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INTRODUCTION . 

The s tudy o f  a human operator ' s  trunk-spine sys tem dynami cs i s  a diffi
cult one , owing to the great number of degrees of freedom of the mechanical 
sys tem ( 1 )  ( 2 )  (3) and the pos tural regulation mode comp lexity ( re f lex , pro
p riocept ive , exteroceptives loops )  ( 4 )  (5) ( 6) . A good knowledge o f  these phe
nomena may be app l ied to the research on aviations and earthmover operator ' s  
spinal traumat i sms . (8)  ( 9 ) . 

In order to have a better knowledge o f  the pos tural regulation app lied to 
the mechanical t runk-spine sys tem - this paper presents theresults of a s tudy 
concerning the spinal curvature variations in the s agi ttal p l ane o f  an opera
tor s ubmi tted to acce leration in a horizontal p lane , 

After a brief survey o f  the material ( 1 0)  and experimental setup charac
teri s tics  ( 1 1 )  this pape r present a s tatis tical and frequential analy s i s  ap
plied to the recordings ob t ained concerning spine curvature variations . The 
resul ts o f  this process lead to a s i mp l ified model of the trunk-spine system. 
The las t  paragraph refers to  the s imulation of this mode l on an analog com
puter and i t s  validity . 

I - NATERIAL AND EXPERIMENTAL SETUP FOR THE STUDY .OF THE TRUNK-SPINE SYSTEM. 

I .  1 - THE "SPINE TRANSDUCER"· . 

The "spine transducer" cons i s ts of a flexib le fiberglass rod on which 
s t rain gauges - as sociated in pairs - are s tuck ; the l atter give an e lec
tric image o f  the rod curve s , This rod i s  fixed on the subj ect ' s  back by 
means o f  s t rap s . The voltages ob t ained are proportionnal to the curves of the 
rod , i . e .  the curvatures of the s ubj ect ' s  spine detected at the T l , T6 , T I O ,  
L3 vertebrae leve l s . The reference unit on the recording is m- l ( the inve rse 
of me ter) . 

I . 2  - EXPERIMENTAL SETUP AND CHARACTERISTICS OF THE SUBJECTS STUDIED . 

The s ub j e cts were seated on a mobile tractor seat (wi thout a back) their 
hands on thei r  legs and thei r  task cons i s ted in keeping thei r  ini tial pos tu
re . They had to watch a visual s i gnal which helped them to fulfill  their 



task . The light spot was placed at the bot tom of  a horizontal tube which was 
40 cm lang and 2 cm2 in cross  sect ion . The visual s timulus is adjus table in 
height and fixed in such a way as the subj e ct might ob serve it in a res ting 
pos ture . 

The subj ects , 20 to 27 years old ,  ranging in height from 1 , 70 m to 1 , 75m 
were all male and in good health . The experiment made consisted of a sequence 
of eight fas t forward step disp lacement of the seat each followed by a slow 
return to the previous po s i tion . Each displacement of 2 cm was made in 50 mS 
with an acceleration of about + and - 2g  ( §  J . 3 fi g .  J )  spaced of  about 1 S .  
The experiment were repeated on 20 subj ects - all different . 

I . 3  - ANALYSIS OF THE DISTURBANCE-STEP POSITION DISPLACEMENT-AT THE LEVELS 

OF THE TRACTOR' S SEAT AND OF THE SUBJECT ' S  SACRUM. 

Figure 1 represents the motion , the acceleration and the energy spectral 
densi ty of  the seat acceleration in the case of a perturbation in a s tep for
ward motion . A closer look to the fi gure l a  shows that the acceleration con
s ists  of  2 s uccess ive impulses with amp litude of about 2g o·f opposite sign 
separated of about 50 mS - and fo llowed by vibrations of small amplitude du
ring 200 mS . 

On the one hand fi gure J a  shows that the acce leration spectrum at the 
seat level is greater than 25 Hz ; on the other hand· figure Jb - i l lustrating 
the acceleration and its  energy spectral dens ity recorded at the s acrum level 
shows a spectrum l imi ted to 1 8 , 7  Hz . This difference stYesses on the influ
ence first of the soft tissues existing between the seat and the sa crum po
s i tion , second the pelvis rotation around the subj e ct ' s  fulcrum on the seat 
(ischia) 

1 1 1 1 1 1 1 1 l 
0. 78 Hz 25 Hz 

Disp l acement 2· cm 

I l\J 2 g acceleration 

0 . 1  s 1 .  2 s 
Fig. 1 a : Displacement ,  acceleration and energy spectral densi ty of 

acceleration at the level of seat. " S tep posi tion" disturbance. 
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� 
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Fig. 1 b  Acceleratiön and energy spectral densi ty at the level of the 
subj ect • s s acrum when submi t ted to a 11 s tep posi tion" dis turbance. 

II - ANALYSIS OF ·THE SPINE CURVATURE VARIATIONS DUE TO THE PLATFORM STEP DIS-

PLACEMENT AS A DISTURBANCE . 

II . !  - STATISTICAL PROCESSING . 

11 , J . l  - CALCULATION OF THE AVERAGE SPINE CURVATURES VARIATIONS .  
- - - - - -------------------------------------------------

The s tudy of  the spine curvatures variations during a forward s tep dis
placement shows a great dive rsity of results . A criterion for c las sifying the 
11 responses 11 to the dis t1.1rb ance is not easy to imagj ne . In order to make the 
parameters for one or severals sub j e cts conspicubus the curves of  the ave
rage and standard deviation of theses "responses" are displayed in fig . 2-3 . 
This type of  p rocess eliminates noises and gives a general idea of  the respon
se . One of  those noises , notably has for ori gin the s l ow  variation of the 
subj ec t ' s  pos tural components .  

11 , J . 2 - SUBJECT ' S  POSTURAL COMPONENT SPLITTING . 

The continuous component of  the s i gnal recorded by the transduce r ,  the 
sub j e ct being in a posi tion of res t , corresponds to the s tatic pos ture of the 
latte r .  lt varies s l owly with the subj ect breath ( about 0 . 3  Hz) and fat igue . 
The amplitude of  this evolution is low compared with the pos s ib le pos ture va
ri ations . The sys tematic s tudy of  this low postural variation may contribute 
to determine the inf luence of the subj ect ' s  fatigue . 

This "static · posture " component was e liminated for each response so as to 
lay only the s tress on the spine curvatures dynami c response variation to the 
dis turbance due to platform motion . 

11 . 2  - ANALYSIS OF THE SUBJECT ' S  AVERAGE SPINE CURVE VARIATIONS WHEN SUBMITTED 

TO DISTURBANCES DURING A FORWARD STEP POSITION DISPLACEMENT . 

II . 2 . 1  - ANALYSIS OF THE RESULTS . 

The curves represented in figure 2 correspond to the average spine cur-
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vat ures variations concenting the last three successive responses of 1 9  sub
j ects dis turbed by a forward step position displacement . The recordings made 
on the last volunteer had t o  be el iminated . The subj ect last three responses 
were chosen in the initial phase of research for they are app�rently more ho
mogeneous than the first five ones and for avoiding any trans l.ent phenomena 
connected to the subj ect ' s  adaptation to the experiment . In figures 2 , 3  the 
standard deviation (minus or  p lus) of  the variations i s  represented by the 
curve s above and below the average curve . 

A maximum of amplitude in the s�ine curvature variation i s  to be noti ced 
at the 4 way ( L3) level compared with the others ways ( T l , T6 , T I O) . Thi s  
greater amplitude may be caused by the spine flexib i lity at the lumb ar level 
(2 )  and by the fact that the distor sion t orque is maximal at the lower part 
of the trunk in our experimental procedure . 

Way 1 
(NT1 ) 

Seat 
+-v2 g  

accelerati on --������������������������-

0 . 1  s 1 . 2 s 
Fig. 2 :Average (+and- standard deviation )  spine curvatures vari ations for 

1 9  subj ects submi tted to 3 forward " step posi tion" displacemen ts. 

A clo.ser look at these curves makes a phase-shift between the signals from 
different ways very o.bvious . Particularly the 3 (D I O) and 4 (L3) ways are p.rac.t
cally in opposition of phase . lt would be of importance to cheek i f  there i s  
a dis tors ion node between those 2 points . Simil arly , the 2 (D6) and 3 ( D I O) ways 
seem to be in phase with each other and the l (D l )  and 4 (L3) ways as wel l .  

The curves in fig .  3 a ,  3b correspond to the spine curvatures average va 
riations (+ and - standard deviation) of 2 different subj ects taken among the 



20 volunteers submit ted to eight succes s ive forward s tep pos1 t1on disp lacements , 
The remarks made about the 1 9  subj ects ( f igure 2) are valid for these two sub
j ects . Moreover the curves in fig .  3a , 3b show that these responses vary in 
amplitude and shape from one subj ect to the othe r .  On the contrary the standard 
deviati on whi ch i s  sma l l  compared with the amplitude , shows that for one given 
subj ect the 8 s uccessive responses may be approximately the same , figure 3a,b . 

Way 1 
(-vT1 ) 

Way 3 
(1\1 T1 0 ) 

Way 4 
(-v L3 ) 

+'IJ 2 g 
Seat --.--������������������������-

acceleration 

Fig. 3 a  

Way 1 
(.,,T1 ) 

0 . 1  s 1 ' 2  s 
Average (+and- standard devi ation) spine curvature vari ations 
for 1 subj ec t submi tted to 8 fo·.o1ard 11 step posi tion" displacemen ts 
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Fig. 3b 

l"'o. 5 
0. 1 s 

-1 m Subj ect P . J .  

1 .  2 s 

Average (+and- standard devi ation)  spine curvatures vari ations for 
1 subj ect submi tted to 8 forward " s tep posi tion11 di spl acements.  
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II . 2 . 2  - PRELIMINARY CONCLUSIONS . 

The s tudy of the 4 (L3 ) way , in f i g .  2 and 3 indicates that the spine cur
vature variation in response to a forward movement is at this level practical
ly in phase with the platform accel eration (§ I . 3  and fig . l ) .  This remark al
lows us to s tate that the seat trunk link through the pelvis is a visco-elastic 

one and no t a housing ( fi gure 4 ) . This conclus ion would not be val i d  in 
the case o f  a backed seat . 

Spine 

Seat 

Acceleration 

..---------- Curvature � 

Backless seat 
Elastic link.  

Backed seat 
Housing. 

Fig. 4 : Representation of the subjec t ' s  seat-trunlc link. 

II . 3  - F
_R_E

QUENTIAL ANALYSIS OF THE SPINE CURVATURE VARIATIONS OF A SUBJECT 

SUBMITTED TO A S INGLE "STEP POSITION" DISPLACEMENT . 

The figures S a , b , c  represent the energy spectral dens ity o f  curve varia
tions at a lumbar level (4th way) for a sub j e c t  s ubmi tted to a s ingle forward 
" s tep pos i t ion" displacement .  The system be·ing l inear , in the first approxima
tion and for small dis ton; ions - the spectr a represent ( 1 2 )  the Fourier trans
forms products of the sys tem response to an impulse and the perturbation due 
to the platform mot i on .  As the l atter spectrum ( f i g .  2a) is not cons tant wi thin 
the range of the s tudied frequencies , one must take into account into the re
sults analys i s .  

Howeve r in f i g .  S a ,  b ,  c the absence of s trips in the frequencies above 
1 0  Hz is obvious . The osci l l ation mode number and pos i t ion may also be de
rived from these spectra in s ome way . Figure Sa shows , in fact , a s ingle mode 
of o s c i l lation at about 3 , 1  Hz . Figure Sb seems to show 2 modes located in 
the vi cinity qf 2 , 3  Hz and 4 , 7  Hz . Fi gure Sc is l e s s  precise and shows that 
the kind of responses are various , several modes may also be derived . 

Thi s frequential s tudy o f  the lumbar spine curvatures variations parti
cularly shows that the oscillatory modes are varied in most cases the s tu
died sys tem model cannot then be l imited to a s ingle sys tem of the second 
orde r .  
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III - ATTEMPT TO MODELING THE TRUNK-SPINE BIOMECHANICAL SYSTEM OF A SUBJECT 

SUBMITTED TO ACCELERATION IN A HORIZONTAL PLANE . 

In a firs t s t age the attemp t to make a mode l i s  limited to the t runk 
spine mechanical sys tem whose disturbance is the acce leration imparted by 
the p l atform and the spine curvature output ( fi gure 6) . The kind of acce le
ration used for the s imulation cons i s t  of a set of 2 impul ses  whose s i gns are 
opposed - spaced of 50 mS - which is close to the recorded acce leration 
( figure 1 ) . The p l atform vibrations are supposed to be damped by the soft  
tissues of the subject , Moreover the subj e ct ' s  wi l l  acts-after a time to 

dete rmine - for modi fying his purely mechani cal response . 

C o r t i c al and 

v i sual con t rol 

to keep p o s ture 

+ 

P l atform 

Horizontal d i s turbance 

Soft t i s sues 

spine 

curv atures 

Control 

e l abora t i on 

T runk spine 

mechanical 

and regu l a t i on s s tem 

P ropri ocep t i ve feedback 

exterocep tive 

ves t i bul ar 

v i sual 

Fi g .  6 Pun c t i onnal di agram of a spine curvature regul a t i on s y s tem 

of a subj ect d i s turbed by a horizontal motion. 

III . ! - INTRODUCTION OF A DISTRIBUTED PARAMETERS MODEL AND PROPOSAL OF A 

SIMPLIFIED MODEL . 

V1 

V2 

V3 

V4 

Statistical and frequential  analyses and anatomic cons ideration as we l l  
show that the spine-t runk me chanical sys tem has a great number of degrees o f  
freedom. An approach t o  the problem may then con s i s t  in mode l ling thi s  sys tem 
by using equations with part ial derivatives and refers to the theory of sys
tems with dis t ributed parame ters . The l atter lead to comp lex equations which 



can hardly be exploited with respect to the aim pursued.  The principal diffi
cul ties come from non linear phenomena and from an irregular parameter distri
bution , chiefly those referring to mass and intervertebral link e las ticity . 
The following mode l is a comp�omi se : i t  l imi ts the theoretical and simulation 
prob lem and remains actual . lt is limited to 5 degrees of freedom and cons ists 
of 5 segments linked by articulations having a visco e las tic reaction ( figure 
7)  • This choice is guided by the use of a transducer which measures the spine 
dis tort i on in 4 points . Howeve r ,  we be lieve that the mode l quoted above may 
allow us to increase our knowledge of the ·reaction and shack transmission along 
the human spine . 

c 

,........., 
......_ . --- -----

Detail of a vi sco-el astic l ink 

Fig. 7 S t ructure of a trunk-spine system model wi th 5 degrees 
of freedom. Visco-elastic articul ation. 

1 1 1 . 2  - STRUCTURE OF A 5 DEGREES OF FREEDOM MODEL. 

The transducer Outputs are proportionnal to $ ·  = 0.  I - 0 .  
i f  i t  i s  assume that the sp ine curvatures vary s li�h t ly1+ whicfl i s  the case 
in our s tudy . Solving the problem by using the Lagrange me thod wi thout pre
vious approximation leeds to differential equations with non linear coeffi
cients (s inus and cosinus) . This can partly explain the response asymetrj and 
show that the results will  be differents according to the sub j ect ' s  position 
of rest . 

III. 3  - EQUATIONS . 

The approximation b ased on small angles provides equations which are 
more eas ily used and e l iminate the gravi ty influence , A system of 5 differen
tial equations o f  the second order is obtaine d ,  they are coup led and of the 
fo llowing type : 



J .  e .  + F . (e .  - e .  ) - F .  
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These couplings of  equation may represent the anatomic coupling of liga
ments and mus cles connecting the vertebrae . 

A mode l reduced to 2 degrees of freedom representative of the lumb ar cur
vature ( 4  L3 way) is being s tudied below this spinal curvature was chosen for 
it has a greater sens ibility to trauma (2 , 7 ,  8 ,  9 ,  1 3) ,  

IV - S IMULATION OF A 2 DEGREES OF FREEDOM MODEL : LUMBAR CURVATURE VARIATION . 

IV . 1  - EQUATIONS AND SIMULATION OF A 2 DEGREES OF ·FREEDOM MODEL . 

The above considerat ions lead to choose 2 articulated segments (segments 
4 and 5 figure 7) corresponding to the spine transducer 4 (L3) way .  The sys tem 
is reduced to 2 coup led equations of the second order . The simulat ion make s 
uses of  1 0  depending parame ters , the most s i gnificant of them being the proper 
frequencies and the damping of the 2 s econd orders as sumed to be independant . 

0. 1 s 

,,,,,..... ........ ,....�- Experimental response ... ... ' 

, ' ' � ...... 
-..,-.:���_,..-=-..... _..--r9----""='�-�-�-=-=-�-::-:-�-=-=-�-�-�-::-:-:-:-.� ... ::-. � - - - - -

' 
Simul ated response 

F i g .  8 : Experimental and simul ated responses of the lwnbar curve vari ation 

IV . 2  - VALIDITY OF THE SPINE CURVATURES VARIATIONS MODE L .  REMARKS AND 

CONCLUSIONS . 

This mode l ,  wi th 2 degrees of freedom, can oscil late but in 2 modes 
on different frequencies . lt wil l  not then be comp lex enough to simulate 
the responses whose spectra seem to show more than 2 modes (figure Sc) . 
Moreove r ,  the influence of the soft tis sue between the subj ect ' s  seat and the 



pelvis is not taken into account . At l as t  the part played by the subject ' s  
re flexe and voluntary cont rol which i s  to be determined may modify the 
actual response ( closed loop sys tem fig .  6) as compared with the purely me
chanical one ( open loop system) . 

The s imulation of thi s  mode l on an analog computer al low us to derive 
responses whose shape is analogous to the experimental recordings obtained . 
Fi gure 8 shows experimental and s imulated responses for one subject . We can 
think that a better knowledge of  the acceleration which i s  re ally transmi tted 
to the subj e ct would permit to ame liorate the s imulated response during the 
first 1 00 mS .  lt i s  also probable that the model with 5 degrees of freedom 
would al low to s imulate the dorsal and lumbar spine behaviour - measured by 
the transducer 1 to 4 ways . 

CONCLUSION 

Those few remarks may allow us to get an aspect of  the dynamic behaviour 
of the complex t runk-spine sys tem .  A systematic identifi cat ion of the mode l 
wi th 5 degrees of freedom would be interesting but the number of parameters 
( 20) needs to e l aborate a more original method .  First i t  seems that the num
ber of  proper frequencies for the trunk spine set unit in s agi ttal plane is 
not limi ted to one . The frequential s tutly shows in fact , different modes whose 
frequencies may very from a subject to anothe r .  The se cond conclusion is about 
the use o f  a backed seat . lt seems that tne l atter may b lock part of the trunk 
(one or several segments of the mode l)  and transmit the disturbance almost un
changed to a level where the trunk characteristics wi l l  not allow sufficient 
damping any longe r .  

The deve loppement o f  our research i s  dire cted on the one hand to making 
a better mode l at the leve l of the disturb ance transmi s s i on by soft tissue 
and on the o ther hand to studying the contribut ion of the subj ect ' s  re flex 
and voluntary controls on his spine curvature vari ations . 
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