘the three segments, and the |
resultant torques generatedvabout‘the'Jotnts, the oontro] of
stabi1ity for‘this'admitted]y;rudimentary‘mode] of the human ..
body becomes 1ncreas1ng]y comp]ex This initial |

1nvest1gat1on of the contro] system concerns' the

",relat1onsh1ps between the movements of the three body

j»segments and the d1sp1acement of the center of foot pressure
in the sag1tta1 p]ane t\It is hoped that these relationships
S will be of-a 1ess var1ab1e nature than measurements of body

‘sway or center of foot pressure movement separately

\\-
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FIGURE 5. Three segment‘modél of human body in sagittal plane.
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*Th order to compute the Contr1but1on of each body
segmental sway to the movement of the center of foot
pressure each sway'component must- be isolated from the
other two. A large part of the measured sway of the upper
bodysz due to the sway of the lower body;‘ The cancellation
of tﬁts effect of lower body movement was achieved by
trans]at1ng the sway measured at the low site to the heights
of the middie and h1gh measurement sites and subtract1ng
from the values measured at the higher sites. S1m11ar1y,
the high sway was further reduced by the middle sway
trans]ated up to the h1gh measurement site. This process is .
illustrated in Figure 5 a]so. ‘The fol]ow1ngiequations

describe the operation:

where sa
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Thekeffectiveness of the cancellation was demonstrated
by pivotting a rigid board before all three sway‘detecfors
simultafeously. After coﬁputer processing ot the data only
the low detector data indicaied any appreciable sway.

It is due]y noted that th1s analys1s tends to sidestep

_the problem of . no1se w1th1n the recorded signals. The
' add1t1on and subtract1on of ther force platform s1gnals

‘ cance]s some noise content Little corre]at1on 1s seen
»between the noise in’ the force platform s1gnals ‘and in the
sway detector s1gnals. Therefore, cons1der1ng the very low
power content a]so,‘such noise has a negligible effect on

the traoéfer fuhction»analyefsf

B
LA €
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3”,‘}'phys1olog1cal data

‘~ftransducers Other force platforms employed sc

3 APPARATUS

'*The measurement dev1ces used in record1ng the movement of

_ the body: have var1ed cons1derably in complex1ty and
'flex1b1l1ty From wabblemeters (Moss) to electro-7b

' grav1t1ometers (Tsuk1mura)fthe two most commonly observed‘
parameters have been the movement of the center of fOOt l
pressure and the sway of the body Some,stud1es have

i

glncluded electromyographs, ball1stocard1ograms .or otherf_

M/\

[

3.1 The Force Platform n |

..r The force platform is used to 1nd1cate the movement of
" the center of<foot pressure : Force sens1ng elemen7s at the'
hplatform supports detect changes 1n we1ght dlStFlb tion on.
the platform surface . Stratn gauges and p1ezoele tr1c

‘“crystals are the most commonly used force transdu ers.

y vCAlthough they are more sen31t1ve and l1near in response

p1ezoelectr1c elements requ1re more compl1cated _and

vexpens1ve, c1rcu1try thchgans et al (1976) Mapritz et al
(1979) and Spaepen et al used p1ezo electrtc f rce

RN, 6

les (Curéton

and dlckens. Hasselkus and Shambes, Waterland :nd Shambes)

ﬂmechan1cal l1nkages'(Cantrell Sheldon Trav1s'_

'_,electromagnets (Baron Moltnte,'and Vr1llac HEllebrandﬁ and‘.

§

-iBraun) (See Kapteyn k1972b or Green and Morr1s for stud1esl,“‘rm

:,of force platforms Y/The ex1st1ng force platform was n
3 - AR
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, calxbrat1on : After zer
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J,fl‘-' .

constructed w1th stra1n gauges wh1ch were deemed to be of

‘and 11near1ty ﬂ

ty‘Pairs'o? ,ratn gauges were secured to the top and
bottom surfaces of four a]um1num cant11ever beams whtch
.rsupported the corners of.a square a]um1num p]ate (see F1gure
:6).g Th1s pa1r1ng of stra1n gauges in Wheatstone br1dges

prov1ded a temperature compensated vo]tage stgna]

1":proport1ona] to the vert1ca1 force exerted on the cant11ever.

'-”beam The beams and plate were r1g1d enough so that any -

nfdeformat1on was 1mpercept1b1e The Wheatstone br1dges weref"

/R

'fDC coup]ed to preamp]1f1e

caltbratton for the volt ge s1gna1s AppenH1x E g1ves the
&

"c1rcu1t deta11s An 18‘ﬁtlogram we1ght 1n the center of thee

plate seated 1t securel on the supporttng beams dur1ng
1ng the preamp11f1ers a further 18
Kilograms were-added t"adJust the ga1ns for. equal outputs

| psugano and*Takeya used/a stee] ball ro]]tng around in a

:ctrCIe on:theaplattor‘ to ca11brate the1r dev1ce | A s1m11ar

n;usystem may be adopted| in the future

As “in any mechad1ca] system ‘the force p]atform was T

found to have resonant frequenc1es,»at wh1ch responses wou]d'

\

be d1storted Verdu1n et a] suggested a motor drtven spr1ng»’

or a wetght dropped in the center of the p]atform as means ,3

vto determtne these frequenc1es ' In the present study a
»;j - 1

Z]1near motor was used to exc1te the force p]atform over the
v§

{1frequency range of 1nterest A resonant peak was observed
}pat 29° Hz For the unloaded platform W1th a- subJect upon the

S whtch prov1ded amp11f1cat1on and

l
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’p]atform the peak frequency was sh1fted down to 17 Hz This

.,1nformat1on conf1rmed the 1acK of mechan1ca1 effect of th1s

part of the measur1ng apparatus upon the read1ngs The

1nterest,

"-resonant peaks ex1sted above the frequency range of

C 3, 2 The Sway Detectors'

Body sway measurements have been procured w1th a w1de

2

var1ety of equ1pment Some of these measurement systems

have 1nvo]ved

photographs or telev1s1on_(Boman and dalav1sto Hemam1

V'(and daswa, H1rasawa, Kapteyn 1973 KoozeKanan1 et al;
-Murray, Se1reg, and Scho]z Spaepen Peeraer, andQ
tW1]1ems W111ems and Vranken) | __v B

"dwsplacement potent1ometers (Coats, Dzendo(etifFerniev;
,,and Ho(11day,‘Nashner, 1976 Va]k Fa1)

gon1ometers or angle potent1ometers (Herman et aly

L1tv1ntsev MamasaKh]1sov Maur1tz et a] 1979)

o

t(11near varqab]e deferent1a1»transformers (Sh1p1ey and‘
‘“Harley, Str1b1ey et aT) L hy_ ‘.> o _
f?/d1sp1acement transducers (Tomltnson.andrStevens(*
*,(%11d1K and Mag1) “ 7 SR |
t‘acpe]erometers (M1yosh1, Ni]ssonijtiieS'and"Rjetéiu;lJ

' 'Thomaséand Wh1tney)

- 3capac1mnve p]ates (Lee and L1shman) “fij'],*;,

b 0

: u*u]trasonJos (Herman et al Le Roux et a] Roberts and-'

R
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'uStengouse)

R :

'Q;r mechanicaT 11nkages (W1tk1n and Wapner Wr1ght), or
1d,‘ hand held laser on-a photod1ode (Yoo et a])

The d1sadvantages of such methods 1nc1ude cost, poOr 3
'4sens1t1v1ty (see Kapteyn and de W1t or Shambes) and patjent

contact wh1ch may adverse]y affect naturaT movement Light

‘L‘fbeams ctrcumvent these prob]ems to a Targe extent

A co]11mated beam 1mp1ng1ng upon a photovolta1é

;detector woqu produce an’ output ]1near1y proport1on 1.

"?;the area of the detector that was 1]1um1nated A s1ng1e"

Tasgr beam or ‘an array of smaTTer Tasers w1de enough to : ‘7wf}‘f'
degict the expected range of mot1on was. conswdered |
1mpract1ca1 due to cost. A system ut11121ng a swng]e beam

‘,swept across the-range-of mot1on wou]d encounterrcompT]cated,‘

‘f-mechan1ca1 and t1m1ng prob]ems

The present system used a po1nt l1ght source at the'

’focal po1nt of a parabo]1c m1rror to produce the coll1mated

-»vbeam In1t1a1 tests found 150 watt mercury arc bylbs to"

' »produce too much heat wHﬁ]e not betng except1ona]]y sma]]i

;sources The adopted system used Or1e1 xenon arc buTbs

"7(#6341) wh1ch produced a 0 18 mm . (O 007 1nch) round arc

‘dwh11e requ1r1ng onTy 2 watts of power ‘ A 1000 voTt tr1gger
_"puTse was requ1red to produce the arc wh1ch was then
| stab111zed by 200 voTts before the 27 voTt runn1ng cond1tton

'f7was atta1ned The Or1e1 po1nt T1ght source power supp]y

f‘(#6342) was- 1nadequate1y regulated ,and the bulbs were

St
o

isw1tched over to a better regulated power supply after be]ng 51'
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Ttt. Sh1er1ng was necessary to prevent the high voTtage
pulse from dereguTat1ng th1s second supp]y b_ - |

The mirrors were made in the optics Taboratory of the
-Department of. ETectr1caT Eng1neer1ng The parabo]1c mwrrorsl
.'had a diameter of 108 mm ‘and a focaT Tength of 311 P—
“S1nce onTy a th1n T1ght beam was requ1red onTy a smaTT‘
'section ofvthe m1rror was used Each mirror thus prov1ded
two sections To further save space the foca] Tength was
foned back w1th a pTane mirror. The Ttght source could then
be Tocated 1mmed1ate1y beTow the paraboT1c m1rror sect1on
».‘F1gure 7 dep1cts the source opt1caT system

The" pTane mirror sw1ve11ed about its’ Tongwtud1na] axis:
hto‘a1d in focuss1ng The apparent verttcaT height of the‘
‘po1nt T1ght source coqu then be adJusted The degree of
<'coTT1mat1on of the T1ght beam depended upon ‘the prox1m1ty of
3~the po1nt Ttght source to the apparent focaT po1nt of. the
.parabo]1c mirror. Hor1zonta1 traveT of the 11ght source‘
from front to back and from s1de to s1de compTeted the ’
focuss1ng adjustments After pas51ng through a sT1t the
result1ng coTT1mated beam was tr1mmed to 6 4 X 102 mm.
These d1mens1ons were Judged ‘wide enough to encompass aTT:
fbut gross]¥ abnormaT sway e

- The: T1ght beam was d1rectedufnto a 4 6. X 102 mm

d1ffused Junct1on s1]1con photod1ode (Quantrad Corporat1on

xLong Llne Ser1es #LL4) The ‘diode had +/-5% un1form1ty and b

'”e_ats10 voTtsr. The d1ode was
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preamplifier 'The output was then 1inearty'proportiona1 to
~the light 1nc1dent upon the dlode (see Append1x F for |
c1rcutt detat]st. The d1ode was recessed in a box whwch
- was painted matte b]ack inside, to reduce the effects of
stray~1toht from other sources

_ The ]1near1ty of the sway detectors was measured by -
rrotat1ng a- spec1a11y mach1ned d1sc at a constant speed to -
sweep through the 11ght beam - The rad1us of the d1sc
1ncreased 11near1y with angle from 0 to. 180 degrees around
;the disc, and then aga1n from 180 to 380 ‘degrees, Th1s
symmetrica] form ba]anced the d1sc about its center )
providing more’untform rotat1on . The detector output should
then ideally have been a’ sawtooth wave, the accuracy of -
wh1ch could be measured (see Append1x G)

| The 11ght beams were observed to vary in 1ntens1ty

,kduring the day. Thts var1at1on somet1mes exceeded 5% of the
’ average 1ntenswty Ca11brat1ons of the sway detectors would
"cons1derab1y reduce th1s source . of error, while a]]ow1ng the
;amp11f1er ‘gains to be freely adJusted before each test
'Recorded ca11brat1ons wou]d have a]so accounted for the
ag1ng of the 11ght sources and changee in the power supp]y
-vo]tages | )
Ca]]brat1on of the sway detectors was accompltshed by
.E?tat1ng‘an,off-centered circular djsc;tn the‘l1ght beamr
Thevdetector output was approXimateTy sinusoidalv By

‘;1ntroduc1ng a Known reproduc1b1e movement to each of the’

three swayvdetectors, thetr relative sens1t1v1t1es couId be

“
\
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compared.. Dur1ng data acqu1s1t1on these ca11brat1ons were
recorded and used dur1ng the process1ng of the data from/the
fsway detectors o y
‘Each source and detector set was mounted 70 cm apart on
a frame wh1ch sl1ded forward and backward on a collar. Each
co]tar,was mounted_on a vertical column so-that the height
- of the source/detector‘set betweenfthe force‘platform was
cont1nuous]y adJustable from 66 to 203 cm. The column was '
set 1nto a heavy wheeled base, upon wh1ch the force p]atform'
was. adJustable forwards and bacKwards The entire measur1ng
'system was very heavy and sturdy 1n order to reduce the
:effects of v1brat1on and deformat1on - The base was: also set
upon ant1 v1brat1on pads. A set of sta1r¢:and a safety bar,
were provided s1nce the p]atform was 51 cm above the f]oor t

p g
F1gure 8 is a sKetch of the complete measurement apparatus.

3.3¥Data,Acquisition o

The seven signals, four fromthe force platform and.
: _ , ‘romgtpe torce m.and.

three frOm'the'swayddetectorsfvwere”paSSed through a-set of

filter/amp]ifters The bandpass f11ters provaed 20 .dB/dec

_(6 dB/oct) attenuation w1th 3 dB cut- off frequenc1es at 1,, B

3,5, 10, 30, and 50 Hz’iow pass and 0.1, 0.3, 0.5, 1, 3,

vand 5 Hz high:pass..ﬂ /?htgh pass f11tertng Served to

41tude of very low frequency sway frOm

D

:”prevent the large amp
"Caus1ng the 1nputgs1gna]s to be cl1pped at the analog to

d1gtta]vconvertorq The effects of resp1ratory and cardiac
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FIGURE 8. ‘Measurement apparatus for body sway and movement of the
o center of foot pressure. The arrows indicate the possible
“adjustments. : '
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art1facts, consc1ous movements, and other IOW'frequency
phenomena not of interest were also reduced Seidel et al
(1978) used h1gh'pass filters. to e11m1nage "trend-similar -
‘sways" evident wtth Variations in foot position and

inter- 1nd1v1dua1 performances Low pass fittering reduced\
'v1brat1on induced noise and 80 Hz 1nterference via stray
Tight and electrical 11nes - The ampltfter ga1ns were
adjusted to produce a max1mum signal of +/ - 2 5 vo]ts for .
the H. P 5610A A/D convertor whtch rece1ved the seven
outputs ~ The ga1n was adJustable from 10 to 110.

Each“of the data channe]s were subJected to the same
vdegree of ft]tertng Therefore, 1n ‘the transfer function‘
vanalys1s, the filters wou]d not affect the resu]ts The
,rétatiOnshjps between the channe]s wouTd not be changed.

_ The'seven channets were~a1ternatety‘sahp1ed at 64 Hi{t'
\twh1ch was four times the maximum frequency of interest. The"‘
Nyqu1st frequency was exceeded in order to prov1de a 1arge |
amount of data and greater frequency reso]ut1on for
subsequent ana]ys1s, 1f necessary —The dtg1ta1 data was
| stored on magnet1c tape in the form of 16:bit words ‘Thel

f1rst 6 bits prov1ded channe] 1dent1f1cat1on wh1]e the last

10 binary. digits constituted the'data'value ~Thts prov1ded;.d,’

1024. quant12at1on levels, wh1ch resu]ted in. neg]1g1ble
quant1zat1on n01se with regards to further data process1ng
h(Gl1sson, Black, and‘Sage). The t1me requ1red to sample .

. each channet‘waslto usec, and all seven channels were

sampled in tess_than"100 usec..
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The maXimum’samp1ing rate wasv12 kHz. The maximum:

number of channels was 16. Thus{.16}channe1s'could be
' sampled at 750 Hz each. Within these'frequency and channel
1imits, data could be sampled and stored on digital tape.
.The data cou]d also be d1sp1ayed an a CRT, " but 500 Hz became
the fastest samp11ng rate.‘ Th1s was the max1mum frequency
for which both storage end djsplay could have occurred |
simu]tanéoﬁslyr Figure 9 is a schematic.of the hénd]ing of

the signals from the measurement apparatus. e

‘3.4 Data Processing

’An'HP2TOOS computer was used for both data acquisition
‘and analysis. The lat ter tasK.wes divided into two.parts:'
process1ng and d1sp1ay _~ '

Two programs were - 1nvo]ved in the 1n1t1al process1ng of
the data. XProgram PC51 performed data reduct1on and ' o
modifioationw' Thevfour force platform signals were combinedc
to provide one sjgnallwhich indicated the‘movement of the |
N center,of foot pressure in the fdrward/backward'orientation‘

bof the p]atform . Thissignal was also norma11zed w1th

,_'respect to we1ght of the subJect The sway detector s1gnals

" were equa]1zed using the ca]1brat1on record1ngs which
'preceded every test The effect of the movements of lower
segments of the body was, then cancel]ed prov1d1ng three

linearly 1ndependent sway measurements These could be

expressed either asidlsp]aoement angles orilinear
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-




ki | 66
diSplaCéRents for each body segment. The four channels of
reduced data were“written onto magnetic tape.

The sway angle subtended at.the leg.was much smaller
than the sway angle at the head due to the lengths of the
body segmentsxtnvolved. This introduced digitization
problems. The angles could be arbitrarily scaled, but the
shapes of the transfer function curves were dependent upon
the muftiplicative constants‘ Displacements were used in
this study to avoid the problem of opt1m1z1ng these
constants.. Each displacement was transferred to the top of

the respect1ve body. segment. A marginal decrease in

variance over the angu]ar representat1on was observed °di}

The data cou1d be d1splayed as the movement of a three

segment mannek1n on an osc1l]oscope screen (s1m11ar to

Roberts and Stenhouse) with program SMND . However further

,process1ng was requ1red to cont1nue the transfer function

to

ana]ysas

©

- Program PCSQ prov1ded a frequency analys1s of the»

Treducedzdata. ,The;program used. only every second data

value, thus reducing processing tine‘and’memorv space.

Initially, the data was d1g1ta11y low pass f11tered to

prevent a]1as1ngv However, the f11ter was seen to reduce

some high frequency content of interest. Thegi»also

“appeared to be neg11g1b1e power ‘at frequencies above 16 Hz
U &

even before the filter was app11ed - The f11§§r has been

‘excluded in recent process1ng. The data then passed through

a 128 point triaﬁgular'window (see Appehd?x 'H) and FFT



3ubrout1ne,(see Append1x A), provtdfng a~Fourier‘transform‘f;'

fyf over the frequency range of 0 to 16 Hz. w1th O 25 Hz

1ntervats

) .

| thh each channe] of data represented by - real and

‘fyu1mag1n ny Four1er components in the frequency doma1n,‘theg;?
':power and cross spectra were ca]culated as suggested by
a_tWelch (see Append1x B) An over]ap of adJacent blocKs of -
- data effect1ve1y 1ncreased the number of ava11ab1e data ,J'v

'"wsamp1es Each calcu]at1on of a transform requ1red 32 new

o

t,spur1ous coherences due to trends (1e smoothed)’ and thus

"j reduce varlance S]ow]y chang1ng art1facts 11Ke ampl1f1er

e common to patrs of channels w%re now equent The coherence .fv

1n1t1a1 1ow pass f1]ter1ng, wou]d then be attenuated

'Q Frequenc1es wh1oh Were preva]ent 1n each channel and

¢

g between each of the SWays and the center of foot pressure'

1

'f’f1nd1cated the degree w1th wh1ch each sway was 11near1y

'.ﬁfretated to the movement of the center of foot pressure

e

et movements of its segments ‘ﬂf ,'7 ‘f’";f"l

." b

’:tM1n1m1zat1on theory prov1ded a means: w1th wh1ch to formu]ate,j

e

"f~f[the transfer funct1ons descrtblng the react1ons of the body,r

S

k“as 1nd1cated by the centem of foot pressure, to thev_:ft’

'(g ,,

Other pfograms,vdenoted by GRF and PCg\)prov1ded

f d1sp1ays,of 1nd1v1dual and averaged data, respect1ve1y .Thé:

’i},transfer funct1ons cou]d be spe01f1ed by real and 1mag1nary

1

| BN
:,7;. T .3.‘ L o .

T
e

IR E

'tf"data values | The transformed data was f11tered to e11M1nate FW S

! ‘{3 "

‘{.dr1ft or gross d1sturbances to the system which escaped thehef

Components on by ga1n and phase~re1at1onsh1ps D1fferences‘“ e

o %C\

R /_'-;__': e ) o co
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';dand rat1os could be ca]cu]ated also -j':Q L ,ifr‘é
e The Impulse responses of the transfer funct1ons and .
‘.d1fferences between transfer funct1ons codld s1m1larly be .
'{ a]culated and d1sp1ayed Computat1on of the 1mpulse .
vresponses served to reduce the two sets of transfer funct1on_‘
;hfcomponents to one set of resu]ts as we]] as revea] further

o

"‘,deta1ls of the control system model o The frequency doma1n
*7f}data was smoothed W1th gi as&dhetr1cal Hann1ng w1ndowltjnf?;”
{'Append1x I the wﬁndow ta1]or1ng process 1s descrlbedL to
z*preserve the more 1nformat1ve frequency character1st1cs ‘ v

Appendwx J contams the' flow charts for PCST, PCS2, and

PCSB wh1ch averages the 1mpulse responses

—

i
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. 4. EXPERIMENTAL. PROCEDURE -

4.1 Test Standards e & N

In. record1ng the stead1ness of subJects it was decided

that a Key requ1rement was comfort (see Terekhov 1978) -~ To

*obta1n a character1st1c response 1nd1cat1ve of a person s

g

"“balance it was thought that a natural unenforced sftance

hwas necessary The Romberg pos1t1on w1th hee]s a toes

.together wastused 1n many stud1es s1nce 1t enhanced sway,

7N?be1ng 1nherent1y less stab]e 1t was a]so eas11y
”rreproduc1b1e The ' attent1on pos1t1on ,w1th heels together‘ o
ﬁ'and feet ang]ed at 45 degrees, exh1b1ted much sag1tta1 swayf_7“

““wh11e 1atera1 sway decreased.w1th the w1der area of support,'

‘The at ease pos1t1on w1th hee]s apart and feet ang]ed
‘ioutward produced the least sway 1n both p]anes, but was the
}"most comfortable for most subJects “

S1nce the preSent study sought a relat1onsh1p rqther
'than absolute quant1t1es, the amount of sway should have
' been un1mportant W1th regards to feet pos1t1ons,'thevbe,é
effect of tra1n1ng or pract1se of some 1nd1v1duals m1ght

'have g1ven them an' advantage w1th an. enforced stance

‘f;fTherefore, the ‘at ease pos1t1on was adopted for test1ng

Another\COns1derat1on was footwear Aga1n the

‘Vfcr1ter1on of comfort was used (Miles’ i922) Most subjeCts"

-:feJt more natura]”wear1ng everyday shoes as. opposed to B

*ftbareffeet«or,sltppers Also no spec1al cloth1ng wasyj

4 N
e
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“reduired In some cases, a surg1caT cap was worn to fTatten;
» the‘surface presented‘by cur]y-ha1r. 1t was noted ‘that such
fTexibfTity.exists in the clinical Romberg test (Mayo CT1n1cv“
and Mayo Foundat1on) | ”‘ | |
oy Each subJect was 1ntroduced to the exper1menta1 |
‘procedure and apparatus The subJect assumed a comfortabTe
d.i stance on the force pTatform with' the body wetght9
-Kpiin-vdtstr1buted equaTTy on both feet The subJect faced away
"v-é 5;from the apparatus to- reduce psychoTog1caT effects |
'f;Meanwh1Te, the sway detector he1ghts and ampT1f1er ga1ns :
M%vwere adJusted The sway detectors were. generaTTy ra1sed to |
"max1maT hewghts on the bacKs1de prof1Te The contact é'
vhfbetween cToth1ng and sk1n was aTso con51dered where a t1ght

Fj»f]t was des1rab1e The poster1or surfaces of the th1ghs orl
.T buttocKs and the bacK prov1ded a t1ghter f1t as weTT as ‘
.vrbe1ng Tess prone to- muscuTar d1sturbances T1Ke resp1rat1on
'dPTac1ng the sway detectors to the rear of the subJect aTso
o reduced the chance of damage to the eyes fnpm the 1ntense
,,uTtrav1oTet T1ght source 5 | |
. The subJect was then aTTowed to. step down and reTax
and h1s/her phys1caT chamacter1st1cs were- noted The sway
f_detector caT1brat1ons were recorded at th1s t1me ‘ The7;
subJect then resumed the test1ng pos1t1on on the pTatform,is f

l"w1th Knees Tocked Portnoy and Mor1n recorded a: sT1ght

o 1ncrease 1n Teg muscTe tens1on as the body s center of mass

‘;ish1fted forward when the Knees Were Tocked The ofd
)’baTance was ot adversely affected however “Thegsubject’s St

!
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i_most tests

tuobserved an’

7

s .

~ arms"were held in front Ot the_body-to,pneyggt-interferencew
with the sway detectors and to pu]]‘clothing‘more;tighttyh |
~aga1nst the back The subject was asked to make no

consc1ous movements 1ike ta1K1ng,,oough1ng, or. sneez1ng

Watanabe et al (1976) obServed that breath ho]d1ng

decreased body movement but thls was probably the effect of

.a menta] tasK on ba]ance contro] As menttoned ear11er

v Mw\

y,and body movement (see also Miles, 1922 8t Trav1s, 1945)

The test 1nterva] 1n other stud1es has var1ed from 30

’Q,“seconds to 5 m1nutes BJerverfﬁnd Persson noted that

%'fat1gue became prom1nant after 5 mtnutes h Se1de1 et a]

ncrease bn 1ow frequency movememt w1th a

correspond1ng decreasé 3n h1gh frequency osc111at10ns of the

"2

‘ »body as the test per1od was 1engthened : Mqtesrc%ncluded

”~that 2. m1nutes was an optﬂma] length for a test :The_fh:"

&

"adopted test 1nterva1 of 2 m1nutes was' uséd to prov1de
.yenough data s mples 17,680 per channe]) andﬁ%ﬁt avo1d
fyfa%fgue.' Ra ely d1d a subJect complatn about the 1ength of
.7thé,festw; A sess1on was compr1sed of two or three such
uintervals ‘the f1rst with eyes open~(EO) the second w1th

h%leyes closed (EC) and if a. th1rd w1th°eyes opeﬁ'aga1n

The amount of v1sua1 1nformat1on aval]abkijappeared ﬁg

-

~cons1stent in 111um1nat1on depth and fullness S1nce any N

-

’ movement w1th1n the f1e1d has been seen to 1nduce sway. such

‘“-dtstractton was avomdedu» Acoust1c d1sturbances were also

wad not revea]ed a relat1onsh1p between breathtng ;wu

'be’cr1t1ca1 td“the EO test The f1e1d of - v1ew should be v;;‘i‘tj:‘

-



" and were;

ifound to 1mprove the performance of subjetts 1n tests of “5_

"balance erarlng, 1924b HoTT1day and Fernte, NeweTT and

72.
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- minimized, vespec1aTTy dur1ng an’ EC test (Miles, 1922).
ey

1f the subJect felt d1scomfort or fatigue after a test

“a. brief rest per1od was aTTowed before start1ng the next

. test. The EC test was performed under s1m1Tar c1rcumstances

——

. as the eyes open test. The subJect was asked to cTose

h1s/her eyes and after 5 to 10 seconds of accltmat1zat1on

Iest Groups: o

The normaT subJects had no. Known neuroTog1caT

d1sorders{ were not under the 1nf1uence of a]cohoT or drugs,

t1veTy well. rested ~ The pr1mary test group

. 2

) cons1stedaof 20 normaT maTes, rang1ng in age from 1 to 44 'f

(ayerage 30 standard deV1atton 7. 2). Han of th1s group

“wore gTasses A group of 7 normaT fema]es were a]so tested
”j“They were aged from 23 to 32 (average 27 standard devwat1on 4

»3 S)QC/AH ED and an EC test were recorded for each subJect

t

lThe t sts were performed over a per1od of 3 days

L3

27 year on normal ma]e, not 1ncTuded in the. Targe~’

';group was’ tested 20 ttmes over a per1od of 4 days ’ Three

'eftests were performed on each occas1on Tra1n1ng has been



J';calculated to br1ng the a?cohol ]eve] in the bloda ﬁﬁ» 04

73

Wade; Ryan)‘ An 1ncrease in stead1ness w1th repeated o .
test1ng is espec1a1]y not1ceab1e with more d1ff1cu1t |
cond1t1ons,»11ke EC testsA(chK1nson, 19747 yan Parys'and-
',thoktktjien)“ It s p1austb1e‘that any~decrease tn ‘: i
var1ance that may be expected by using a s1ng1e subJectx

, m1@ht be negated by a change in- the data d%e to’tra1n1ng

\A 1ater ser1es of tests were conducted to meaﬁdre

: r]atera] sway as. wel] as sag1tta1 sway on this. 1nd1v1dua1

The subJect mere]y faced one s1de of the apparatus to enab]e

'\the sway détectors to reg1ster h1s s1deward movement .-

i

The * te&t procedure for a series of alcoho] tests was
‘ -
similar. These tests were done in conJunct1on with

psycho1og1ca] and cerebral blood flow tests The subJects

Shgd e
were tested 1n pa1rs

}‘st 1n a sober state An EO test

. was followed by an EC test.

In an attempt t0’reach the minimum state of ﬁ]]egal.

;1ntOX1cat1on, each subJect drank an amount of rye wh1sKey '

m1/j00-m1 - This dosage was. equ1va1ent to a b to?7 ounce

o drink. (Begb1e, 1967, used 31.5 g. /65 kg. body we1ght )

gs»fw"

The subJects were al]owed to drink the alcohol in a

preferred fash1on within an al1otted t1me of 30 n1
v An hour after f1n1sh1ng the1r dr1nks each subJect was
subm1tted to a breatha]yzer test to determ1ne the Tevel of
1ntox1cat1on The three tests, 1nc1ud1ng the posturograph1c
"test were then adm1n1stered fhe breathalyzer and e

%7‘posturograph1c4tests were.repeated-atrlater times as the



74

subJects blood alcohol level returned'to nbrma]

Three pat1ents With phys1ca1 d1sorders were tested.
75 year old femaie with’ Park1nson s. d1sease a 42 year: old
'male w1th a- per1pheral neuropathy, and a 37 year old male

va1th cort1co~sp1na1 tract disease were subJected to EO and

EC tests.



- . 5. RESULTS

The resu]ts are presented for 51x sets of tests:

1. a popu]at1on of 20 normal males,. N
2. ha population of 7 normal females, ??
. 3. a_normal male:tested 20 ttmes,
4. alcohol tests on a'pcpu]ation cf'7 norma1 males,
5. '3 pat1ents w1th neuro]og1ca] d1sorders, and. L
6; 6 tests each of sag1tta1 and 1atera1 movement én the

~ subject that was Used in the third set of tests
‘ e
The stat1st1ca1 treatment of the data "is rudTmentary,,

Append1x K prov1des a brief descr1pt1on of the techn1ques

used. . ' o e

5.1 Tests of Normal Males

5.1. 1 Power Spectra

The averaged power spectra from the EO. tests for a .
group of 20 norma] males are shown in- F1gure‘10 fo]]ow1ngi
ﬁThershaded.areas represent <he population contained’ thh1n.”
the confidence 1imits.of one standard deviation'on ettherl"
s1de of the average for the movement of the center of foot .
' spressure and the low ‘middle, and h1gh sways : anure 11
- shows the correSpond1ng EC power . spectra |

~The h1gh degree of var1ance is 1mmed1ate]y apparent.

The vert1ca1 and horlzontal axes ‘are drawn to the same scale

to~fact1itate comparlspn.’ A]though‘the abso]ute magn1tudes

.75
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FIGURE 10. 68% c‘onfidencé limits of averaged power spectra of EO
C - tests of 20 normal males: CFP - bottom left, LO sway -
~ bottom right, MID sway - top left, HI sway - top right.
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' F'IGURE’ﬁ. "68% confidence limits of a\?e'raged’power spectra of EC "
' tests of 20 normal males: CFP - bottom left, LO sway -

“bottom right, MID sway —-top'}eft, HI sway - top right.:
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are unimpor tant, thelgraphs do demor trate the almost
complete overlap of the EO power spectra’by the.EC power
spectra."The two conditions would therefore be
1ndist1hgufshab]e using these,spectral turves.

The spectra do reveal the‘rapid drop in power above 1
Hz. The upper frequency 11m1ts (determ1neJ asymptot1ca11y);
for the four body movements under the EC condition are
approx1mate1y. \center‘of foot pressure at 3.0 Hz, tow!sway
‘at 1.3 Hz, middle sway at 2.5 Kz, and high sway at 4.0 Hz.
The EO condition yields slwght]y lower frequency 11m1ts

The relative magn1tudes of the spectra of the body
'movements indicate that the center of foot pressure and Qhe
";legs exhibit much more 1ow frequency.act1v1ty than the totsot
and the‘head."tt.is-noted'that where the,spectra generatvy
double in magnitude for the EC test over'the EOAtest, the\o
’,m1dd]e sway spectrum 1ncreases re]at1ve1y 11tt1e | \ B
| A]though many observat1ons can be made from these‘
sp]ots, they are qgﬁte nondescr1pt when h1gher frequenc1es | K
,are cons1dered., The«logar1thms of the EQ- power spectra, as'
F1gure 12 shows, offer a med1ocre 1mprovement The'

-

frequency range of the graphs is extended to 16 Hz and it is

_evident that, the spectra] ?ower is concentrated within the:

“lower quarter of the frequency range. ' -_’q, _’-’4;4 \MEQ'
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~ FIGURE 12.

68% confidence ‘1imits of averaged logarithms of power
- .spectra of -EQ tests of 20 normal males: "CFP.- bottom left,
LO sway — hottom t;ght, MID sway - top left, HI sway - top- .
right. o R o - o
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5 1.2 Coherence

The coherences (as defined in, Appendwx C) between the.

sway components and the movement of the center of foot

- pressure for the EQO and EC tests are dwsp]ayed in F\gure 13

overleaf. The shapes of the curves are more interesting

than those of -the power spectra, but there is little

differénce between the two'condit10ns Sinoe a normalizing

process is involved tte range limited from 0 to 1), the
1nformat1on conta1ned by the re]attve magn1tudes of the ,

signals is 1gnored.

5.1.3 Transfer Functions “ =

°

The averaged transfer funct1ons wh1ch descr1be thevv

/reiat1onsh1ps between the, sway Components and the movement

e
e
-

|
“of the center of foot pressure are dep1cted in the foT]ow1ng
sets of graphs. Each set of graphs 1s arranged vert1ca11y

The bottom graph corresponds with the transfer fnctich of

the low or leg sway component ....The middle graph corresponds

with the midd]eror torso sway componént .. The %Op'gpaph't//;
\ o ] - , b b
corresponds with the high or‘head-sway“compo?éng;;\ R

- ki : . . '
. e

S ey

5. 1 3 1 Rea] and Imag1na_y Components -,,/ﬁ oL

|
The averaged real and 1mag1nary components of the f
transfer funct1ons for the EO and EC—data from 20 normat
males are shown in the next two sets of graphs : The shaded
~areas, of Figure 14 1nd1cate the conf1dence 11m1ts ( as

def1ned by one standard dev1at1on) of the rea] components

—
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S0 and EC (right} tests of 20 normal males: LO sway and CFP - -0 -
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'-':perhaps y1eld1ng

’-?fin quest1on };ijf»'

"’4character1st1cs

. R , . it : R S 3 PRSI
. : ' B . ' N . . st N v o -
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S UL e T P B2
- & E v B e sy e T

_.sfF1gure 15 d1sp1aysﬂi?e 1mag1nary p\rt The magn1tudes are
Tnecessary onTy For comparat1ve purposes between the graphs
; ] )

TThe shapes of the curves are perhaps more 1mportant

Jf

Zi Some adva tag Qof the transfer funct1on ana]ys1s are f o

. .f.obv1ous A reductton 1n data 1s observed The four powerb‘

-'spectra and the three coherences (64 po1nts each) are‘

Ticessent1a11y combtned\\o produce s1x transfer funct1on

‘_d"components (64 poqnts ea\hﬁ\\ The conftdence bands appear to.b;

\\

“be- nartower, 1ndtcat1ng a decrease 1n var1ance ;Theﬂ

”g’transfer funct1on curves aTso appear to be more descr1pt1ve;¢

///

The rea] co; onent of the Towgtransfer funct1on for the L

-tTEO test rema1ns p051t1ve over the ent1re frequency nange
-T”ﬁThe predom1nant feature 1s a peak around 1. 5 Hz A vaTTey
'7ﬁat 12 4 Hz 1s aTso cons1stent SmaTTer peaks and vaTTeys*(,ﬁu

'»”ffare observed at other frequen01es 1n the curves of

*ﬁnd1v1dua1$, but averag1ng tends to obscure these

The ma1n feature of the reaT component df the m1ddTe )

) »graph are obscured by the conf1dence T1m1ts, but many peaks "

and vaTTeys are ev1dent 1n p}ots of 1nd1v1duaT data

The reaT compoaents of the EC transfer funct1ons
demonstrate a 50% tncrease in the amthtudes and a sT1ght
1ncrease in the frequenc1es at wh1ch the'peaks and vaTTeys

L occur The 1mag1nary components also demonstrate th1s to

. ' o

m re 1nformat1on about the controT systems .

‘“»1._jsway is’ a valtey at 2 4 Hz. Most of" tﬁe features of the topfj;r‘ﬂ
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© 9. REAL COMPONENT OF .~ .9}
70| TRANSFER FUNCTION .

o w5 % 1 o 4. 8 1 o
- : ‘ \\\ B | » _‘ . : ) o ' - : FREQUENCY (HZ) ) | -

;v{: FIéURE_14 68% confldence 11m1ts of averaged rea1 components of

.- transfer functions from EO (1eft) and EC (r1ght) tests
j of 20 noA al nw]es,ﬁ'-- . S _ ‘



1 IMAGINARY: COMPORENT -
“OF TRANSFER FUNCTION. -
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0o 4 8 12 16 0. 4 &8 a2z 16

LN PREQUENGY (W)

FIGURE 15 68% conf1dence 11m1ts of averaged 1nao1nary components of

~transfer funct1ons”from EO (1eft)eand EC. (r1ght) tests 0f*_"

20 norma] ma]eSI',



Tjsome\degree- The genera] shapes of the curves do not appear;
to change apprec1ab]y |
Averagtng the d1fferences between the 1nd1v1dua1
‘components of EC and EO data d1d produce a reduct1on in
Hvar1ance' OnTy once Hine the plots of dtfferences between the
reaT components of F1gure 16 d1d the conf1dence T1m1ts of
'one standard dev1atwon y1er a cons1stent @elat1onsh1p _:Theb
,real component of the EC Tow transfer funct1on is greaterTV'
vthan that for EO cond1t1ons between 1. 25 and 2, 5 Hz. A pa1r::
btest (see Append1x Kﬂ‘1nd1cates that thTS d1fference is’
. ‘51gn1f1cant at a Teve] of probab1T1ty of <O 05% (one s1ded
test) Such h1gh S1gn1flcance TeveTs ex1st whenever both |
’frconf1dence T1m1ts are e1ther negat1ve or pos1t1ve Less
l.dobv1ous but h1gh1y s1gn1f1cant (p<1%) d1fferences occur 1n a;f
:bnumber of other bands in aTT the real and 1mag1nary . |
'components : For exampTe,”there appears to be a trend for
the reaT component of the EO Tow transfer funct1on to exceed :
__that of the EC test at h1gher frequenc1es R : n
‘li %;_; s

The reaT and 1mag1nary transfer funct1on components L

5 3 2 Gatn and Phase ReTat1onsh1ps

¢‘

t’*}'were pooTed to produce the average ga1n and phase

reTat1onsh1ps F1gure 17 d1sp1ays the ga1ns for the EO and

‘ .EC data . The magnltude of the Tow transfer funct1on 1s seen_‘

'p.to be 4 t1mes greater than that of the mlddTe or hlgh ga1ns

t‘The EC galns are 1/5 t1mes greater than the EO ga1ns The

\

‘mtddTe ga1n d1spTay$ more prom1nent peaks than the Tow ga1n

AR

T



61 n REAL COMPONENTS oF. . .4) IMAGINARY COMPONENTS OF
: TRANSFER FUNCTIONS TRANSFER FUNCTIONS =
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FIGURE 16 68% conﬁdence hm1ts of averaqed d1 fferences between rea]
_ (1eft) and imaginary (right). components of transfer
._‘/' functwns from EC and EO ‘tests of 20 norma'l ma]es )
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.~ FIGURE 7.
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 FREQUENCY (Hz)

Average values of ga1n (left) and pHase: (r1ght) cbmponents
of transfer functions from EO (solid lme) and EC (broken .
line) tests of 20 norma] males. : :
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A

- frequency of the pedH Q&“

‘are also. recorded . No&borrelat1on 1s appﬁaﬁgsx

88

The high ga1n appears to have even mor e of these resonant

”frequenctes, wh1ch become more pronounced dur1ng the EC

‘test.

-

The gain is averaged between 1.0 and 2.5 Hz for e%ch
subJect in Tab]e 1 for the EO and EC tests. 1nterpoTat1on

of. the h1ghest and- two adJacent ga1n values: produces the

%1 ~The subJects v1taT stat1st1cs

" The values of the reaT and 1mag1nary componen s often

‘happroach zero. The resultant phase vaTues then change very
’ -rap1dTy For d1fferent subJects these discontinuities occur:

'at different frequenc1es, causang Targe variances. On]y the:

¥ !

Tow transfer function d1spTayed phase conf1dence limits”

=—which y1ered useful’ 1nformat1on  The average phase curves

: ,prov1ded by the pooTed data are€preferab1e 1 F}gure 17 aTso

COnta1ns ‘the resultant phase responses of the transfer
funct1ons for the EO and EC tests The sudden sh1ft in

phase of the Tower transfer funct1on at 4.5 Hz 1s the most

prom1nent feature

L There is an apparent phase lag between Tow body sway
and center of foot pressuregmovement_at this frequency for

EO conditions. This lag increases for the EC test and

fgoccurs'at 4.25 Hz. Théd% is. less distinctjon between EO and

EC phases for the upper body . , _
B The phase reTat1onsh1p between m1ddTe body sway and

.‘movement of the. center of foot pressure rap1d1y.drops to a

phase/Tag.of'180;,at 4 Hz from about 0° at very Jow

!

3



. &

SUBJECT AGE  HEIGHT WEIGHT

1
2

10
1
12
13
14
15
16
17
¥
10
20

NB
BF.

LF
DK

~WR

BH
PC
GG

Du

T

KW

TH

KC
PB
EY
RT

K

DO

RB -
RS

" AVERAGE

S.D.

TABLE 1. Vital statistics and average transfer function values
(1.0 to 2.5 Hz) for the 20 normal male subjects.

m) ()
29
2 173
27 171
22 192
24 189
25 190
22 77
39 193
21 189
23 391
33 ',)@3 N
W 180
33 183
37 174
24 72
36 179
32 180
30 -113»
4 173
30 181
_7 .

178"

172

8 .

4

(kg)
67
67

- 61
88 -
5.

- 77,

70

100
73
86
69
88

S92
71

81
79
74
77
77

10

75

" EO LO GAIN -

- 89

EC LO GAIN = -

ea

Average Peak Freq Average Peak Freq
134 1.8 2.59 2.2
0.68  1.47 153 1.7
087 1.3 0.98 - 1.65

1.27  1.51 .83 1.93
1.3 1.42 226 1.51

162 1.70 2.30 .91
0.70  1.35 2.4 2.03.
1.10 1.53 1.05  1.74
1.9 1.87 1,09 T.67
0.92  2.10 .39 1.74
1.25  1.59 158 1.74
0:50  1.56 R
1.3 1.73 202 1.85
1.15 1.55 24 1.9
.23 1.88 2,63 2.02
1447 1.9 2.02 1.79
0.90 1.49 0.93 1
154 1.57 217" 1.80
1.9 1.52 129 1.54
1.38 1.46 1,82 1.80
121 1.62 .72 1.8
0.2 0.57 °  0.18

0.37 .
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frequencies. This phase Jag:decreases to 0° around 8 Hz and
.becomes a 180" phase lead at 12 Hz. The torso is generally
‘obserVed to move in a direction opposite to the movement of
the legs, and this change in phase is most 1nterest1ng

At. the head, the phase re]at1onsh1p is marKed by an
jnitial phase lag at very low frequencies. The lag rap1d1y
‘dwindles o a'stight“phase shtft by 1 Hz. \.

5.1.4 Impulse Responses

The 1mpulse responses of the transfer funct1ons
descr1be.the responses of.the three filters of the control
system model to'impu]segexcitations (ie. s ?den,
non;sustained movements of the oody segmentsj; The real and.
imaginary components are combined to produce an ‘impulse
' response vta'an inverse Fourier transforp. It has been
‘found that 256 transform points produce adequate resolution: -
and on]y 64 po1nts of the output are necessary to convey
1nformat1on about each trangfer funct1on A further
reduct1on in data is poss1b1e when d1fferences between
"1mpulse reponses are. cons1dered ' |

The averaged EO and EC 1mpulse responses for 20 norma1

?mates are shown in F1gure 18 over1eaf. The shapes of the

'_1ow and middle responses are well defined and distinctive.

The fact that the two curves are not s1m11ar 1nd1cates that
,the taper1ng of the real and-qmag1nary components of the
transfer funct1on has not adverse]y affected the impulse’

" responses. The shape of the high response is concealed by_ )
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IMPULSE RESPONSE

'FIGURE 18.

- 18]

91

TIME (sec)

68% Conf1dence limits of averaged impulse responses of

transfer funct1ons from EO (]eft) and EC (r1ght) tests of

20 normal males.
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fhe confidence.limitsf

The averaged EC impulse responses'display tne same
genere1 form as the averaged EO impulse reSponses. The
magnitudes of the low and middle EC curves .are approx1mately
50% greater than the corresponding EO curves. This s
further demonstrated by the averaged differences qtfheen the
EC and EO responses, which Figure 19 d1sp1ays. The
difference between the low impulse responses shows three
frequency intervals where the EC curves are consistently
greater in magnitude than,the EQ curyes. As‘mentiOned o
before, these differences are significant at the p<0.05%
level. The difference between the middle iﬁpu]se responses
displays two such'interyals. Again, high variance obscures
simiiar trends within the high impdlsa responses.

‘The average values of the EO impulse responses are
plotted to different scales on the same coordinateskin
yFigure 20 following}__There is some resemb1ance of the
curves to those of an underdamped second order differehtial
eqdation The low and high impulse resqﬁnses might
correspond to the so]ut1on The middle 1mpulse response
mlght correspond to the first der1vat1ve of the so]utwon
The EC impulse response@ are s1m1lar1y displiayed.

Chow and Jacobson used a mathemat1ca1 analys1s of a two!‘
segment mode to produce 1mpulse responses very s1m11ar to
those d1sp]ayed in F1gure 20. Viviani and Terzuolo also

~a

jobserved osc1llatory characterlst1cs 1n°the1r stud1es of

. {B:a
muscle response. ‘




xMPULsé‘RESPoNSE

TIME (sec)

#

-

FIGURE 19. 68% confidence limits of averaged differéeénces between
impulse responses of transfer functions from EC and EO .
tests of 20 normal males.
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. —30

L R "”"'” e "fl;;o TIME (sec) i
FIGURE 20 Average ‘values. of 1mpu15e responses from EO (top) and 3

- "EC (bottom). tests of 20 normal males: 'LO - soI1d Tine,
iy MID - broken I1ne HI - dotted I1ne ':5 L _f»ov
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5.2 Tests f_z Norma 1 Fema]es “:;

'g‘L1ttTe d1fference 1s observed between the resuTts from‘
:male and fema]e populat1ons : It is not poss1b]e to ;fj"' |
gd1st1ngu1sh the sexes w1th any of the suggested compar1sons
'between the resu]ts Tab]e 2 presents the ga1ns averaged
_between 1. 0 and 2 5 Hz for the ED and EC tests aTong w1th

.che subJects v1ta1 stat1st1cs

'-5 3 20,Tests of One Subject

4

—

' The repeatab1f1ty of the measurements and ana]ys1s is :t

<A

'”_[1nvest1gated by test1ng an 1nd1v1dua1 norma] maTe 2 numberfih

Qﬂ.of t1mes under the same cond1t1ons The power spectra

3[fd1splay a marKed decrease 1n vam1ance over the prev1ous

‘af_groups of tests The var1ance of the coherence decreased

;}sl1ght1y The same general compar1sons between the EO and"Vf
c v// . NE. S T RSO M h . . Lo
';ﬁEC results are observed / £

'Jf‘b 3. 1 Real and lmaq1nary Components | :

~w The overaTT shapes of the curves of the reaT and.
ATmag1nary components of the transfer funct1ons are s1m1]arib‘

Vf;to those of the prev1ous groups of tests W1th a decrease |

n1n vartance however,vthe def1n1t1on of the curves 1mproves

”fas shown in the graphs of Append1x L It is 1nterest1ng to |

'ff’note that wh11e the average of the reaT and 1mag1nary

"tComponents of the repeated tests do fall W1thm the

t'tgconf1dence 11m1ts of the resuTts for the populat1on of

.0 ;
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. SUBJECT " AGE_ HEIGHT WEIGHT  EO LO GAIN  ° ECLO GAIN ‘%
e  (yr)‘ (cm),: 1(kg) Average Peak Freq Average Peak Freq

LM 28 o178 o 65 (6192';1,-1,39'1 1055 1.36
SR DR S O R S

C2Mc 3 178 69 .66 165 1.68 170

335 26 . 173 62 nAs 1.85 171 1.8

C U AVERAGE 27 169 61 1.3 159 157 172

4B R 168 58 . L4z 150 13 161
.‘ ?$>EF_‘;“ 26 f:7_J64 ji  S6ff1 ~fi;3§f.-fii.66? ”,'];1;62 ) f¢1;74f57

Q

A
. TABLE'2. Vital statistics and average tramsfer function values .
o (L0 to 2.5 Hz) for the’'7 normal® female subjects.. -
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7normal males, the equivalent:confidenceflimtts”of_the

'repeated tests do not

The conf1dence T1m1ts of the averaged rea] components

‘for“the'EO and EC tests demonstrate that the features of thep

EC curves are more pronounced and oceur at s]1ght1y h1gher

T

frequenc1es than those of the EO curves

The 1mag1nary components fortthe EO and EC tests

'7Td1sp1ay s1m11ar features : The frequenc1es of these

/

“.d1st1ngu1sh1ng features in. the EO and EC resuTts do: not

The averaged d1fferences between the EC and EO -

i

| -pdata 1nd1cates a’ number of frequency bands where the EC
'fcomponents dtffervstgntf]cantly (p< 05%) from the EO

‘Counterparts;ﬁ*f

T5 3 2 Ga1n and Phase ReTat1onsh1ps

r

;'erom the average reaT and 1mag1nary components of the test

ser1es The correspond1ng graph 1n Append1x L d1sp1ays the,;?

T:ED and EC ga1n curves concurrentTy The peaKs of the EC

b'*;zga1n are cons1s¢ently of greater magn1tude than those of EOf

ga1n The number of peaks 1ncreases for the transfer o

i*funct1ons reTated WTth the h1gher body Segme”ts

The phase curves do not dwspTay a marked d1fference -

¥ between E@ and EC cond1t1ons A Targer negatlve phase sh1ft

~’_"."at 4 Hz appears to be character1st1c of the Tow EC transfer g

,[components refTect a Targe 1mprovement 1n cons1stency ‘dTh?;ﬁ”

v

The ga1n and phase reTat1onsh1ps are aga1n PPOduced iy
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/5 3.3 ImpuTse Responses ] ' ‘ f‘.\f

,1nd1v1duaT demonstrates a decrease in varlance from the

"closes h1s eyes L - ‘j 'v?‘t

B £.4 ATcohoT Tests'

98

function.

The averaged 1mpuTse responses from twenty tests of one

@

b_prev1ous tests on many subJects Agatn, ‘the generaT shape '

{
of ‘the” tmpulse responses does not change when the subJect

o . . \ .

The d1fferences of the EC ‘and EO 1mpuTse responses

'Tl'prov1de an 1mprovement in the separat1on between the 1mpulse:

LR

1'-responses observed 1n the\\WQ cond1t1ons At aTT three
measurement swtes there are 1nstances where h1gh1y |

:7s1gn1f1cant d1fferences (p<0 05% occur\

The d1fferences between the EC and EO tests for a group

thheof 7. subJects 15 presented 1n the ser1es of graphs 1n'
';tAppend1x M. The two sets of transfer funct1ons are dertveddl

} *from tests of the subJects wh11e sober and then 1ntox1cated7*
Z:From the curves,‘1t is® apparent that th% 1nebr1at1on of the o
:VSUbJeCtS had a greater affect upon the sway of the upper'

'fbody In part1cu1ar the frequenc1es at wh1ch 51gn1f1cant

0

' ;f}d1fferenc1es occur between\the EC and EO cond1t1ons are not

:common to both sober and 1nebr1ated tests , Where a

'ts1gn1f1cant dafference 1n the reaT components of the m1ddlef;

transfer funct1on “for- the sober subJects 1s noted at 1 25 f»:

0
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‘Hz, ‘a similar d1fference 1s observed at 2 75 ‘Hz for the
1nebr1ated subJects | o

~ Plots of the conf1dence J1m1ts for the d1fference
. U S
between the rea] components der1ved from. the 1ntoxqcated and
\
sober tests under EO and EC cond1t1ons and the correspond1ng

-

1mag1nary component d1fferences d1sp]ay many frequency
1ntervals where cons1stent relat1onsh1ps ex1st
- The 1mpulse responses are found to y1e1d 11tt1e

‘1nformat1on

f5 5 Neuroloq1ca] Pat1ents Vi~‘ R
| A]though four pat1ents were tested the resu]ts for
,only three of them are presented in Append1x N.” The |
exc]uded pat1ent who suffered from cerebra] atax1a, had
’great d1ff1cu1ty in perform1ng'the tests L1tt1e data was
ﬂobta1ned The 1mpu]se responses that were produced from thelh

"’data var1ed great]y from the norma] 1mpulse responses ‘. The

rema1n1ng three pa§1egts exh1b1ted results wh1ch d1ffered

: g:more subtly from the norma] populat1on, wh1ch was expanded

: fbto 1nc1ude the norma] fema]es These pat1ents are.

L _5 5 1 Parklnson s D1sease

i1dent1f1ed by the1r aff11ct1ons 1n the fo]]ow1ng sect1ons

o

<

L

.5

The femate wath Park1nson s D1sease,‘a1though brought r:

'~jto the test in a wheel chalr demonstrated the least

1 Unstead1ness wh11e performlng the tests At no t1me d1d she :

v
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' appear to be in danger of Tos1ng her baT,nce, and a fuTT
test was completed The data obta1ned 'wds satisfactory.

" The 1mpulse responses for the EO and EC tests 1nd1cate
: that the Tower body sway is not marKedTy a;fected The |
magn1tudes of the osc111at1ons due to the nhddTe body
segment are 1ncreased cons1derably in both test cond1t1ons

The most 1nterest1ng compar150n is found at the head “With

~vision an abnormaTTy Targe osc1TTat1on is observed .~ The EC

T 1mpu1se response appears to be,normaT however

5.5, 2 Per1phera] Neuropathy :

Th1s pat1ent aTso had- T1ttTe troubTe compTet1ng the
»"hte%ts , The data obta1ned was complete and- sat1sfactory

'i ‘The EO and EC 1mpulse respoisenggoduced from the data are

| further test1mony to h1s apparent stab111ty | | |

| The curves do not d1scTose any gross dev1at1on from thé
“‘normal curves 4 Some 1nterest1ng observatlons may be made -

._however The EO 1mpuTse response is greater in magn1tude

than the EC response for the Tower body segment The

A

' rresponses for the m1dd]e body segment appear to occur. more

qu1cKTy (1e dlspTay a negat1ve t1me deTay) than the
averaged normaT responses Aga1n, the EO 1mpuTse response _

‘at»the head has a_greater magnitUde than-the.EC3response.
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-5, 5 3 Cortico-spinal Tract D1sease

‘The third pat1ent had d1ff1cu]ty in ma1nta1n1ng h1s
balance S1nce this problem was not adequate]y ant1c1pated
: dur1ng the ca11brat1ons. some of h1s movements produced
s1gnals wh1ch were too 1arge for the A/D convertor Also,
‘h1s body often moved beyond the 11m1ts of the 11ght beam of
.the sway detﬁctor : Therefore, the data that was obtained
was 1ess than ideal in quantity and. qua11ty The 1mpulse
x# responses do not appear to reflect thls shortcom1ng

' Aga1n, the low’ 1mpu]se responses are c]ose to be1ng
with1n the conf1dence<11m1ts of the norma] popu]at1on. It
1s the upper body segments which display impulse responses

v‘that 1nd1cate abnormality, espec1a]1y dur1ng the EOQ- test.
Large and susta1ned osc111at1ons are predom1nant at the .

head, and noted\\o a 1esser degree at the chest

, I
-5, 6 Saq1tta1 versus Lateral Sway

A studf‘of the sways in the two orthogona] planes of n
-movement of the erect body was condueted to relnforce, or |
d1sprove, the f1nd1ngs of prev1ous researchers In géneral,
:the former purpose was rea]1zed |
A 27 .year old normal ma]e was tested on 12 occas1ons,

'EO and EC, -where the measurements alternated between

‘ ;sag1tta1 and 1ateral sway The subJect d1d note that the

1mmed1acy of the apparatus dur1ng the measurement of " 1atera1@

'sway may have had~some_effect upon his performance.
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"Unfortunate]y, this problem could not‘easily be"A

circumvented. The effects are not expected to be great.

Appendix 0 contains the pertinent'graphs.

5.6.1 Power Spectra and Coherence

The confidence limits of theiaveraged.loés of the EO

i
C

power spectra-il1ustrate theh]arger power content of

| sagittalfbodyvmovement; "The power‘distnibutions'over-thebf

frequency range are very similar The‘approxtmate average

 ratios between the power spectra for the sag1tta1 and

3

o

1atera] tests,aret"BO 1-for the cehter of: foot pressure,
100:1'torvthe‘1ow'sway,f3f1 for the mid sway, and,T0:1 for
the:high'sway. Theﬁvariances are comparabte.
Greater’coherence is evident for sagittaT bodv
.movement'» The varwance of the relat1onsh1p for the Tow sway‘*

component 1s also notab]y sma]]er

5.6, 2 Transfer Function Components I e e

The EO tests demonstrate that sag1tta1 body movement

'produces results wh1ch y1e1d real transfer funct1on e

' components of greater magn1tude with less. var1ance than the

lateral measurements : For sag1ttal body movement the

'average coeff1c1ent of var1ance from 1 to 2 Hz for the real

"component of the low transfer funct1on 1s 507 sma]]er “than

'the lateral movement counterpart The 1mag1nary components'

"are well def1ned for both p]anes ’Dtsstmilarities between

L
s

,the transfer funct1ons of the two tests are more apparent

-

“
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with the real components
The differences. between the real components of the EC
~and EO tests for both sag1tta1 and latera1 body movement are’
genera“ly of greater magn1tude for the sag1ttal plane - Some
1nterest1ng trends are noted in the 1atera1 movement of the
‘ upper body. f
" The jmpu]se responses exhibit greater magnitudes for
~sagittal body movement. * The latehatgimputse-hesponses are
also of marked]y:ditferent shapes‘ This again demonstrates
- that the w1ndows used at var1ous stages in the s1gna] |
/érocess1ng do not seriously affect the shapes of the curves.
The d1fferences between the EC and EO 1mputse responses

! revea] that. the sag1tta1 curves clear]y demonstrate greater‘

re11ab111ty than the lateral curves.




'comparatiye-purposes.

~,

6. DISCUSSIFN

6.1 Evaluation of Results

Transfer function ana]ysisthas been successfully used

Jto»study postura] bgdy movement. Consistent relationships
‘were established between‘the movements»of each of the'three
Zsegments of the mode | of the body and the movement of the

" center of foot pressure It is proposed that these
‘relat1onsh1ps or transfer funct1ons are more re11ab1e 1n‘

‘4assess1ng the postural 1ntegr1ty or normalcy of a subject

than the mere measurements of body movement a]one It also

appears that this treatment of the data revealstmore

4

1nformat1on about the posturalvcontrol system than prev1ous

- studies.

The results support the measurement of sagittal sway
over Jateral'sway as being more Hike]y to indicate postural
disturbances. The'transfer functions derived From sagitta]

body movement had greater magn1tudes with ]ess var1ab1l1ty

'The curves represent1ng the sag1tta1 transfer funct1on
‘components or 1mpulse responses were genera]ly better

.“,jdef1ned The d1fferences between the EC and EO results were .

genera]]y more consistent in the sagittal plane A]though a
new mode] should have been utilized for body_movement in the

lateral plane, 1t is bel1eved that the- results are’ va11d for"

o
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Resu}ti\have verified that the data processing scheme
did not influence the output.enough to obscure the
; distingujshing traits.‘?Dther window functions are being
considered to'replaoe the triangular data Window, however ,
since processing time'is not a great factor. o
Variance'has apparently been reduced; Van Parys and
Njiokiktjien measured three different parameters for 62
subjects duﬁing:EO and EC tests. They found an increase in
sagittal sway for the EC test over the EO test with 37% of
the subJects Lateral sway increased. for 50% of the |
subJects. The mean length of the sway traJectory 1ncreased
"Jfor 75%,of the subjects. In the present_serweS»of tests of‘
57 subjects,'the'Q HZ»peaR in the gain of the low transfer,
funotion was seen to increase in amplitude for 85% of the
‘subJects For'the remaining 15%, an'increasé in the gain
Just above th1s peak frequency in the m1dd1e transfer
funct1on was observed in all cases. |

NJ1oK1Kt31en and de R1JKe measured the area enclosed byi

t \
\

‘the trace of the movement of the center of foot pressure
‘from a force p]atform ‘ The1r stud1es of 30 sec EO and EC
tests with a group. of 50 norma] ma1es yielded a med1an EO
{alue of 81 mm2. The med1an of the differences between EC
“and EO values was 44 mm2 . Us1ng the prov1ded values of the
95% confidence limits for the mean, the mean EO ared was
calculated to be 82 mm 2 w1th a standard dev1at1on of 43 mm2
" The mean EC - EO value was 41 mm2 w1th a standard deviation

«
of 69 mmz. The respect1ve coeff1c1ents of var1at1on were
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0.53 and 1.67. In the present study, for a group of 20
males, the correspond1ng coefficients of varlat1on were 0.38

and 0.86, where the real component of. the low transfer

¢

function at 2 Hz was evaluated. If the peak values were

used, the coefficients were 0.32 and 0.72. Apparently, this

aspect of the relationship between foot pressure and body

. sway is-significanhtly less variable 1nvnormal males than the

measurement of foot pressure alone (Kgles and Castelein).
The extract1on of 1nformat1on from these re]at1onsh1ps
between movements of the body segments and the center of

. ¢
foat pressure re]1es on prev1ous work to some extent.

_However, ‘the potential of the proposed system appears to be

Cow

- much greater than most experiments where single measurements

are considered.

V4

" The body obvious]y“does not sway rigidly, as a one

o

segment pendulum about the ankle in the sagittal -plane.

-Observat1on of the sway measurements which have been

corrected for lower body movement 1nd1cates that sway of the_

legs 1n one direction is accompanied by sty of the torso in

the opp051te]d1rect1on. The head tends to move in the same

direction as[the 1egsq

The relattve contr1but1ons of each of the sway
components to the movement of the center of foot pressure
are not,proport1onalvto the weights of.tpe body segments"
involved. The sway of'thevtegs is seen to have the greatest.

effect upon the center of foot pressUre. "Sway of the torso

 has lessleffecty\but‘more than.the sway of the head in the



L
sagittal plane. This is as cxpected, since more strength,

and hence, more muscular control are required for the lower
Jjoints.

The sQap&s of the gain functions reveal resonant peaks.
These resonances become more numerous for the higher joints.
Such resonances indicate that the center’ of foot pressure 15
more sensitive to the sway components within certain
frequency bands. Rotation of the body segments-around the
higher joints involves lighter masses, and therefore, higher

frequencies of movement are possible.
AN

Referring to Equations 1 to 10, the shapes of the gain
functions #are quite’unexpected;“ The one segment mode1~
produces a transfers function with no poles. Such a transfer
functjon produces infinite gain at hfgh frequencies and no
resonant:peaks. Intuftjvely.%one expects this re]ations;ip
to exist between fhe“moveﬁents of aféing1e body segment and
the center of foot pressure. s

| With a'muitiple segment modél the counterbalancing
. effects of the upper body segments may éance] the effects of
| movements of the fower body segments at some frequencies.
Such zeroes are seen in the results. The lack of output
above 4 Hz is due to little body movement at‘such
frequencies. This is realized iﬁ"fhe calculation of the

“transfer functionS‘sihce/the matrix method of solution

introduces poles into the solutions of the equations.



muscular control
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.‘_:,negat1ve feedbacK th1s model produced resonant peaks also i}« GW
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TaK1ng the center of mass of ‘a- 190 cm tall subJect to '

be at 55% of hts hetght[ the s1ngle segment model produces avtffl.ﬂ

zero at’ approx1mately 0 6 Hz ThlS f1gure 1s not t{

1ncon51stent w1th the recorded data A ga1n m1n1ma and

r;' negat1ve phase shtft are observed at 4 O Hz

Pal tsev and Aggashyan proposed a mathematwcal model

:.lv.

encompa551ng servosystems that controlled stab1l1ty A;J“
support1ng system ma1nta1ned muscle tone wh1le a vpf‘
counteract1ng system prov1ded dynamtc control 1n response e

to dlsturbances thh yary1ng t1me delays and degrees of

W1th regards to the 10 Hz. tremor that prev1ous

\

researchers have noted a peak at th1s frequency 1s observed

l’ '1.".,

VF 1n most of the gatns and real components of the transfer g.lv

funct1ons for both sagtttal and lateral body movements

Th1s 1s as expected and 1s most not1ceable at the head

where the tremor 1s comparable in amplttude to other

PR
a

.Q'

The lack of vqston does not chapge these general

relattonshtps The magn1tudes of the tmansfer funct1on |

'n components and 1mpulse responses 1ncrease for the EC tests,_ﬁs

but the shapes of the curves tend not to change Therefore,;.ff

the plots of the dtfferences between EC and EO results f:f“”

| resembﬁe the EO curves

The 1ncrease 1n osc1llatory behavxour as d1splayed by

the 1mpulse responses 1nd1cates a decrease 1n stead1ness of

”"theyerectgstancetﬁ Th1s can be expla1ned as a decrease 1n

Ty .
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r‘stab111ty of the posturaT controT system when v1sua1 ' Hl | t"

41nformat1on is e11m1nated The ga1n reTat1onsh1ps of the

~

: the EO data

ﬂ-transfer funct1ons show 1ncreases in the magn1tudes of the e

resonant peaks for the EC tests ‘ The foot pressure

\

<ffsens1t1v1ty appears to 1ncrease for d1fferent frequen01es of

i

_fmot1on of the body segments ' These frequenc1es are sT1ghtTy ‘

'"";h1gher thaa those observed for the correspond1n9 peaKs

4

o

ATcohoT 1mb1b1t1on 1s a]so seen to have deTeter1ous

tfeffects upon stab111ty The resonant peaks generaTTy become~‘d
' h;?Targer However,:the sens1t1v1ty of the ba]ance contro]
‘gjﬁsystem to v1sua1 1nput 1s aTtered The effects of the Tack
't;é.of v1s1on decrease For the Tower body segment th1s -
.e¢dphenomenon 1s most not1ceab1e at frequenc1es above 3 Hz t'At'””.
'}df the head the d1fference between EC and EO data 1s reduced
Jtcons1derab1y, espec1alTy at Tower frequenc1es (<5Hz) If
fv1s1on is a maJor contr1butor to contro] of head movement

'c~1t appears that the foot pressure sens1t1v1ty to head

A

A“»,_nbvement has decreased If aTcohoT1c 1ntox1cat1on affects
‘dv15ua1 accu1ty, the processwng of v1suaT 1nput and/or the
“'*sens1t1v1ty of dhscles to the afferentat1on stemm1ng from i'-‘

'such process1ng, these observat1ons are as’ expected

It 1s d1ff1cu]t to draw conc]us1ons from the data

““}obtalned from theoneurolog1ca1 pat1ents Larger populat1ons'-
| are requ1red to determ1ne whether spec1f1c cond1t1ons.7:
”fhexh1b1t cons1stent patterns ATT three of the stud1ed ’f'{i

‘*:cond1t1ons were seen to reduce stab1l1ty The strength of

ERS



"the anKTe muscuTature and 1nert1a of the body probab]y
jconceaT abnorma11ty 1n the transfer funct1on of the Towerl\
_;body;segment, D1sturbances;were<more not1ceabTe.at the‘
'torso.and'head’ »oscftdatians ahd-Changes ihfﬁéspbnsé'timésts

’v'?of the 1mpulse responses appeared to be the pr1me 1nd1catons

[}

of prob]ems § gwlzvaT;_<i_1 ._ﬂv“, f:f .ﬂ]rtlv°

R

w5"6 2 D1rect1ons ‘ R
v e L ‘ D v v : ‘
.;F} Large var1ances are st1TT worr1some Further efforts

B ",‘ b
v

' are necessary to reduce var1ance and to def1ne°more cTearTy

)v ‘r,

}iﬁ;ﬁthe shapes of the transfer funct1on components The extreme

*vaar1ance observed w1th the phase re]at1onsh1ps has been

"7Hreported”preV1ousTy (Soecht1ng) and may be beyond

'f”redempt1on ATternat1ve measurement schemes have been

"”proposed As suggested by Ko]es and Caste]e1n, thef-
}_hor1zontaT forces of react1on at the feet coqu aTso be-.
:-cons1dered Thomas and Wh1tney measured thev react1onarye
':force- fn the sag1ttaT pTane and TlKened 1t to a h1gh pass‘

‘ij1Ttered 180 out of phase vers1on of the sag1ttaT movement _uf
'iof the center of foot pressure | ; | B

The force pTatform 1s subJected to hor1zontaT as weTT

verﬁ1ca1 forces These hor1zonta1 forces have been

‘sured 1n a few prev1ous stud1es (D1chga§s et al, Herman
set al Roberts and Stenhouse, and Thomas and Wh1tney) _he;T,'
":two types of forces are 1nterreTated although the i ‘

i{'hor1zontaT forces are about ten t1mes smaTTer than the
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»_vert1ca1 forces (Spaepen Vranken, ‘and‘WiTTems)Q
' As the anaTy51s of Koozekenan1 et al iTTustrated‘ there
;15 an effect on the center of foot pressure due to the
hor1zonta1 force eXerted on. the pTatform ' Equat1on 1 _
contalns an eTement of torque due to th1s hor1zonta1 force

fact1ng about the anKTe Th1s study 1n1t1aTTy assumed th1s"

dtorque to be negT1g1bTe reTat1ve to the torque generated _

o about the ankTe by vert1ca1 forces

e

ff E V Gurf1nKeT s mathematlcaT anaTys1s of the center of

“ﬁfoot pressure and 1ts reTat1on to movement of the center of -

ux'mass 1ncTuded the hor1zontal forces He suggested that o

‘measurements in-the hor1zontaT pTane 1nd1cated onTy those

afforces due to body movement Most force pTatforms respond 8

“'to movement of the center of foot pressure, wh1ch entawls _‘;'f

Vfthe pos1t1on of the center of mass - as weTT The force
TIpTatform of Thomas and Wh1tney was used to record only the.’
‘tfforces due to muscular act1on The support po1nts of the

-

"pratform were at the he1ght of: the<anKTe

8 Massen et aT des1gned a s1m11ar pTatform The»vertTcaT:;q~

"-,.forces were observed to be Targer than w1th a standard force_.

i TpTatform The torque at the anKTes was thought td be

| eT1m1nated since the pTane of support passed through the ff'

”»ﬁanKTes 3 The torques generated at h1gher Jo1nts were L

TR dpresumed to have T1ttTe effect

The present force platform can be made free to move ,fgij}

S forwards and backwards _ It is. poss1ble to therefore measurefff" -

i ,hor1zontaT forces 1n the same pTane as‘ﬁhe sway
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: measurements Further deve]opment of the system W1l]
probab]y 1nvo]ve const&uct1on of a new force platform to
'measure both hor1zonta1 and vert1ca1 forces‘ Plans also
' 51nclude an ultrason1c system to detect sway v This should

':jreduce the s1ze and we1ght of the apparatus increaSe the”“

sway measurement range, e]1m1nate the prob]em of - component -

°A,rshort term ag1ng (as w1th ]1ght sources) and-reduce the

‘-_ sens1t1v1ty of the system to bu11d1ng v1brat1on aAnother"
v;.1mprdvement m1ght 1nvo]ve a method of ca11brat1ng the sway i
fi_detectors and the force p]atform together Hence a Known‘
- ”-T:nsway would produce'a predeterm1ned d1splacement of the
‘ ~_‘f.,i‘center of foot pressure gﬁc~f:'< TR
S e ‘ﬂ - - »r\ AR
tv}y6 3 Conc]us1ons' .\\\\ | o
The proposed method of measur1ng postura] stab111ty has:”

"vaeen shown to reduce the h1gh var1ance assoc1ated with

= prev1ous stud1es Some effect1veness in’ d1st1ngu1sh1ng

var1ous cond1t1ons (t' EO and EC sober and 1nebr1ated
‘nnormal and abnormal due to d1sease) has been demonstrated
dW1th the recommended changes and further research w1th
@.:larger test groups, these encourag1ng resu]ts w111 1mprove |
*It 1s hopefu] that the measurement of postural stab1]1ty

.

w111 become a valuable c11n1ca1 d1agnost1c tool
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'APPENDIX A

. , Power Spectra
v .

Analog signals are often descr1bed by the frequency
components which maKe up. the cont1nuous waveform The
Four1er transform of the s1gna1 prov1des this 1nformatwon.
The inverse Fpur1er transform can be used to produce the
analog'signal from its freqUenCy spectrum. For a signal,
x(t), where - <t <@, and its Fourier transform, X(f),h

where - < f. < mf

.

oo

XUF) [ xit) expl-j2mftT dt

| (A.1)
x(t) = [ X(F) explj2meh of
AR R (A.2)

where j = /=1 and exp(p).is the exponentiai function;

The act1on -of Equation A 1 may be 1ikened to an
vinf1n1te1y narrow, var1ab1e bandpass filter wh1oh.sweeps the
frequency range and 1nd1cates the power assoc1ated w1th the
s1gna1 at each frequency,(Berg]and).n Stm11arly. Equat1on
'A.2.reconstructs the signal from its frequencyvcomponents.
'However s1nce only fﬁn1te amounts of s1gnal are available
for analys1s at any one t1me, the exaot Fourier transform

cannot be evaluated.. | y
An ana]og s1gna1 may be adequate]y represented by
eyen]y_spaced_(1n t1me); d1screte samples of that s1gna1'if
'the.sampling rate is at least twice the highest . frequency
: . _ , - e oy .

i
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observed w1th1n the signal. This ié‘the Nyquist criterion.
If there is an apprec1ab1e amount of frequency .content above
this Nyquist frequency, the phenomenon of aliasing produces‘°
spur ious frequency components within the range of interest:

Correspond1ng relat1onsh1ps exist between the t1me

)
doma1n and the frequency domain for digital signals as with

analogds1gnals.. For a digital s1gna1, x (K}, where'K =

O,1,2,..§,N,’and‘ite,discrete°FOUrter transform (DFT), X(i),
where i = 0,1,2,...,N:
N-1 .
X(i) =.1 ] x(K) exp(-j2mik/N) ,
. :Nk=O‘ , . . | :
S - - (A.3)
N-1 * |
x(k) =} X(i) exp(j2wik/N)
k=0 7 S (A.4)

The DFT is seen to be a perlod1c representat1on of the’

s1gna] in the Frequency dom»ln~

the exponent1al term"

mtO“the samp"t
e ‘;:»L‘? ) G u

exponent1al term alSozgn

The per1od is equal

1mag i nary compone

Equations A.

oo

4;@ SRLTE



K

multiplications for N data values). The fast Fourier
transform’(FFT) is a development of the DFT which markedly
reduces’ the number of calculations (N 1ogzN). ‘The
Cooley-Tukey algorithm ufi]fzes recursivekequations. The
result is possibly more accurate than that of the DFT since -
the fewer cémbutations’iqvo]ve 1ess~round;off error (Monrof.
Where the DFi’useS é]l‘offthe 1qpu1 data terms for

célqulating‘each Fqurier coefficiept‘of frequenéy, the FFT

. factors the.number;df‘%ata values and transforms these
shorter sequences.of data. URedundanciés‘invo]vihg the

| equhential term are eliminated. By wfiting intermediate
ré§u1t§ﬁover uﬁneededivaldesj the amaunt of storage required

is reduced.

’ ;Consider‘the Cooley-Tukey a]gorifhﬁff&

9 ‘2\,, A - N'] ) .
N | TX(1) = 107 x(k) w(-ik)
‘ i & . ) '. N _ ) . ‘ .
- k=0 o~ (A
s.where i,K = 0,1,2,m..,N-1.“ When N is a power-ofq2, i and K

may be represented by46inary‘qumbérs. For example, for N =

8, then i,k =:0,1,2,3,4,5,6,7 and:

il;ﬂ412 * 20+ iOv,'

=
”n

v 2Kyt kg oy

| & (A7)
whgre i2’>11"10' KZ, K]f;?nd Ko»are eithehxo onAj. Then:\



Noting that w(8)

CXlip, i) =

o B . 150

Cwi- (i, + 20y + 10)(4k2 - 2K1 + KO)}

"
L

.this“eqpatﬁon‘simplifiesgto;_j‘
) ,y_f :
(KZ,K K ) w ‘(jéjQKZ)ff

&2 | Uy

I e o D |
At hﬁa S

ok

;w{'(41]‘+ 210)K]} w{ 412'+.21@ + 1O)KO}
. o N - | (A 9)fv

thhe 1nd1cated group1ngs determ1ne the order 1n wh1ch the

A

liéummat1ons shou]d occur such that the exponent1a1 terms

‘ ".'.w111 conta1n only‘var1ab1esx1nvo]ved in that part1cu1ar

'.'summattonugf

- co
< B - I
LA

O e

\ T . R : R

«4]< Ky kg I x(ky Ky Kg) wl-4i k2>
. vﬁ{ L ;%- 1 , _v  ‘ : L .
KOJ w{~‘412i+i21jh+‘jO)RO}Th:

4 o)

Each summat1on enta1ls e1ght operat1ons for each of the ‘;

two va]ues of the summat1on var1ab1e g Note that the 1nput

data samples are used only in th;/?1rst summatwon

Succes51ve summat1ons may thus overwrwte prev1ous data

§ha L e
AT ST
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,Further sav1ngs 1n computat1on are obta1ned by symmetry

'scrambles the frequency doma1n representat1on of the samp1ed
hs1gna1 | The correct sequence is restored s1mp1y Each term
.15 represented by a b1nary number by pos1t1on ~A reversal

of the order of the b1nary dxg1ts 1nd1cates the Corpect c‘m,p‘

t_pos1tton‘of thevterms wnth1n~the output sequence

/

Monro presents a more f]ex1b1e vers1on of the FFT

h ;Whereas the Cooley TuKey a]gor1thm factors the samp]ed data :
'Wlp01nts w1th btnary coeff1c1ents, Monro s vers1on uses e

factors }6r rad1ces) th/t may be chosen to handle data

~1engths other than powdrs of two Lett1ng N ABC any data :
'vdpo1nt/may be represent d by the factors iib, and ’c ‘gf_(/‘
\ o © AT A i
’ f: - B (A.11)
Wher‘e ‘|a = .;O,,:‘] ; 3 \.
‘ib'.:=> O.y.T' & ‘
E SN
io= 0,1 y ‘4 :
The output sequence may be s1m1lar1y part1t1oned
e e | (A:12)
i Wherekaa :=...",50 "‘1 y i) A-1 1"h
| K 20451, .,B-1, and
o i.‘ ] I: -

i




T'gadvantage of]

_VEquatﬁon_A.B'mag‘then be wnfttenj'
: ‘ e R R A S R
RS A=1 Bl C51 S
X(ig,ip,ig) = L L 1 x(Kc Ky, Ky
'tt k70 kp=0 K =0

ﬁfexp{~j2v(Asic.f piy + iy) (BOK, + CKy + K )/N)
L (A3

Ty Ui
e

: To s1mp]1fy further man1pu1at1on of the equat1on a.functionxn

1s‘def1ned. e(p),= eXp( Jan) and

152 |

S R ~V A1 ;';.';s;" B T <o
DR R PSS IR P b e(Ka1a/A) e(Kaib/AB{"_ RIS s
e S o k =0 : S ;‘:\\;_‘
B.~1 i : ST 'C—'1‘ 2

erfé(kbib/B)'e{ﬁc(ka'+ KbAJ/ABC}“ ,Z»ekkcic/cyx(k-'kb;de_>“

ket )
Monro refers to equat1on A as the Sande version. Th1s_

','part1cu]ar arrangement of terms a]lows for a more eff1c1ent

| .viiputgﬁ 1mplementat1on than other vers1ons

. . "_/__,,'v.
As 1n tg; Coo]ey Tukey a]gor1thm the 1nner summat1ons
: ”i‘%} ‘a

w"_“have been s1%pT1f1ed by remov1ng var1ab1es from the

?apert1nent terms The resu1t1ng express1on may be v1ewed as

p ta ser1es of transforms @yer subsets of data The term

;.1mmed1ately :feced1ng each summat1on 1s referred to as a;::ﬁl“dhi

mo

thw1ddle fac or Each ser1es thus dwffers from be1ng i

R

‘exact]y a DF by th1s value Vo

The 1nn‘r summat1on operates upon ‘the, 1nput data ;'
’samp]es  The m1ddle summat1on 1s then app11ed 'Ah;%g”

the Sande version is- the s1mp1eh"tw1ddle

factor‘ asspctated_wwth thls;summat1on Assum1ng that the \

a4 A



f1rst summat1on oven C values has been comp]eted w1th the o
assoc1ated tw1dd1e xactor the summat1on over B’ values arelj

then evaluated w1th the second tw1dd1e factor | Choos1ng a:f

new radtx B’y the othe\ rad1ces are redef1ned accord1ng to:

| A‘I' : ‘A/B/
< "
¢ =BC
: A, ‘B/'C./ -=’ N ;

| | o (A.15)
_W1th such a change in factors, 1t 1s poss1b1e to ca]cu]ate
- the ent1re transform w1th1n the inner summat1on Start1ng

. w1th factor c 1; Equat1on A14 recurs1ve1y sums’ over B
- | 3

o wva]ues unt11 factor A =t If N = B the tota] number of

BRI
NS

Vicomp1ex operat1ons w111 be KN or N ]ogBN
8 The cho1ce of a va]ue for B 1s fac111tated by the
e period1C‘nature of the tw1dd1e factor A va1ue of 2 or 4 -

~~prov1des changes in. the exponent of T or n/2.,,Therefore,
v : SRR T TN :
'.fjthe complex mu1t1p11cat1on on]y 1nvo]ves "twiddle factors"

7'that are e1ther rea1 or 1mag1nary‘~
ln the actua] 1mp1ementat1on of h1s FFT; MonroepOints _
out further deta11s wh1ch fac111tate the comPUtation, He .- -

¥

;_ alsounotes some pltfalls ]

P



- APPENDIX B | B
_/ - R SbectraTvEstimation T

The Fourier transform of a samp]ed swgna] may be used to

E
,_produce an est1mate of the power spectrum of. that s1gna1

g ~&TTWhereqX(fT is the transform of x(t) the spectraT estwmate

"fiS given: | - L Lo
S'(F) =1 [X(FI2] = 1 X(F) XxpF) N
o Ty T
b S The compTex congugate of X(f) is denoted as X*(f)

samp]e Tength is T

ﬁhe accuracy of the spectraT est1mate may be 1mproved

by evaTuat1ng the average of the spectra] est1mates or

per1odograms for a number of 1ndependent subsets of data

Th1s smoothed spectral est1mate, us1ng subsets of data of

V'Tength,,tr 1s~g1ven.
el i) =

s
S Two conf11ct1ng cr1ter1a are. encountered at th1s po1nt

CAC Targe number of data po1nts per transform is deswrab]e to

reduce var1ance and to acqu1re adequate frequency

- resolut1on The w1dth of the centraT peaK of the data

w1ndow determ1nes the m1n1mum puTse w1dth whxch can be‘"
- detected

Th1s 1s dependent on the number of data po1nts

.W.hﬁ' o per transform However many subsets of data " samp]es w1TT

oo

- -also reduce the var1ance of the spectraT estima%e via

o averag1ng. A su1tab1e comprom1se is ach1eved by overTapp1ng

(B.2)
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the subsets of data'samples The decrease in varianée is
not ‘as great as with a s1m1]ar number of non- overlapplng .
‘subsets because the 1ndependence between subsets 15.' i
'v1olated - R Af : -; A‘,“ _v,,lk,"' mt?gvﬁ
| An opt1ma1 overlap of adJacent data samples depends
~somewhat on the shape,of the data window. Data po1nts of, -
‘equat importance are weighted unegually A reasonabte“

' overlap for ‘many common data w1ndows is one half the length

- of a subset of data (Welch) However, 1f the comput1ng t1me

is ava11ab]e, a greater over]ap will further reduce the -

' variance. In th1s case, a three quarter 1ength over]ap is

suggested B b |
denk1ns and Watts observed that such data subd1v151on

Js equlvalent to. smooth1ng the sample spectrum with the

~

'spectral w1ndow

W(ft_= L{SintmeY/ﬂfL}z" ——
e L 18.3)
(The correspond1ng 1ag w1ndow in the t1me doma1n’1s | |
'triangular Thus, to further reduce the varlance of the
1nverse transforms,'a tr1angu1ar smooth1ng functton may be :
i;‘app11ed to the Four1er spectra | | e

| The resolut1on of the power sbectrum may be 1mproved by

bart1f101a11y 1ncreas1ng the amount of data Th1s is

"baCComp]1shed by padd]ng the data w1th zeroes




‘where F}(ﬁtl

td&e]] if the output is affected byt

APPENDIX C 4,
l“Transfer Function Analysis
Assumtng a 11near re]at1onsh1p ex1sts between the 1nput ‘and

the output power spectra of,a.system, the transfer functwon

describing thts re]ationship;may easi]y}bevfound.

(S TFISF1 .
(c.11

. —h
11}

Filf) = Sy lfI/8  Uf)

transfer function‘(of frequency{ £9,

: tSii(f)‘='auto power spectrum of 1nput
Sod(f)v= auto power spectrum of output andtv 5
S%O(f) = cross<power ‘spectrum of input and output;(:

A measUrekof the‘degree’of Jinearttyvbetween two o
‘51gnals at each frequency is coherence ’ Conversely..a 1ack
of coherence 1nd€cates a non11near re]attonsh1p ahd/or the
presence of contamﬁnat1ng no1se Coherence may- ‘be expressed

nas the- rat1o§of the above- two est1mates of the frequency
v

v_response of the system Equat1on C 2 1nvo]ves the cross'v

‘1nto account on]y those output components 11near1y re]ated

FW4 ,
of the output s1gna1 " which’ w111 co.

‘Tn a“bdas error as’

1nput (CTynes and Mt]sum) S1nce
S S S f'-:,";\ls

(c.2)

| pOWGP spectrum of the 1nput and output signals and takes o

' ﬁgo the 1nput ; Equat1on C. 1 contatns the auto power spectrum d
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.poWer'term will be less than or equal to the auto power

term, ‘the coherenCe_will be less than or.equal to unity:

1Sio(F)]
o<

vAs ‘the degree of 11near1ty 1ncreases and the amount of o
contam1nat1ng 001se d‘\reases, the coherence approaches

@

' un1ty ‘ .
When more. than one 1nput to the system 1s con51dered
the output may be 11nearly related by vary1ng degrees to
_each 1nput S1nce Equat1on C. 2 1nvolves phase as well asv
_magn1tude, 1t is used 1n further ana]ys1s The def1n1t1on I

of cross. correlat1on prov1des the requ1red re1at1onsh1ps
:pFor a’system.w1th three 1nputs androne output the equat1ons

‘are QiVeany Marmarelis and Marmarelis as{

S, ) = (f)Szz( + Pl FISy3lF) + FlfISyglf)
“Sqalf) = 2(f)523 F) % Folf)S,50F) + F 4l >s34<f)”
1514(f)'= _Z(F)s24(f) f,Fﬁ(f)s34(f)/+vF4(f)s44(f)

o . (C.4)
where 1, 2{ 3tiand 4ﬂdenote'the output and‘the}three inputs,
respect1ve1y ' it | | B T

| The m1n1m1zat1on theory of Goodman uses these‘
re]at1onsh1ps and Cramer s rule to so]ve for the transfer
functions’ at each frequency The three equat1ons in the

c=

. three unknown var1ab1es ‘the transfer function coeff1c1ents{i
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may be solved to minimize the meénééquared error between the

| o@tpUt aqd the weighted sum of the three inputs.
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APPENDIX D

Joint Measurement Error

The he1ghts of the joints of a subJect were measured w1th a
.'tape measure. Although this scheme is not exceed1ng]y
accurate, a_.study of the resultant error revea]s‘that 1tvts
adequate. A typical set of . test data is submitted to
_computer process1ng a. number of t1mes using 27 dwfferent
sets of joint parameters in.this study ‘The he1ghts ane,
var1ed by 13 mm. The var1ances .due to th1s source of error
;ate 1]1ustrated in F1gure D. 1 for the real components and in
F1gure D 2 for the 1mpulse responses of - the transfer

functions. These variances are compared to those observed

for 20'tests of the same subject using a s1ng]e_setvof_Jo1nt'v"

v he1ghts ! | |
| The uorst’case results from vary1ng the anKTe he1ght,§
',Th1s adverse]y affects the upper two sway components
v‘However, the ]atera] ma]]eoTus presents the eas1est pOTnt at
“which to measure a 3o1nt'he1ght.'

| , The upper joint at'the neck, is difficult to observe,
.but this measurement does -not affect the caTcuTat1on of the
sways oOf thevTowerfbody segments. Some of the cons1derab]e
varianCe obserVed in the analysis'at the head is undoubtedly‘

due to the inaccuracy of this joint height.
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REAL COMPONENTS OF .34
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- - TRANSFER FUNCTIONS -

FIGURE D.1.

v v A “ 0 L A |

16 0 4 . 8
FREQUENCY .(Hz)

68% confidence limits of averaged real .
‘components of transfer functions for one test
with 20 various joint heights (left) and for
20 tests with one set of joint heights (right).
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-20 1" 3 v‘ L A e ) i "20 d ‘I v, ] L =]

o 7 . 5. 1 o - .5 1
: . TIME (sec) |

~ FIGURE D.2.  68% confidence limits of averaged impulse responses of
) " transfer functions for one test with 20 sets of various
joint heights (left) and 20 tests of the same subject - "
- using one set of joint heights. o
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‘The basic strain ‘gauge circuit cons1sts of a Wheatstone

 bridge with varying res1stances in each of the branches.

The strain gauges are arranged SO that wh1]e one pair is

deformed and increases in res1stance. the reswstances of the

other'pairidecrease with deformation. In this case, such a

relationship eXists'with one pair of strain gauges fastened

to the top surface of the support1ng cantilever and the
%
other pa1r fastened to the bottom surface. The c1rcu1t

arrangement is dep1cted in F1gure E.1d. The nondeformed

res1stance is denoted by R, w1th a deformat1on produc1ng a

q

change in re53stance of r. A DC voltage, V;»1s applied

‘across two opposite corners of the bridge. The output

voltage, V_, indicates the amount of deformation.

1

If a 1arge load res1stanoe is used the output'currentz't

O ¥

current, I:

L= V/{{R+r + R-r)//(R-r + R+r)} = V/R
The output voltage is then given:

Vs R+r - R-p Vo=V r/R

© R+p + R~rx

162 -

may: be assumed to be neg]1g1b1e, compared to the input

(E.1)
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, FIGURE E.]. a)Standard strain gauge Wheatstone bridge (top).
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b)Strain gauge circuit used in forfte platform (bottom). A
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The actua] c1rcu1t used was a mod1f1cat1on of th1s"'

eﬂfd br1dge des1gn, as shown in F1gure E 1b Th1s cxrcu1t

‘prov1des greater sens1t1v1ty to changes 1n the res1stances'r'

‘-of the stra1n e]ements It was: des1gned by Dr Z Koles

‘UThe operat1on of the c1rcu1t ‘can be expla1ned as fol]ows

:Assum1ng 1deal operat10na1 amp11f1er character1st1cs,'the*

'»i1nput b1as currents may be cons1dered to be neg11g1b1e and

3

‘tjthe xnput vo]tage levels approx1mate1y equal

N . N . B K . . LT NP N . N - Cor et . i N

”fVﬁ'change. C, Qf the undefonmed res1stance.;R1Ff;§?- 7 P/R

[ s . s ./‘

Sr/R

e Yar

RS TR ST <R+r>/ta+f;§;n;s>‘

_Sumﬁtng'thefcurrents’atfthe inbut node of the br1dge
L T e T e e e T T T e

TRy U TRy REE TR T
L Lo ) Co ;»:_. o (E @

Comb1n1ng these two equat1ons and s1mpl1fy1ng produces

'17V5‘=fvs‘4R¥54fR? i,réjd%-(1'+fR;?R1)ﬁ(RxfifV;’ f/R

R

If the reswstance change,.r, is - treated as a: fract1onal

The equat1on may be ;éwr1tten

El N : RS
P SR
L. o oL i . . e
. . ; : ST o e Lo . . N
o S - = [N [RHIEN Tl L :
£ : R Sy L e .

TS N ROLE e RS S

"Ygf;fy;jlés;/a}'cjfft~ c2) + c(1 + Rf/R DR Rf/R

PR A

To

g'g§5f‘fff (" “ry"-;;,,; : x,:/q;f,;,, { a_,; e ]f (E. 6)
If c2 << 1 ahd 4Rf1R >> T * Rf/R],\Ihws s1mp11f1es to

T . L c

\
,‘./" S Lot
P
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)
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"Yalues.

'.".vo]tage.,.}f._s

Vo = VgdoRe/R

Cwere: "'; 33K Ry = 120K. and Rf

57060

to better than 5% For a max1mum

v]koutput of 570 vo]ts 1s produced

= B e

-V Re/Rj

'AEFOr'thiS‘cirduit. M1cro Measurements stré1n gauges (type'

33K » Usnng theserr

R S
; S

O 3V f

change of c ?mQJilgaﬁ{

assum1ng a null offset

165

(E.7)

| EA- 13 250MQ 350) were used , The c1rcu1t res1stance valuesk

(E.8)

R 3
.

IR



source,‘1D, w1th a res1stance. RD The no1se bandw1

S

APPENDIX F

te o 5Sway‘Detector Circuitry

The sway detector c1rcu1t cons1sts of a photovo]ta1c dﬂode

R

modutat1ng a preamp11f1er The c1rcu1t (see Figure F. ) is |

"'a suggested app]1cat1on from the manufacturer (Quantrad

Corporat1on) : The photodtode is represented by a current

th and

'TheHOutput voltage is expressed:

;?j-x )

Vo= ipRe

,7 The operatton of the c1rcu1t s that of a trans—w’

conductance amp11f1er ' W1th the 1nput 1mpedance of the

operattonal ampl1f1er be1ng much 1arger than that of the

feedback ]oop or’ the dwode,_the feedback and d1ode currents‘

' ,.are approx1mately equal W1th AC oupl1ng and 1ow frequency'
’ ,excttat1on of the d1ode, the output is dependent upon the‘

d1ode current and the feedbacK res1stor The b1as re51stor ;

15 set equal to the feedback res1stor to m1n1m12e offset

U51ng the uA741 operattonal ampllfﬁer and component

values of R™ 470K and C 0 27nF a corner frequency of £

1254 Hz and a senstt1v1ty of O 3 uA/uw of ]1ght results)1n

B,
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an adequate Tight detection

¢circuit. The sensitiv{tylof the
}aetéctor to djsp]acement is

in fhe'rangélof.38ﬂmvo1ts/mm.'
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K APPENDIX G R

t Sway Detector L1near1ty

1

A fast, repeatable test of the Ttnear1ty of the sway

+

detectors is necessary to demonstrate that the measurement

B ,system w111 produce the. same output for the same 1nput

(movement) at any chattdm within the T1ght beam Such a.

-m‘focussing the Tight beams, or .°

, vo]tage versus width of the T1ght beam ' The slope of this

3

‘Tine equa]s the sens1t1v1ty of the sway detector to

movement - Qs'assumes that the’ response of the ‘sway
detector 1s~un1form over the frequency range of uﬂiyest

To sweep the T1ght beam of the sway detector an -

'»‘aTuminum d1sc~(3 2-mm th1ck) was mach1ned to toTerances of -

O 05 mm, The shqge of the drsc,:as shown in Figure G.1a,vis
def1wﬁd;by two arcs. The rad1us of each arcd‘ncreasesf~

11near1y with' tne angTe subtended by .the arc[ _AtDC‘motdp-
turns the d1sc at a’ constant speed a1ded by the’tTyWheel '
actlon of the symmetr1ca11y balanced d1sc .‘ o |

‘} The output of the detector preamp11f1er 1s recorded

- without f11ter1ng, wh1ch would d1stort the *waveform.. }*T

Subsequent computer analys1s 1nd1cates the degree of

R

189 -
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2.1 9 DETECTOR . = T
| OUTPUT VOLTAGE s * -

w»

0.39

Standard dev1at1on = 0.183%
(from straight line), .

" Maximum deviation = 0. 610“”*

~Quantization error = 0.069%

s

1.5 HE—— - ,
T s | %5
o 77 WIDTH OF LIGHT BEAM (mm) -

K3

\‘4 o

‘ ,fFIGURE[G.]; a)Shape of d1sc to test 11near1ty of sway detectors (top).

fb)Curve from test of 11near1ty of sway detectors (bottom).
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‘non11near1ty by calculat1ng the error between the output and

- least squared fmt stra1ght line, A typ1ca1 test curve :is . j
‘shown in F1gure G 1b The h1gh degree of 11near1ty is |
;apbarent, and the stat1st1cal va]ues conf1rm th1s
Qbservat1on | )

_ Quant1zat1on error ‘introduces a degree of non11near1ty g

’ ,s1nce the d1screte samp]es cannot genera]]y reproduce a

stra1ght 11ne The compar1son of sample to sample s]opes to

"the average s]ope may have been a better representat1on of
11near1ty, but quant1zat1on error would have contr1buted a
very' large error s1nce few quant1zat1on 1evels ex1sted

between consecut1ve samples N o ‘< ‘, - SR N

..(-'
/




. APPENDIX H

Data Windows

 The FFT is often used to produce thezconvo1utio§%pfﬁtwo
waveforms. Convolutidn tn thewtime domain becomes»simple
term-by—term multiplication in the frequency domain. |

- Conversely, mult1p11cat1on in the t1me domain corresponds to
'convo]ut1on 1n the frequency doma1n AQ%

A sample of a cont1nuous signal may be cons1dered to be
. },{,f;

- the product of a 51gna1 of 1nf1n1te 1ength with a data'

w1ndow In the case of a b]ocK of N samp]ed data po1nts
" with unaltered amp11tudes the data window 1s.rectangular.
The transform of the data sample is then equivalent to the.
*convo]ut1on of the frequency doma1n representatlons of the,
'cont1nuous data with the rectangu]ar data w1ndow The™
Fourier transform of the data w1ndow is referred to as a[
frequency w1ndow | |

The transform of the rectangutar window revea]s the
'probtem of 1eakage ' The sharp a'toff of ‘the w1ndow 1n the
time domain may be cons1dered to add h1gh frequency,
b’]components to the data, wh1]e also T1mtt1ng.the Tow
yfrequenc1es wh1ch may be adequately represented The
transform is character1zed by a centra] peak with sma]ler |
peaks“or sidelobes on either s1de. Each frequency component.
vof:thevdata samp1e is thus represented by a central peak,
ahd‘sidetopes uhich‘interfere with netghbouring’frequency '

' components. To reduCe”the degree of interference or

172




e . 173

leakage, the shape of the data window is changed (ie.
"window carpentry“) |

The tr1angu1ar or Bartlett data w1ndow is regarded as
being adequate for many app11cat1ons (Welch) Jt requires
re]at1ve1y little computation to ut111ze wh1le |
, s1gn1f1cant1y 1mprov1ng upon the: rectangu]ar window. . A
graph1ca1 compar.ison between the two w1ndows is prov1ded by
‘,F1gure H.1. The scaling cf the data va]ues causes some
-information to be lost. The peak amp11tude of .the frequency
window decreases as a resu]t The gradual;reductmon ofthe-
data severely cu ta1]s 1eakage The wider peak decreases

'thegfrequency rdsolution to some extent’
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APPENDIX I

Spectral Windows N o _ S

The frequency domain counterpart of the data window is the
spectral window. The inverse transform of the spectral

windowtiin the time domain) is referred to-as a lag window.
N . AN : . v

The\use of spectral windows is based on the same principles

aS’those of data windows; to‘reduce the effects of spurious
. . / i
or undesired spectral characteristics. When computation

time is not as great a factor ,as in disp]aying'p%ggessed
data on .a screen or printer, a more comp]ex wThdow“sJ exmay
be employed. o

- The cosxne squared window is also ca]led the o N

I

dcos1ne be]] Hann1ng or Tukey window. Jenkins and Watts

conclude that this w1ndow 1s qu1te adequate for most. data |

analysis. The flat central portwon of the extended costne}%,

<, :

|

squared w1ndow serves to- 1mprove the bandw1dth of the \m .
window. The 1nvers§ FFT of the mod1f1ed spectrum can then “
’reproduce sharper peaks w1th1n the 1mpulse response This

' window was further tailored in the present version to suit -
the particular spectra which were observed in the transfer‘
functton aha]fsis. | I |

| " The ftrstxspectral point (at th ts?ot no:interestﬁ “‘,;,~4Tfj‘

The measurement system is” AC\@OUp]ed
T %

b

:around 2 Hz are “the most prom1nent»aaw

results.‘ To preserve‘th1s 1nformat1on, the spectra were m

.taperedfonly'below this frequency.{ Thedspectrajrtnﬁormat1oh a'&f

!
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above 8 Hz was observed to be of less 1nportdnce aThedtufll
benef1ts of the cosine squared speotra1 ﬁ&ndow are used

above this h1gher frequency.

The results of th1s "window cat

eniry”

are illustrated
in the fo]]ow1ng f1gures Each w1nddww

is app]ied to a
"white noise" Spectrum where the awpl1tude at each

/

frequency point is unity.  The therse-FFT produces the

e

'1mpulse response of the modwfwed spectra. | |
| The rectangular w1ndow of Figure 1.1 demonstrates theA-
“worst case’ where'the spgctrum is notktapered The - lack r
of the ]owest frequency component is seen to 1ntroduce a-
_,decay1ng offset,‘as the 1mputse response 1s slow to settte
":upon zero.ampjitude In Figure I. 2« the cosine squared ’
w1ndow 1s‘seen to reduce the s1delobes beyond the f1rst one
, con51derab1y The decrease in low: frequency content has
- shifted the ma1n peak andtftrst lobe downwards, as AC
'bcoup11ng wou]d do to a swgna] w1th low frequency content
The - extended cos1ne squared version of . F1gure 1.3 behaves‘
similarly to the rectangutar w1ndow with a faster

attenuat1on of the side 1obes The gradua] attenuat1on of

the low Frequenc1es by the w1ndow has. reduced the shwft seen « -

”:1n the rectangular w1ndow

}ﬂﬁjg;aasThe nonsymmetr1c extended cosine squared w1ndow _

b e e
demonstrates a comprom1se of the. prev1ousrtwo versions. The

o s1de lobes are, rapidly attenuated wh11e the 1oss of 1ow

"-frequency\1nformat1on 1s|m1ntqyzed.. This "is dep1cted in

Eigure‘I.Ac
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.ﬂ._1n that the d1sc res1dent data 1s read and an averag1ng '

"prrocess occurs W1th th1s part1cu1ar program the output

‘nhttexp1a1ned below

U APPENDIX ¢ -
'”Eiowﬁaﬁa;tglgf;,ﬁt? y

~.The. flow charts For three computer programs are presented on,'

the ?ol]ow1ng pages The language 1s exclus1vely HP

v"Fortran PCS1 1n F1gure d t reads the data from magnet1c/'

tape, processes th1s data, and wr1tes the reduced resu1ts

':;'onto magnetwc tape PCSZ in- F1gure d 2 reads the processed

data fromkthe magnet1c tape, performs the transfer funct1on -

- ana]ys1s,_and stores the resu]ts 1n d1sc re51dent f\]es

PCSS 1n F1gure d 3 is. s1m11ar to the rema1n1ng PCS programs f.:i

"fté°1n the form of the conf1dence 11m1ts of the averaged 1mpulse“'

"-f.responses of the transfer funct1ons

The abbrev1at1ons used w1th1n the f]ow charts are

B

R

°7AD advance the magnet1c tape a. spec1f1ed number of records"h:a"’?

'umsBA _»backspace the magnettc tape a Spec1f1ed number of
| ;f“'recordssg7f:jg»“,, R i

",<Ca1 = cal1brat1on data f11e,:-:'

Vca11b’_nsubP°Ut‘”e fOP prov1d1ng equa]1zat1on constants fortf?:”

sway data_gf hvlir.v”«'ﬁf’*f,f;f'"'
. EOF - end of file o |
ET‘I" ‘-> erroneous 1nput

‘V‘fFFT - fast Four1er transform [a;timi_“”'tf hx”'?f

S

’".,‘Fname - the 1dent1fy1ng f1]ename wh1ch precedes data on tapeyi¢“h_»f



or Whioh.locates‘disc=resiqent data * e

- FP - fleating poiht
.~‘FS - f11e search by. f11ename

| FSCH - subrout1ne wh1ch locates data on magnet1c tape us1ng

- the f11ename

~‘1Int - 1nteger

@

PG - parameter change wh1ch al]ows program var1ables to be

changed

i‘Rw - rew1nd the magnet1c tape to the start1ng p051t1on

’-ST N stop pPOgPam execut1on B o =

.ehwR - wrlte data onto magnet1c tape ;.?._
‘jl e R

B ‘ : . : \\ ) B . . ‘J".‘ i
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APPENDIX K

£ 4

Statistical Testy

Assum%ng a norhal distribution, theltest results may be
simply represented by the spread of the data. This may be
expressed by confidence limits symmetrically centered. about
the mean. A graph of the confidence limits presents an
~effective demonstration of the magn1tude of the dgta and the
corresponding variance. If the confiden?e interval is edua1
to 'one standard deviation, approximately 68% of 511 test
results will fall within the limits. The coefficient df'
variation is”the ratio ef the standard deviat{on to the
‘mean. | |

The t teet,is‘utilized to provide a numerical
compar ison between sets of data. Thze statistical teet'is
well su1ted to small samp]es from normal d1str1but1ons
S1nce, in this case, it is important to detect deviations
- from‘standard or nornal test data, the,differences between

two sets of 'data are often etudied. Such pair”tests or
rpa1red compar1soﬁs (see Guttnan W11Ks, and Hunter)‘ihdicate
whether one set of data is consistently higher or 1ower in
'magn1tude than another; A1though the pairs of data values
may nOt‘be independent, the djfferences between pairs of
data~values are independent of each other ‘

" The procedure 1nvo]ves a two sided test of the ’
'hypothes1s that the mean of the differences of two samp1es
t1s greater or 1ess than a mean of zero /in a norma l
| B

189 . .
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population. If the mean of thé differences falls outside

the confidence intervals aound zero at a specified level of
¢ - ' '
significance, then the comparison may be said to be

4

.

significantly differeﬁt from zero. The two sets of data are
then significantly different, at the” specified level, from
each other.

"Given a sample of differences, xj = yj - zj. where 1=
7 /

1,...,N, with a mean, 7ﬂ‘and a standard deviation, s, the

critical region for the test is governed by the expression:

1
.
) R 3

|x/N| >

ty 1. '
< N 1,@/2

(KLt

where a is the level of significance. For N = 20, the t

‘tables provide the following 1imits for the critical region

around a zero mean: R
Sttty 4

S " . \
a| -50% 20% 10% 5% 2% 1% 1%
t| .688 1.328 1.729 2.093 2.539 2.881 3.883

The level of significance'is dgcreased by half if a
ong-sided test is used. In this case, it is known that the
differences between data Qalues will be all positfve or all
negative. Therefore, only one side of the distribution is

considered.



APPENDIX e

ResuTts of Tests of One Normal MaTe;“'

.i Lo : tie
a R o e

. :‘0

The foTTow1ng sets of graphs present the resuTts Erom"ZO EOf
and EC tests of one norma] maTe | F1gure L 1 and Fﬁgure L 2
Ej‘fﬂ d1sp]ay the averaged real and 1mag1nary components

respect1VeTy F1gure L 3 shows the d1fferences between

these components as der1ved froP EO and EC tests
f?pf"htzjfif: F1QUre L 4 shows the average values of ga1n and phase LR
for the EO and EC transfer funct1ons The 1mpu1se responses

T}fj“_‘_ for the EO and EC tests 1n F1gure L. 5*are foTTowed by the

/;%;ﬂ::;;n d1fferéhces between these 1mpuTse responses 1n F1gure L 6

Clelt
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- FIGURE L.1.
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68% conf1dence 11m1ts of averaged 1mag1nary components
°of “transfer functions. fro ?O EO (left) and EC (r1ght)

tests of one norma] ma]e
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-6  REAL COMPONENT OF "% 1.[D\  IMAGINARY COMPONENT =
" TRANSFER FUNCTION -~ | J A "OF TRANSFER FUNCTION *

Wi

- FREQUENCY (H2)

L3 68% c6hf1dencé:1imif$ Of évéraged"diffgréhtes between real -
~)+(1eft) and imaginary (right) components of transfer

N

R A Ve

~ “functions from 20 EC and EO tests of one normal ma]eg';  f5:l'JQ
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; \ L rRQUENCY ()

"FIGUREfL;h Average va]ues of gain (1eft) and- phase (r1ght)

~ components of ‘transfer functions from 20 EO (50118 11ne)

')f P S and EC (broken 11ne) ‘tests of ‘one norma] male.
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FIGURE L 5

o TIME (sec)

68% conﬁdente 11m1 ts of averaged 1mpu]se responses of

“transfer functions from. 20 EO (]eft) and EC. (mght) tests SN
~.of one’ norma] ma]e : S oy L ts



TIME (sec)

FI-GURE,L.G. 68% conﬁdence 11m1ts of averaged d1fferences between
: impulse responses from 20 EC and EO tests of one .

, ,norma] ma]e
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_____ _ ~ APPENDIX'M o
} . Results of the Alcohol Tests

, Thesrésdlté'of the élcoholiteéts‘aré“diSp1éyéd‘a$ |
" djfferences between'thé real and iméginaby components to |
_.il]uétfateltheure]ative effecfs:upon these parameters. ..

.Figure.M.1 and‘F{gLre M.2;compare.fhe"EC'f:EO'differenceé

'FOP[SOBer dnd_thén'infoxicéted subjeéts; Figure M.3 and

_Figufe,M.4 taKe fhe differences betweén»EO.énd EC&tesis_for

‘sober and then intoxicated subjects:
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REAL COMPONENT OF '
TRANSFER FUNCTION . o ©HI

- FREQUENCY (Hz)

- FIGURE M,1.§\68%7confidénce limits of averaged differences between real .
components of transfer functions from EC and EOQ tests of 7
sober (left) and then intexicated (right) normal males.

?"'
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5 IMAGINARY COMPONENT ;.
*>1 OF TRANSFER FUNCTION '

FREQUENCY (Hz).

'FIGURE M.2.. 68% confidence limits of averaged di?ferences:betweeh
: “imaginary components of transfer functions from EC and EO
*tests of 7 sober (left) and then drunk (right) males..

| ¥
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TRANSFER FUNCTIONS
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1
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FIGURE M.3.  68% confidence limits of averaged differences'between real
- components of transfer functions from EO (left) and EC-
(right) tests of 7 normal males, 1ntoxitated,aﬁ€ sober. -
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= - IMAGINARY COMPONENT
_ OF TRANSFER FUNCTION
O.
—8 v v ' v "'8 v -

16

ot - . FREQUENCY (Hz).
77777 — - . : "_ . N F . . . . ’ . \
FIGURE M.4. 68% confidence 1imits of averaged differences between -
- imaginary components of transfer functions from EO (left)
and EC (right) tests of 7 males, intoxicated and sober.
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P APPENDIX N

Results'of«Tests of Neurological Patients

The EO and EC impul§e responses from the tests of the three
neurological patients are used to depict possible effects of
their conditions upon their balance by comparing them to
éQéraéed normal curves. Figure N.1 deals with Parkinson’s
disease. 4Figur¢'N.2 deals with a peripheral neurop?thy.

'y
Figure N.3 deals with spino-cortical #ract disease.

\\_//
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TIME (sec)

FIGURE N.1. Impulse responses of transfer functions from EQ (1eft)
" and EC (right) tests of a female with Parkinson's disease
(solid line) compared to 68% confidence limits of the
corresponding averaged impulse responses from 27 normal
subjects (broken 1line). . ‘
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and]ECw(kight)‘tests»ofaaﬁmaae,with
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"[i£ 3f;?~nofmalfsubjectsl(btoken[ﬂiges);,. -



 FIGURE N.3. :Impu

L dise

"~ of the corresponding averaged impulse responses from 27.°
' normal subjetts.(broken Tines). - - oo

206

»1,sle’¢!respbris",.‘és;;._qfi‘ 'tr’anSfer,fuvhcﬁ',bnfs;}fo‘rn‘EOV‘(1e‘f't') I
" and EC (right) tests of a male with spino-cortical tract.
ase. (solid line) .compared to 68% confidence limits.. - .



'_APPENDIX 0

ResuTts of Sag1tta1 and Lateral Sway Tests

The fo]low1ng graphs serve to compare processed data

obta1ned from posturograph1c testSGperformed 1n two\ v

orthogona]ep'anes of the body F1gure 0. 1 compares the

power spectr . thure O 2 shows the coherences dertved from

"*'the two types 5f»movement | Thes@ graphs é"e d"aW” to the

=i _same scales to demohstrate the d1fference in magn1tudes

¢
£

”‘ﬁo compare the var1ances of the resuTts from SaQTTta‘ and

TateraT sway tests thure O 3 and F1gure O i use EO test

0

o -

Théf‘“ﬂ The scaTes of the foTTow1ng graphs\Just f1t the curves ff;#:~‘

”tresuTts 1n the form ofxreaT and 1mag1nary transfer funct1on p Qﬁ'j

'*f?7components respecttveTy.,*The d1fferences between EO and EC
‘Tlpirea] componenfs for the two pTanes are dep1cted 1n F1gure~-i€Ts:ﬁ
"7ijo 5.0 :j,’:, i“1';g1;s”AT QFVH " E lyb' | T' : an\
- F1gure 0.6 compares the sag1ttaT and TateraT 1mpuTse |
Jifresponses obta1ned by averag1ng the test resuTts ::The o
°5curves of F1gure 0, 7 are.: der1ved from the d1fferences

Td,bbetween EC and EO tests

e
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357 LogARITWM OF o ]
POWER SPECTRA =~ |

: ; 8 ] 9 16

FREQUENCY (Hz)

'5;EIGURE{6;i;_ 68% conf1dence 11m1ts of averaged 1ogar1thms of . power
. .ou . spectra of EQ tests of: 1atera1 (so]1d 11nes) and sag1tta1
v;(broken 11nes) body movement : . o
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" FIGURE 0.2. |
T - of one normal male for sagltta] (1eft) and 1atera1 (r1ght)'57
"ng.vbody movement  1?¥ , _ -
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" IMAGINARY COMPONENT .107
OF TRANSFER FUNCTION -

FIGURE 0 4

?1fFREQUENth(Hz),

\

68A conf1dence 11m1ts of averaged 1mag1nary components of!f.f o

- transfer funct1ons from 6 EO tests of one normal male for -
sag1tta1 (1eft) and 1atera1 (r1ght) body movement -
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212

16

FREQUENCY (Hz)
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- FIGURE 0.5. 68% confidence limits of averaged di fferences: between real:

. components of transfer functions from 6 EO and EC te

sts of,

Y

-~ a normal male for sagittal (Teft) and lateral (right) sway. =~ ' -



i

7.7 %. IMPULSE RESPONSES
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L FIGURE.O}G. 684 confidence limits of averaged impulse?reépbnSES,of‘ )

transfer functions from 6 EO tests of a normal.male: for -
‘sagittal (1eft) and lateral (right) body movement.



12.5 IMPULSE RESPONSE

FIGURE 0.7. 68% confidence limits of averaged differences between
‘ - impulse responses of transfer functions from 6 EC and EO
~ tests for sagittal (left) and Tateral (right) body sway.
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