
 
 
 

T
 

S
D
S
 

 
 
I

c
p
p
G
o
s
n
c
p

3
i
o
c
d
s
m
a

t
f
f
s
 
p
s
a
d
t
t
a
 
r
p
s

e
e

                  
     ISSN 13
                  

The Appr

S. Sipavic
Department of
Sporto str. 6, L

  http:/

Introduction 

 
As a rule

can be describ
permit visual 
process, desp
Graphs which
object can sub
specifics of ob
noise level, et
curve characte
process.  

When co
3 Multi-joint S
s imaged on 

on the screen 
contraction a
determine a s
scientists, e.g. 
muscle contra
and series of o

At the ou
to obtain the 
frequency [1].
from fractions
some certain d

When p
parameters ar
seen on the m
according to 
determined ac
takes a lot of t
to operator ac
and other facto

In order 
reasonable to 
process. For t
signal using so

Several 
experimental 
evaluating the

                  
392 – 1215 
                  

roach to P

ciene 
f Applied Phys
LT-44221, Ka

//dx.doi.org/10.

e, experimenta
bed by unkno
evaluation of

pite disturban
h depict the s
bstantially dif
bject, implem
tc. Without c
erizes parame

onducting biom
System” the a
the display sc
it is possible t

and relaxatio
series of para

the magnitud
action duration
other paramete
utput of the m

value of an
. The duratio
s of a second
data sample is 
performing in
re usually de
monitor screen

peak of the 
ccording to cu
time and meas
ctions, eye po
ors.  
to determine
apply algorit

this reason it 
ome certain em

methods ca
data. Particu

e nature of ex

 ELECTRO
                  
        ELEK

T 121

Processing

siology and P
aunas, Lithuan

.5755/j01.eee.1

al data distorte
own function 
f qualitative p

nces and me
same process
ffer one from

mented numbe
considering th
eters of the re

medical resear
analog signal 
creen. From t
to make decis
n process I

ameters which
de of muscle fo
n CT, its relax
ers.   

measurement d
nalog signal o
n of measure

d to several s
possible.   

nvestigations, 
etermined dire
n. Maximal fo

curve, while
urve maximum
surement error
osition in resp

e signal param
thmic rules to
is required to

mpiric functio
an be used 
ular method 
xperimental d

ONICS AND
                  

KTRONIKA

SIGNA
1   

SIGNAL

g of Biom

Physiotherapy 
nia, phone: +3

22.6.1817 

ed by disturba
y = f (x). Gr

properties of 
asurement er

s inside biolo
m the other du
er of observat
his, the shape 
searched obje

rch using “Sy
is obtained w

the curve dep
sions about mu
t is possibl

h are importa
force develope
xation duratio

evice it is pos
of 2 kHz or 
ed signal can 
econds. Ther

force and 
ectly from cu
orce is determ
e CT and RT
m at 0.5 level. 
rs are possible
pect of the sc

meters, it coul
o the measure
o approximate

on at first.  
to approxi

is selected 
data. In consid

33 

ND ELECTR
                  

A IR ELEKT
 
 

AL  TECHNO
 

LŲ  TECHNO
 
 

medical Ex

of the Lithuan
370 610 98692

ances 
raphs 
such 

rrors. 
ogical 
ue to 
tions, 

of a 
ect or 

ystem 
which 
picted 

muscle 
le to 
ant to 
ed Pt, 
on RT 

ssible 
r less 

vary 
refore 

time 
urves 

mined 
T are 

This 
e due 
creen 

ld be 
ement 
e the 

imate 
after 

dered 

case
y 

extre

expe
reco
poly
flat, 
whic

usin
Whe
reso
the s
to be
max
prec
func
fittin
adap
polin
 
Met

whe
para

of c
cons
for e
time
calcu
requ

data
(x), 
corr

RICAL ENG
                  

TROTECH

OLOGY 
  

OLOGIJA 

xperiment

nian Academy
2, e–mail: s.si

e, this is the va
)(t , and it c

emes.   
Bezier curv

erimental cur
ognize conto
ynomial, the 

can be calcu
ch was offered

Good appro
ng hierarchica
en this metho

ources increase
set of input fu
e created. In a

ximums are a
cise approxima
ction [4]. In s
ng with varyin
pted paramete
nomials. 

thods and sam
  

The unknow

ere x – inde
ameters. 

In case of b
curves obtaine
siderably. The
each measurem
e. For this reas
ulate their pa

uire a lot of res
We will con

a in respect of
which may

espond to nor

GINEERIN
                  

HNIKA

tal Result

y of Physical E
ipaviciene@lk

ariation of the
could be a fu

es can be ap
rves [2], by 
urs. The c
coefficients o
ulated using 
d earlier [2]. 
ximation resu

al nonlinear 
od is applied 
e; otherwise a
unctions suitab
any case, as it
approximated 
ation is possib
tudy [5] was 

ng real powers
ers is bigger th

mples 

wn function can

,,,,( cbaxy 

ependent vari

biomedical me
ed according 
erefore empiri
ment. Furtherm
son it is purpo
arameters usi
sources.  
nsider that the
f the scatter pl

emerge du
rmal distributi

NG 
     2012. N

ts  

Education,  
kka.lt 

e output param
unction with 

pplied in ord
using neura

curve is de
of which, wh
rapid calcula

ults are also 
approximatio
directly, requ

an appropriate
able for particu
t is indicated 
as a single 

ble in some c
proposed pol

s method, but
hat parameter

an be written a

,...) ,   

iable; a, b, 

easurements, 
to measurem

ic function ha
rmore, it has t
oseful to selec
ing methods 

e deviations o
lot of empiric

ue to measur
ion. Then the 

No. 6(122) 
 

meter over tim
one or severa

der to describ
al networks t
escribed usin
hen curves ar
ation techniqu

obtained whe
n scheme [3
uired compute
e emulator wit
ular case need
in [3], adjacen
extreme. Mor
ertain part of 
lynomial curv
, the number o
rs of traditiona

as  

    (1

c – functio

the parameter
ment data var
s to be selecte
o be done rea

ct functions an
which do no

of experimenta
c function y =
rement error
function valu

me  
al 

be 
to 
ng 
re  
ue 

en 
3]. 
er 
th 
ds 
nt 
re 

f a 
ve 
of 
al 

1) 

on 

rs 
ry 
ed 
al-
nd 
ot 

al 
 f 

rs, 
ue 



y
v

w
–
e

p

f

p

S

s

a
p
h

n

t
u

F
m

yi, which corr
value of a rand

 

 

where f(xi) – th
– the standard
error.  

It is po
precision is eq

The con
function and e

By using
parameters a, b

Then

Function
S=S(a, b, c, . . 

With the
system of equa

























.

i

i

i

after solving w
parameters a, 
have exact exp

Assume t
n-th order 

)( nkxy 

Typical i
the measurem
using single pu

 

Fig. 1. Typica
measured param

responds to v
dom quantity 

N(f(x

he value of em
d deviation, d

ossible to as
qual at all poin

ndition of ma
experimental d





n

i
i fy

1
(

g the condition
b, c of empiric

n we can write 





n

i
ii xfy

1
((

n (3) will reach
 .) also reache

,0
b

S

a

S







e help of co
ations: 



















......................

,((

,((

,((

1

1

1

n

i
ii

n

i
ii

n

i
ii

xfy

xfy

xfy

which it is po
b, c, . . . Fo

pression of the

that the search

1 nkxnk 

image of the 
ment device, 
ulse, is shown

Pt

CT

al curve on m
meters) 

alue xi, can b
Yi with norma

xi);σ) ,   

mpiric functio
determined by

ssume that 
nts ( ,ii 
aximum simi
data can be wr

ixf 2 .min))(

n (2), it is poss
c function y=f
condition  

i cba 2,...)),,,

h minimum, w
es minimum, i

0,0 
c

S

b

S







ondition (4) w













......................

,...)),,

,...)),,

,...)),,

c

f
cba

b

f
cba

a

f
cba










ossible to calc
or this purpos
e function y 
hed function i

1...2
2 xkx 

function seen
when muscl

n in Fig. 1.  

0.5Pt

RT
 

monitor screen 

be considered 
al distribution 

 

n at the point 
y the measure

the measure
)...,3,2,1 n . 

ilarity of em
ritten as  

  

sible to search
f(x, a, b, c, . . 

 .min           

when the funct
i.e. when   

,0                    

we can form



















.........,.......

,0

,0

,0

xx

xx

xx

i

i

i

c

f

b

f

a

f

   

culate the fun
e it is require

,...),,,( cbax
s a polynomia

.0
1 nxkn    

n on the scree
es are stimu

[6] (Pt, CT, R

34 

d as a 
 

(2) 

xi; σi 
ement 

ement 

mpiric 

(3) 

h for 
.).  

   (4) 

tion 

   (5) 

m the 

   (6) 

nction 
ed to 
 [5].  

al of 

  (7) 

en of 
ulated 

RT – 

syste
anal
time
Proc
whe

plac
Con
addi
influ

mea
beco
obta

of 
coef
max
inter

mor
Fig. 
 

 

Fig. 
 

sign
can 

expe
appl

desc

whe
Gau
and 
meth
= 0.0

wide
this 
proc

 

 

Measured si
em 3. The An
log signals of 
e directly fr
cessor (DSP)
enever the real

Parameters P
cing respecti
nsequently the
itionally, grid
uence the mea

After comp
asurement da
omes possible
ained. 

Thus after se
function y=f

fficients ki, it
ximum – Pt 
rvals CT and R

If the muscl
e complex rea
2.  

2. A signal as a

By repeatin
nal is obtained
be attributed t
In this case

erimental func
lying the signa

In the rang
cribed as  

ere E( ti) – 
ussian process 

unitary disp
hod.  Dispersi
05 [7]. 

The standar
eband process

process [7]
cedure can be 
1. Accordin

deviation

2. Process 
estimate

which is

process 
then d w

ignal is obtain
nalog Signal 
velocity, torq
om the mot
). A synchr
l-time data is u
Pt, CT and R
ve vertical 
measurement

d step values
asurement resu
pleting input
ata processin
. A signal of t

electing polyn
f(t) and aft
is possible t
and 0.5Pt, a

RT. 
le is stimulate
action signal i

a result of a reac

g the stimulu
. Such signals
to random sign
 it is more r
ction y=f(t) u
al envelope de
ge of period 

  )( itEtb 

the slowly c
with defined 

persion, gene
ion reconstruc

rd deviation 
s can be consi
. In this wa
the following

ng to the stat
n, the estimate

)( Eitb 

b is transform
)( itdP  of p

s unambiguou

b correspond
ill match sem

ned from Bio
Access port i

que and positio
tor control 
ronization pu
updated.  
T are measur

and horizo
nt lasts for qui
s and operat
ults.  

ut signal dig
ng using di
type amplitud

nomial for the 
ter calculatin
to find value
and also to 

ed using pulse
is received, as

action to a comp

us signal, sli
s for the purpo
gnals.  
relevant to ap

using not poly
etection metho

the signal 

)( itn ,  

changing env
frequency ran

erated using 
ction error doe

variation fu
idered as an e
ay the enve

g: 
tistical formu
e is calculated

)( itE .   

med into proc
parameter d 

usly related 

ds to Gaussia
mi-Gaussian di

dex multi-join
is an output o
on data in rea
Digital Signa

ulse is issue

ed visually, b
ontal marker
ite a long time
tor experienc

gitization, th
gital method
e-time y=f(t) 

approximatio
ng polynomia
e of a functio

calculate tim

e series, then 
s it is shown i

plex stimulus [6

ightly change
oses of analys

pproximate th
ynomial, but b
ods [7]. 
model can b

  (8

elope; n( ti) 
nge, zero mea

moving sum
es not exceed 

unction of th
envelope (8) o
lope detectio

ula of standar
d directly 

       (9

cess d and th
is determined

to )( itb . 

an distribution
stribution [8].

nt 
of 
al-
al 
ed 

by 
rs. 
e; 
ce 

he 
ds 
is 

on 
al 

on 
me 

a 
in 

6] 

ed 
is 

he 
by 

be 

8) 

– 
an 
m 
ε 

he 
of 
on 

rd 

9) 

he 
d, 

If 

n, 
. 



35 

Segment averaging/Linear filtering method would be 
the most suitable to detect signal envelope, considering its 
precision and performance [7]. In this work we will limit 
ourselves to analysis of approximation possibilities of 
signal generated as a reaction to one-time stimulus.  
 Experimental results were obtained by measuring the 
amplitude values on the monitor screen at 56 points of the 
curve. Amplitude (contraction torque) is measured in Nm, 
and time parameter in ms – amplitude values were sampled 
each 5 ms. Measurements were conducted by two 
operators and means of measurement results were taken for 
further processing.  

Measurement results were: Pt = 42±1 Nm, CT = 96±2 
ms,  RT = 76±2 ms.   
 Sixth order polynomial was selected to approximate 
experimental results using gradual approach method, by 
decreasing the sum of deviation squares,  
 

y = 5E-08x6 - 1E-05x5 + 0.0008x4 - 0.028x3 + 0.3212x2 +  
+ 1.8465x + 0.4865,            (8)             

 

the coefficient values of which, used in calculations, are 
given in Table 1. 
 
Table 1.  Polynomial coefficient values 

Coefficient Value 

k0 0.4865093545149650 

k1 1.8465363161267300 

k2 0.321167784932413 

k3 2.79859239518956E-2 

k4 8.06231086762E-4 

k5 1.0276727712E-5 

k6 4.97575035E-8 

 
Experimental results and function used in 

approximation is given in Fig. 3 for illustrative purposes. 
 

 
Fig. 3. Experimental results  

  
 Distribution of deviations between experimental 
results and approximating curve )( ia yyiy   (residual 

plot) is shown in Fig. 4, and the sum of deviation squares 
was 45.62)(  iyay , here ya – the calculated value of 

function (7) at point xi.  
When approximating experimental results using 

lower order polynomials, the sum of deviations increases 
significantly. Distribution of deviations after 
approximation using third order polynomial is presented in 

Fig. 5, and the sum of squared deviations was 

15.1412)(  iyay .  

 

 
Fig. 4. Residual plot of deviations 
 

 
Fig. 5. Residual plot of squared deviations after approximation 
using third order polynomial 
 
 Distribution of relative errors expressed as percentage 
is given in Fig. 6, using sixth order polynomial.  
 

 
Fig. 6.  Distribution of relative errors 

 
 Errors significantly increase after 48th sample. 
Deviation in % is increasing because is decreasing the 
measurement values and their sizes converge. Although 
this to the calculation precision of parameters Pt, CT and 
RT are influenced less, since in the given case data from 
10th to 40th sample is used to calculate them. Deviation in 
% is increasing because is decreasing the measurement 
values and their sizes converge. 

The sequence of steps in the calculation of parameters 
Pt, CT and RT is shown in Fig. 7.  

The calculated values of parameters were: Pt = 41.7 
Nm, CT = 94.3 ms, RT = 78.4 ms.  

The maximum signal amplitude of +5V in 
measurement device Biodex multi-joint system 3 
corresponds to analog-to-digital converter output code 512. 
Maximum signal is obtained under load of 680 Nm, and 
the sampling rate is 200 kHz [1].   
 Therefore 1st quantization level, or maximum 
resolution, corresponds to 1.328125 Nm, and sampling 

R2 = 0.9994
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period is 0,05 ms; for this reason, when performing 
calculations using more data received from the system, it is 
possible to increase the evaluation precision of parameters 
Pt, CT and RT.  
 

 
Fig. 7. Algorithm (sequence of steps) used to calculate 
parameters 

 
Conclusions 
 

It is advisable to use sixth order polynomial to

 approximate the function of reaction to one-time stimulus. 
In order to evaluate parameters of signal generated as 

a reaction to multiple stimuli it s more purposeful to use 
signal envelope detection methods. It is likely, that 
Segment averaging/Linear filtering method would be the 
most suitable for this aim, considering precision and 
performance criteria. 

When parameters Pt, CT and RT are determined using 
digital signal processing, the experiment duration 
decreases and also it is possible to eliminate the influence 
of operator actions on measurement results.   
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The aim is to analyze possibilities to approximate the signal of muscle reaction to stimuli using analytical functions, and to calculate 
required parameters Pt, CT and RT. It was shown, that under impact of one-time stimulus pulse it is purposeful to use sixth order 
polynomial for approximation. Polynomial coefficients with no less than 16 decimal places should be used for calculations. Algorithm 
for calculation of parameters Pt, CT and RT was presented. It was shown, that in case of muscle stimulation using complex signal it is 
more advisable to use reaction signal envelope detection methods. Experimental and calculation results are presented. Ill. 7, bibl. 8 (in 
English; abstracts in English and Lithuanian). 
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Darbo tikslas – išanalizuoti galimybes aproksimuoti raumenų reakcijos į stimuliavimą  signalus analitinėmis funkcijomis ir jų 
pagrindu apskaičiuoti dominančius parametrus Pt, CT ir RT. Parodyta, kad veikiant vienkartiniam stimuliavimo impulsui, 
aproksimavimui tikslinga naudoti šeštos eilės polinomą. Skaičiavimams naudoti polinomo koeficientus su mažiau kaip 16 ženklų po 
kablelio. Pateiktas parametrų Pt, CT ir RT apskaičiavimo algorimas. Parodyta, kad stimuliuojant raumenį sudėtingu signalu, tikslingiau 
ieškoti reakcijos signalo gaubtinės. Pateikti eksperimentų ir skaičiavimų rezultatai. Il. 7, bibl. 8 (anglų kalba; santraukos anglų ir lietuvių 
k.).  
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