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Abstract

Time-delay is a prevalent phenomenon in human body during
standing and locomotion, and it is one of the main factors to
affect human balance ability. The purpose of this study is to
design a human balance control model, and to analyze the human
possible posture control mechanism with multi-source delay
considered. Based on an inverted pendulum with the ankle joint
model, we derived and proved that the human body existed
multi-source time delay, and then designed a robust state
feedback controller with an observer for the generalized system,
which is with delay state and delay control inputs in continuous
time. This controller can be considered as the central nervous
system (CNS) for the human balance controller mathematical
model. Finally, applying simulation software, we obtained the
balance regulation kinematics responses to anterior and posterior
(A/P) surface translations, and discussed the effect on the
dynamic response of the human body to different kinds of the
time-delay. The robust controller can stable the human system
within larger interference and larger time-delay. This paper
provides a useful method for analyzing the impact of the multi-
source time delay on the human balance system.

Keywords: human balance, multi-source time delay, robust
controller, surface translation.

1. Introduction

The phenomenon of time-delay happens prevalently in
human body during standing and locomotion, and it is one
of the main factors to affect human balance ability [1]. In
reality, accident or aging may result in the increase of
delay time, and the specific performances include slow
motion, reaction time extension or sensory organ
insensitivity [2, 15]. Since the human body is not statically
stable, maintaining upright posture requires continuous
action of tonal adjustments in the antigravity muscles [15].
The time-delay which comes from different organs of the
body, has adverse effects to balance ability of the human

body [4, 9]. So it is necessary to analyze various delays
impacted on body balance capacity objectively and
efficiently.

Engineering models have been developed that
effectively describe aspects of human balance [3,4]. Some
scholars [5] model the human body as a single segment,
single joint inverted pendulum that rotates about the ankle
joint; Jiang and Kimura [6] model it as a more complex
dynamic model including five joints; Gawthrop, Loram,
and Lakie [14] model it as an inverted pendulum that is
balanced by an active muscle working in series with a
tendon; Robert J. and Schilling, Senior purposed a phase-
locked loop model of the response of the postural control
system to periodic platform motion[13].

Standing posture control strategies now are
commonly believed to be a fundamental motor skill
learned by the central nervous system (CNS) [9]. The
behavior of the human postural control system was
approximated by various systems such as feed
forward/feedback[ 14, 11], linear (P/PD/ PID) control[2] [5]
[6], optimal control [8, 15], and predictive control [10]. In
the previous research of human postural control system,
many researchers have considered the impact of delay to
balance ability [5, 8]. Qu Xingda established a human
body mathematical model with the approximation time
delay in the method of Taylor series expansion [8], as the
time delay constant from body sense organs. In analyzing
human delay model, John Milton, Juan Luis Cabrera, and
Toru Ohira et al attempted to set the controller delay in
paper [11]. However, their human body model was
oversimplified about the important delays. And they
neither analyzed the potential larger delay from patients,
nor considered the effect delay from multiple organs
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human on human balance ability. Even many studies
ignored the effects of time delays in biomechanical
applications of the inverted pendulum to human balance
control.

Based on the inverted pendulum with ankle joint
model, we derivate the kinetic equation of human
musculoskeletal model, and proposed a robust controller
as the central nervous system (CNS) for the human
balance controller mathematical model. Then the
controller parameters K were calculated by using Matlab
LMI ToolBox. Finally, applying simulation software, we
obtained the balance regulation kinematics responses to
anterior and posterior (A/P) surface translations, and
discussed the effect on the dynamic response of the human
body to different kinds of the time-delay.

2. Model formulations

The balance maintaining control system can be
assumed as a continuous time feedback control system [5].
The neural controller with an upright reference position
can sense the error when body sway from it, and then
sends commands to various muscles to keep the body
upright [7].

Anterior ¢ < =) Posterior

‘ Force platform ‘

Fig. 1. A inverted pendulum model. The model consists of links with
ankle joint. m represents the total mass of the inverted pendulum, % the
distance from ankle joint to the total center of mass (CoM) of the

pendulum. Tpm_ is the viscous damping coefficient.

The dynamical equation for the inverted pendulum
model of the body musculoskeletal was given by:

d’e

t2

T, =k6+k06

J =mghsin(@)+T, +T

pass

+Td

(M
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where, @ the was the sway angle; the input T’ ., was the

total ankle torque, which was produced by CNS; m was
mass of the musculoskeletal segment; g was the

acceleration of gravity; /i is the distance from the ankle
joint to COM; J was the moment of inertia of the

musculoskeletal segment; T

pass

was the passive torque

from joint viscous and elastic; viscous and elastic
coefficient were k, and k, respectively; and 7|, was the

disturbance torque. Without loss of generality, we set
sin@ = @ to simplify the human body system, for the

angular scope is less than *£5° during stable posture
regulation [6].

The dynamical equation (1) did not consider any
delay. Actually, the time delay is one of the most
significant factors which would affect the standing
stability of the human body [8,9,11]. The main delays
include: the sensory delay, the controller delay and the
musculoskeletal movement delay [8, 9]. In order to study
how the effect of the various delays affect the human
balance ability, we represented the musculoskeletal

movement delay as 7, , and controller delay as T, .

Especially, the sensory delay can be regarded as a part of
controller delay here, but we did not ignore it.

Considering the effect of multi-source delay, the
human body model dynamical equation should be
expressed as:

26
J t2 _mghe(t_T1)+u(t_z—2)+Tpass+T:1
Tpass :kee+kv9
0<7,<d,,i=12
(2

In view of the dynamical function (2) and the delay
conditions derive from the above, we considered the
human body as a contnuous time linear system with time
delays:

(1) = Ax(t) + A x(t —d,) +Bu(t - d,))

2(t) = Cx(¢)

x(0) = O,t'D[—dO,O] )
where, 8 =x,,0 =x,, x(¢) =[x,(#) x,(¢)] was the
state vector; 7 4 Was a non-determined partial, and it could

be omitted in order to facilitate the analysis; z(¢) is the

system output, which was given by test data; and the
matrix C was obtained by regulation;
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0 1 0 0 0
A=k k |Ay = mgh 0 B=|1
JoJ A

3. CNS Controller design

The sense organs of the human body can be
considered a state observer, and it provided state
information to CNS for motion control. We proposed a
continuous time controller with an observer as human
CNS:

X(1) = AX(1) + A X(t —d,) + Bu(t —d,))
+ L(z(1) — 2(1))
z(t) = Cx(¢)
u =-Kx(7) @

where, L was the observer gain, K is the constant gain
matrix. and state error was defined by:

e(t) = x(1) = x(2) 3)
Substituting the observer system equation (2) to (3), we
got:

e(t) = x() - £(t) = (A - LC)e(t) + A ,E(t — d,)

“4)
Substituting the control law u =-KX(#) into the time-
delay system state error (3) and (4) yields

X(t) = AR(t) + A X (t —d,) + BKX(t — d,))
+LCe(t)

é(t) = x(t) — x(1) = Ax(t) + A x(t — d,)
— AX(f) + A % (t —d,) + LC(x(r) - X(t))

(&)
The human body system (1) can be asymptotically stable
by the controller (4) with observer, if the

A; = A —-LClis stable, and there exist positive-definite
matrices P, Q such that

H, LC AP" 0
(LC)T H, 0 QA,
P'A, 0 -P' 0
0 AdQ 0 -Q
where some terms are defined as follows:
H,=P7'A"+ AP +P"'
H,=(A-LO)'Q+QA-LO)+Q,
the state feedback gain K =B"P.

<0

(6)

Proof. A candidate Lyapunov functional is defined as:

V(0) = V(0 +V,(0) +V; (1),
V(6 =R (OPR(),
V() = ()Qe(®),

V(o= [ & (s)P&(s) +e’ (5)Qe(s))dss.
t—d, (7)

Taking the derivative of the Lyapunov functional (7) along
the solution of Eq. (5) yields

V.(t) = £ (1)PR(t) + 2T (1)Px(2)

=" () (ATP +PA)X(¢) + X7 (1)(PA, - PBK)

(1t -dy)+ 2" (t-d,)A,"P-B'K'P)x(r)

+e" (1)(LC)"Px(¢) + 2" (t)PLCe(?)
V,(t) =é" (t)Qe(t) +e" (1)Pé(t)

=e' (1)(A-LC)' Q+Q(A -LC)e(r) +

e (H)QA e(t—d,) +e' (t —d,)A};Qe(t)
V,(t) = 3" (0)PR(t) - 2" (t —d,)Pi(t —d,) +

e' (H)Qe(t)—e" (1 —d,)Qe(t —d,)

(8)

V() =V,(0) + V() + V3 (0) ©

Then, substituting the state feedback gain K = B"P
to equation (9),

V()< z"(1)(ATP +PA +P)x(¢) +
£ (t)PLCe(t) + 3" ()PA X' (t—d,)
+e"(1)(LC)" Pi(t) +e" ()[(A -LC)’ Q
+Q(A -LC) +Qle(t) +e' ()QA e(t —d,)
+37(t —d,)ALYPR(t) + 3" (t —d,)(-P)
t—-dy)+e' (t—d,)A}Qe(t) - Q

(10)
Pi(t)
_| Lo . _
Let (P(l ) = pi7 (l‘ —d ) we can obtained the function
0
e'(t- d,)
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H LC AP' 0

: (LO)" H 0 QA
V<o'(t 2 ot
o () PiA, 0 -P' 0 o)

0 AQ 0 -Q
(11)

where, H, = P'AT+AP + P,
H,=(A-LC)'Q+Q(A-LC)+Q . The matrix
inequality (6) can make the V <0, sothe system could be
stable by the controller, proof completed.

Anthropometric calculated

according a student in Yanshan University (m = 72kg,
h=09m, J =77.8kgin’), k, =0.8 k =40[18],

the state parameters are:

parameters were

0 1
A=
0.01 0.052
0 0
A, =
82 0
0
B, =B, =
0.013

Then, applying Matlab LMI Toolbox[19], the
solution of Eq.(16) can be solved. We got the result of

—1372.5
—-319.1

4. Model simulation and result analysis

The modeling and simulations were performed in
matlab/simulink(the MathWork inc., Natick, MA, USA).
Anthropometric parameters were calculated according to
the same student in Yanshan University, whose parameters
were used to design the controller gains K.

4.1 Kinematics responses to surface translations

A sigmoid signal was used to translate the platform
lcm in 100 ms at a peak velocity of 35 cm/s in posterior
direction at the 10™ second after the simulation starting
[20]. This stimulus was regarded as a pulse signal to the
soles of the feet as fig.2.

A B c
—® — &
T

| C\OP" |
A A A

Fig.2. Kinematics response to posterior surface translation. The red
triangle represents a ground reference. The blue rectangle represents the
motion platform. Short black arrow indicates the direction of movement.
A) The platform backward translations, so that the body center of gravity
comes forward. B) Platform stopped movement in 100 ms, and the
human body started to restore the balanced posture. C) The body returns
to a balance posture.

More specifically, we added the interference
value 8(10) =Ols and €(10)=0 to current human

musculoskeletal motion state x(f) at the 10™ second.

Here, 0 was defined by 0= h! according to the
individual body. The sudden motion of platform will
destroy the equilibrium state of human body, so the robust
controller will dynamically regulate musculoskeletal to
keep upright standing posture. We obtained the balance
adjustment process data, and solved COP with the formula

COP =hlsin(f). w(t) was the Gaussian noise, with

zero mean and unity variance. Meanwhile, we tested the
student in reality, and recorded the COP data.

0.0€ r ——— subject
= = = simulation
. I
S 0.04 t
E |
S
z MDI| MDpR
g . . |
5 0.02 1
5]
5 |
2 N L ”\\.IW
T
-0.0° | TIME | TIME 2

5 10 15 2(
Time (s>

Fig.3 human balance recovery process. The horizontal axis indicates the
simulation time; the vertical axis represents the trajectory of the COP in
the anterior and posterior direction. Blue line shows the trajectory of the
COP from the subject; the red dotted line is the trajectory of the COP
from the human simulation model. At the moment of TIMEI, platform
started to move rearward. At the moment of TIME2, the body returned to
balance  state. The regulation time of the body is

AT =TIME2 - TIMEL1 |
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The simulation results and the experimental data
were shown in Fig.3. It illustrates the model could be
approximated to simulate the process of the transformation
of the center of gravity of the human balance adjustment
process, and there are some basic conclusions: (1) COP
maximum distance MD2 is small, compared with the
magnitude of the real human body data MDI1. (2) The
shock period of the results is larger, compared with the
real data. (3) The damping of the oscillation process in the
simulation is larger, and amplitude attenuation rapidly. (4)
The time adjusted to the equilibrium state is consistent
with real data.

4.2. Impacts of the different time-delay to the balance
index

Furthermore, another task of the study was to
analysis the affect of the different time delay to the human,
and to investigate the relationship between the time delay
and the balance ability performance. We simulated the
system by varying the values of state delay or controller
delay in the model, and let w(f) =0 to avoid the

interference affect the results of the simulation.

Case 1
Simulation parameters: the level of motion platform

backwards movement 10mm; controller delay 7, : 0.2s; the
state delay changing the amount of 0.1-0.5s.

Case 2

Simulation parameters: the level of motion platform
backwards movement: 10mm; state delay T, : 0.2s;

controller delay changing the amount of 0.1-0.5s.

The simulation results are list in Table 1 and Table 2.
S-delay, C-delay, RT and MD mean state delay, controller
delay, regulation time and maximum distance of COP
respectively.

Table.1 Simulation Results about Case 1.

S-delay 7, (s) RT (s) MD (cm)
0.1 5.9 4.6
0.2 6.8 4.7
0.3 7.8 39
0.4 12.3 3.8
0.5 13.1 3.7
0.6 X X

Table.2 Simulation Results about Case 2.
C-delay T, (s) RT(s) MD(cm)
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0.1 7.0 4.2
0.2 6.8 4.7
0.3 5.9 5.8
0.4 4.9 6.8
0.5 72 7.6
0.6 X X

Nearly all the regulation time is within the ranges
from 5.8s to 13.1s, and maximum distance of COP is
within the ranges from 4cm to 7.6cm. In the simulation
results, X means the system becomes unstable. In other
words, the student may not withstand a delay more than
0.6s. The average changing rate of the simulation results
obtained with the formula:

N
¢= Zai_ai—l (N_l)
: (17)

where, ¢ average changing rate; @, is the sample value,

and N is the sample number. Fig. 4 shows the
correlations between the simulation results and time-delay
respectively.

A
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E T[|—=- (-delay /
= 1C
g gl /
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2 6 ~ -
j9) L \\../
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Delay time 0 1s-0 5s
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S »[| —®— S-delay PR
2 T —a- Cdel g
A ¢ elay //
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>:§ 4 .;\
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S 1 2 3 4 5

Delay time 0 15-0 55

Fig.4 (A) the curve of regulation time about various delay.  The
horizontal axis indicates the S-delay and the C-delay, values were 0.1-
0.5s; The vertical axis indicates the RT; Blue Line represents casel; red
line represents case2. (B) The curve of the maximum distance COP about
various delay. The horizontal axis indicates the S-delay and the C-delay,
values were 0.1-0.5s; The vertical axis indicates the COP MD; Blue Line
represents casel; red line represents case2.

From Fig. 4, we could conclude as following. The state
delay 7, is proportional to regulation time, and the
average change rate @ =1.85, however, controller delay
T, do not have the obvious effect to regulation time,

whose average change rate ¢ =0.1. Fig.4.b shows the
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curves of the maximum COP distance affected by both
different delays. Controller delay T, has a significant
positive relationship with COP maximum distance, and the
average change rate is @ =0.85. In addition, with the

state delay increasing, the maximum distance COP is
reduced, where the average changing rate is -0.225. The
magnitude is small enough to be ignored.

5. Conclusions and Discussions

The purpose of the study was to develop a balance
control model based on robust controller, which can reflect
the human system with serious multi-source time delay in
reality. The robust controller, which has a fixed gain
vector K and a observer, can keep a system to stable with
larger delay under strong interference. Of course, this is
just a functional approximation, when the human body is
assumed to be a black box. There are many deficiencies in
the hypothesis model of human body, such as a larger gain
K may result in ankle moment beyond the capability of the
joints, but these deficiencies will be refined in our future
studies. Anyway, the presented human balance control
model indeed established a quantitative relationship
between the changing trends of balance ability and
multiple delays which exist in human body.

We designed the musculoskeletal model with muscle
viscous force, which was related to the angular velocity of
the ankle joint. The muscle viscous force is delay
independent, but there are different time-varying delays
within inertial force, gravity, and the controller inputs. By
analyzing the above simulation results, we can visually see
the controller time delay is proportional to maximum COP
distance responding to the stimulation. According to the
principle of human balance, The COP changing distance
can not be out of the plantar stability region, otherwise the
body will either fall down or step forward to maintain a
balance posture. Therefore, we can conclude that: Human
balance capacity is mainly affected by the impact of the
amount of the controller delay. Larger controller delay can
make the body lose standing balance, and the controller
delay must be in a reasonable range. This conclusion also
verified the conclusions in paper [7, 8].

Large state delay may be due to illness or disability,
which is proportional to regulation time of human
recovery stable posture. It means that human body need a
large response time for the muscle activation. Some
researchers [21, 22] used the hill model to study the
relationship between bio-electrical signals and muscle
forces, in which it assumed that the muscle activation
characteristics satisfy an S-shaped curve. This derivative
of the S function can be represented as the speed of human
muscle activation. For athletes, the state delay determines

Copyright (c) 2013 International Journal of Computer Science Issues. All Rights Reserved.

the accuracy of posture in a short time. If one has a faster
muscle activation speed, the state delay will decrease,
which means he/she has a better performance in balance
regulation. This performance could be improved through
exercise.
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