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Two-Dimensional Automatic Control Modeling
of a Posture Control System

Kyung S. Park
Un H. Kim

Korea Advanced Institute of Science & Technology, Korea

A posture control model has been developed on the basis of the 2-dimensional
feedback control theory. Human postural characteristics were investigated in
5 healthy participants. Tests were performed with eyes open and eyes closed.
After 5 s of quiet standing, each participant was unexpectedly pulled forward
by 30 mm at his pelvis height and then released. Postural sway was measured
over 20 s at a rate of 100 per second. Transfer functions to represent the
posture control characteristic were identified by the least squares’ method.
These showed good results of the model's fitness, predictability, and stability.
The response of the eyes-closed condition to perturbation is more oscillatory
than that of the eyes-open condition. It seems that the model identified could
be applicable to ergonomics, sports, or clinical situations.

posture control model posturography perturbation
parameter identification model fitness stability predictability

1. INTRODUCTION

Human body balance is stabilized by the constant regulation of the
complex neuromuscular system. That is, the maintenance of balance is
a dynamic motor skill requiring reception and transmission of signals of
proprioceptive sensors in the central nervous system, interacting with
visual and vetibular responses. Thus, the human body sways continuously
to maintain balance while a person is standing upright.

Correspondence and requests for reprints should be sent to Kyung S. Park, Department
of Industrial Engineering, Korea Advanced Institute of Science & Technology, 373-1
Kusong-dong, Yusong-gu, Taejon 305-701, Korea. E-mail: <kspark@convex.kaist.ac.kr>.
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For centuries investigators have attempted to gain an understanding
of the dynamics of human standing balance. Since Romberg’s test in
1853, postural sway and the factors affecting it have been the subject of
much study and experimenting. The analysis of postural sway during
upright stance has been widely used as a tool in evaluating man’s ability
to balance and the disorders of the nervous system. In addition to
neurologic and muscular defects, vision, malfunction of the inner ear,
foot position, leg length discrepancy, alcohol and other drugs, and aging
are factors presently known to affect standing balance. The study of
the postural control system has important implications for sports,
rehabilitation medicine, and ergonomics.

As Maki (1986) summarized, postural sway has been characterized
by the motion of body segments or joints, joint moments, EMG
activity, and displacement of the center-of-pressure (COP) at the feet.
The most common measures of postural sway use a force platform to
quantify the displacement of the COP. The COP is the location of the
vertical reaction vector on the force platform (Winter, 1990). An area,
length, and power spectrum analysis of postural sway has been proposed
for equilibrium function (Dichgans, Mauritz, Allum, & Brandt, 1976;
Kapteyn & Wit, 1972; Murray, Seireg, & Sepic, 1975; Seidel, Briuer,
Bastek, & Issel, 1978; Thomas & Whitney, 1959). However, such data
seem to be insufficient for understanding the internal mechanism of the
posture control system, because they merely represent a resultant sum of
the internal noises in the system (Ishida & Miyazaki, 1987).

To gain an understanding of the internal mechanism of the posture
control system, researchers have considered a human posture control
system as a feedback system of which an upright body is the controlled
object. Thus, postural control is often discussed in terms of the control
systems theory (Johansson & Magnusson, 1991; Lee, 1989; Woollacott
& Shumway-Cook, 1990). To characterize the postural control system as
an input-output model, destabilizing perturbations are used as input
into the system, and the postural sway response is the output (Maki,
1986). Postural stability, also referred to as dynamic posturography, is
the postural response to an external or volitional perturbation of the
postural control system (Johansson & Magnusson, 1991). The postural
response to the perturbation (Diener, Bootz, Dichgans, & Bruzek, 1983;
Diener & Dichgans, 1988; Diener, Dichgans, Bootz, & Bacher, 1984;
Diener, Dichgans, Bruzek, & Selinka, 1982; Dietz, Horstmann, & Berger,
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1989: Keshner, Woollacott, & Debu, 1988; Moore, Rushmer, Windus,
& Nashner, 1988; Nashner, 1977; Nashner, Shupert, & Horak, 1988;
Nashner, Woollacott, & Tuma, 1979) reflects one of several movement
strategies for correcting deviations from equilibrium (Nashner et al.,
1979; Wolfson, Whipple, Amerman, & Klenberg, 1986).

Nashner (1971, 1972, 1973); Maki, Holliday, and Fernie (1987);
Ishida and Miyazaki (1987); Peeters, Caberg, and Mol (1985); Johansson,
Magnusson, and Akesson (1988); and others have developed control
system models that characterize the transfer function of an input-output
system with sensory feedback. Typically, these models predict the ankle
joint torque, body sway angle, or both in response to an external
postural perturbation. Virtually all of the postural control models
are based on movements, torques, and perturbations in the AP (Ante-
rior-Posterior) direction only due to the restrictive dynamics of the
models.

We approach the problem of characterizing COP trajectories from
a different perspective, namely, that of the two-dimensional automatic
control theory. This is a new natural approach in being two-dimensional
and there is no loss of information from dynamic posturography. In
particular, we hypothesize that the input of the human postural control
system under unexpected displacements of the body is the referencing
position of postural balance and the output is the resultant COP
trajectory. The proposed model is a two-dimensional interconnected
system, which consists of PID (proportional, integration, and derivative)
feedback controllers and dynamics with time constant. The scope of this
study is to identify the feedback parameters of the model by the least
squares’ methods, to test model fitness and predictability by comparing
model output with real output, and to gain useful information for
explaining the human strategies to maintain posture in the eyes-open
and eyes-closed conditions.

2. METHODS

2.1. Modeling of the Posture Control System

When a participant loses balance by being exposed to an unexpected
sagittal perturbation, his equilibrium regaining process can be modeled
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by the two-dimensional feedback control model, which consists of com-
ponents as follows.

The correction command #(u.(f), u,(¢)) is made by PID (pro-
portional, integration, and derivative) control of bi-directional error
€lex(t) = re(f) — x(1), e,(f) = r,(!) — y(1) in the x (forward-back-
ward) and y (left-right) direction as Equation 1.

ux (t) = Kpi - et) + Kpy - e(t) + Knfbe(0) dt + di(t)
+ Kp3 ¥ e,(t) + KD3 . é}.(t) + K]g_‘-é ey(t) dt

1
u, (1) = Kpy e () + Kpy - e,(t) + Knfie (0 dt M

+ Kps - et) + Kps e 1) + Knfieu(t) dt

where K, is a proportional constant, K, is a derivative constant, K;, is
an integral constant, r.(f)and r,() are referencing points, and d.() is an
unexpected sagittal perturbation.

d,
& K, ; u, X
N KPI + KD1 S+ % . - E1a1 >
Kes + Kps - s + % —/‘7
f K. Y b2 y
——p Kp, + Kp - s + 5 F—A v ad —»
Pl Koo + Kpy s + %

Figure 1. A block diagram of the two-dimensional posture control model.
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The postural dynamics is such as Equation 2.

x(t) = —a - x(0) + by - w(d)
{ @)

y() = —ag y(® + by uy(0)

PID control is chosen here because the proportional, derivative, and
integral actions are fundamental modes of control. The PID concept is
widely known (Astrom & Wittenmark, 1984) and contains what is
necessary for posture control. A block diagram of this system is shown
in Figure 1.

2.2. Parameter Estimation (Least Squares’ Method)

By digital approximation of Equation 2, the resultant vector-matrix
form of Equation 2 is acquired as Equation 3

{

where x(k) and y(k) are the coordinates of each sample position with
reference to the center of the plate, k stands for the sample order,
g stands for the sample interval,

Ay
=4,

X

1L

(€)

<y =%y
S

x(3) 1 —gqa, y(3) 1 —gqa;
X (4) ble1 P (4) szpz
N : N b Kp, s 5 o b,Kp,
X = ) s Px = b Kn V= k' 1 s Py = b,Kp,
x(k .+ 1) b, Ky ¥( .+ ) Bk
blKD3 bZKD4

x(n) b\Kp3 y(n) b, K}y
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By minimizing the quantity J with respect to parameters, estimated
parameters in the x direction are acquired as Equation 4. Estimated
parameters in the y direction can be acquired by same procedure as that
of the x direction.

MINT = (0 — x®)F = & — 4 5) & — A5
I—;x k=3

oJ

— =0 4
o )

pe= (AT-4)7'AT-%

2.3. Equivalent System

The two-dimensional posture control model shown in Figure 1 can be
simplified by acquiring equivalent transfer functions after the parameter
estimation. Equivalent transfer functions are obtained by simple algebra.
The resultant equivalent system is shown in Figure 2.

K G1(s) « % L G4(s) e
Yo [T | He) )
Iy G2(s) ry G5(s)
P e ™ He
d, G3(s) g, p| GEE)
4 H(s) H(s)

Figure 2. An equivalent sysiem of the two-dimensional posture control model.

In Figure 2, H(s) and Gy(s) are given as follows:
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H(S) = (1 =+ blK])l + szD] + bIKD]szDJ = blezbZqu)S4 + (al -+ a2 +
ble] + b2Kp3 + aleKm + blKP]bZKD:; + blKD102+b2Kpgb2Kp3 =
b1Kpb2Kps — b1Kp:b2Kp) s + (b1Ky + b2Kn + ala2 + alb2Kp; +
b]KplaZ -+ ble|b2Kp3 + blKleZKn + blKnszD;; = b]szbZKm =
b]KD2b2K14 — blK]zbZKD4)S2 + (alb2K,3 + ble]szn + blK“a2 +
b1Knb2Kpy — b1Kpb2Ky — b1Kpb2Kpy)s + b1Kb2K;; — b1Kpb2K;,

GI(S) = (blKDl + bleanKDg e blezbZKD4) S4 + (blel G ble|b2KDJ +
blKD,a2 + ble|b2Kp3 — ble2b2Kp4 — blanbZKp4)53 -+ (blKn +
b1Kp + a2 + b1Kpb2Kpy + b1Kp b2Kp + b1Knb2Kpy — b1 Kpb2Kpy —
b1Kpb2Ky — b1Kpb2Kpy) s* + (b1Kph2Kys + b1Kpya2 + b1Kb2Kpy —
b1Kpb2Kyy — b1Kb2Kpy) s + b1Kb2K,, — bl1K;,b2K;,

G2s) = blKp,s* + (b1Kp, + b1Kpya2)s® + (b1K;, + b1Kpa2)s® + (b1Kpa2) s
G3(s) = (1 + b2Kpy)s® + (a2 + b2Kps)s* + b2Kps
G4(s) = b2Kpys' + (b2Kp + b2Kpial)s’ + (b2Ky + b2Kpal)s® + b2Kpal s

GS(S) = (b2K1)3 + bZKpgblel = b2KD4b1KD2) S4 -+ (szp:; + b2Kp3blKD| +
b2Kpial + b2Kp:b1Kp — b2Kpib1Kp, — b2Kpib1Kpy)s* + (b2K;3 +
b2Kpyal + b2Kpsb1Kp + b2Kpsb1 Ky + b2Knb1Kp, — b2Kpib1 Kp; —
b2Kpsb1 Ky, — b2Kub1Kpy) s* + (b2Kpsb1 Ky + b2Kpal + b2Kpb1 Kpy —
b2Kpb1Kp — b2Kub1Kpy) s + b2Kpbl1K; — b2K;b1K;,

GG(S) = — b2K1)4 S3 = b2Kp4 S2 — b2K14 A (5)

3. EXPERIMENT
3.1. Participants

Five healthy male students, aged 24 to 27 years and free of any back
problems in a required medical examination, participated in the experi-
ment. Their height ranged from 168 to 187 cm, and their weight ranged
from 58 to 77 kg.

3.2. Instrumentation

The experimental apparatus used for the automatic measurement of the
center-of-pressure location consisted of three parts: (a) a multicomponent
measuring platform (Kistler, type 9281B); (b) an electronic charge
amplifying unit (Kistler, type 9861A); and (c) recording equipment
(IBM PC with a 12-bit A/D converter).

The measuring platform was connected by a special cable to an
electronic amplifying unit, which converted the electric charges yielded
by the force transducers of the platform into voltage. It was possible to
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feed the output signals from the charge amplifiers via a 12-bit A/D
converter into a computer. The connected computer controlled the A/D
converter, performed calculations on the converted digital values to
obtain the positions of center-of-body pressure at a rate of 100 per
second and stored them.

3.3. Experimental Procedure

Each experiment was performed under conditions of open and closed
eyes. Each participant was placed on the platform, feet together with 0°
splay and hands at the sides, and was asked to look straight ahead at
a fixed point in a quiet room. After 5 s of quiet standing, each
participant was unexpectedly pulled forward by 30 mm at his pelvis
height and then released. All of the participants were familiarized with
the experimental process before the experimental data were collected. All
tests were done three times for each participant, each test lasting 20 s.
A 5-min rest was allowed between tests.

4. RESULTS AND DISCUSSION

Center-of-pressure data from the force platform were sampled at a rate
of 100 per second and stored on an IBM-compatible PC. Using these
data of 2000 input-output pairs, we estimated parameters of the
two-dimensional posture control model.

A typical example of the estimated parameters of one participant is
shown in Table 1. Figures 3 and 4 show the comparison between the
outputs and model outputs. This comparison yields good results of the
model fitness and predictability in spite of the large number of parameters
to be estimated.

TABLE 1. Estimated Parameters

Parameter at b1 Kpy b1+ Kpy b1- Ky bl Kps b1+ Kps b1- K
Eyes Open 0.03 0.47 —0.82 —0.01 —0.17 0.00 —0.01
Eyes Closed —0.23 0.64 —0.86 —0.04 0.17 0.03 0.00

a2 b2 Kp, b2- Kp, b2-Kp, b2 Kp, b2 Kpe b2 K
Eyes Open 0.44 —0.14 —0.65 0.09 —0.09 0.03 0.01

Eyes Closed 1.71 —1.51 —0.71 0.19 0.01 0.00 —0.05
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Anterior-Posterior Sway (Eyes-Open)

real data 1

estimated data from real
data 1

———real data 2

2000
100/s

Figure 3. Raw data and model outputs: Eyes open.

Anterior-Posterior Sway (Eyes-Closed)

m_m
70 - real data 1
] — estimated data from real
50 - data 1
real data 2
30
10 - f :
tj A\ /’\./
-10 ¢ 500 1000 1500 2000
1
30 4 00/s
- Lateral Sway (Eyes-Closed)
20

2000
100/s

Figure 4. Raw data and model outpuis: Eyes closed.
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Transfer functions were derived from Equation 5. G3(s)/H(s), which
represents the response to external perturbation is given as follows.

G3(s) 0.350s* + 0.2945* + 0.090s
= ) 3 3 eyes open
H(s) 0.064s" + 0.207s° + 0.143s° + 0.043s + 0.001
(6)
G3(s) 0.2925* + 0.199s* + 0.185s eves closed
H(s)  0.0425" + 0.0745 + 0.0975 + 0.077s + 0.008
Root loci diagrams of Equation 6 are shown in Figures 5 and 6.
Imaginary
2 ! ! ; ; ; ! T
15 ____________ NN S S—— . S—
J Fssrennmsdimmoms sy s e e R A AR S S S S RN SR F YRS R e e
1), R o —— R — J—. e s
: : & . : :
o .......... *;. ............................................... i
«
B et o N e B
+F s e e e e S s E e A s e v e o' |
5 17 DO ) . AR, RO B e i . ORI . S
2 1 1 1 | 1 1 1
-2 1,5 -1 0,5 0 0,5 1 1,5 2
Real

Figure 5. A root loci diagram: Eyes open (O: zeros, *: poles).

It should be noted that the transfer function G3(s)/H(s) has no poles
that lie in the right-half plane. Therefore, it is clear that the root loci in
Figures 5 and 6 satisfy the stability criterion. It can also be seen that the
response of the eyes-closed condition to perturbation is more oscillatory
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Imaginary

2

1,5

0,5

-0,5

<1;5

than that of the eyes-open condition. This implies that different strategies
are involved depending on whether visual information exists or not.
Five participants showed similar results. It seems that an increase of
gain of vestibular, proprioceptive, or both sensors occurs to compensate

Figure 6. A root loci diagram: Eyes closed (O: zeros, *: poles).

for the lack of visual information.

Consequently, the proposed model showed good results of model
fitness, predictability, and stability. It is conjectured that the feedback
parameters identified are suitable for explaining the characteristics of
maintaining posture in the eyes-open and eyes-closed conditions. It
that the model identified in this study could be applicable to

seems

ergonomics, sports, or clinical situations.
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