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CONTZIL PROPERTIES OF HUMAN-PROSTHESIS SYSTEM
WITH BILINEAR VARIABLE STRUCTURE

X.ITO AND T.TSUJI

Human Factors and Bioenginsering Laboratory, Faculty of Engineering,
Firoshims University, Shitani, Saijo-cho, Higashi-Hiroshima, 724, JAPAN

Abstract. Control aspects of ayoelectric powersd prostheses are discussed. A  bilinear
mathematical model of thez neuromuscular system is derived and the role of the variabdle
viscosity of muscle is enphesized through the analysis of the bilinsar system. And thsn it
is shown that the position czontrol of the myoslectric prostheses can be improved largsly by
adding the bilinear struciure to the interface of human-prostheses systea.
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" INTRODUCTION

The final goals of prostheses ressearch are to
develop artificial limbs controlled naturally
bythe aamputee's motor intents znd responding
functionally like the natural 2izbs. Howsver,
most prostheses in present use are still far
froam the goals in spite of recent advanced
technologies of robot manipulztors. Progress
in prostheses requires a zors intimate
cybernstie interface between zamputees and
artifieial limbs, and a clearsr understanding
of neuro-suscular-skelstal sysitez controlling
natural limbs.

“Now sksletal muscle is not siaply a gensrator
of contractile force, but also is a
noncontractile visco-elastic component. The
dynamical properties vary depending on the
contractile force, the length of muscle, and
its velocity of shortening (Dowbden,1980). And
the stretch reflex pathway regulates muscle
length and provides load coxzpensation in
opposition to changes in mechanical load. This
is called "follow-up servo hypothesis"” .
Recently an alternative idza has been
demonstrated experimentally that motoservo
actions are effective in coapensating for
variations in the mechanical stiffness
(impedance) of skeletal muscle (Houk,1979).
Impedance is a term used to describe a variety
of different manipulation tasks. Some examples
are opening a door, handling eggs, and wiping
a pane of grass. Common to all these tasks is
that the mechanical impedance (or compliance}

of a manipalator defines reaction or contact’

forces occurring during the action
{Mason,1981). It is suggested from the above
that it is of great importance to find out the
method effectively to regulate the mechanical
impedance in the control of posture and
movement {Hogan,1980}.

Hogan (1984) indicated that =odulation of
joint stiffness was accozplished via
coactivation of antagonist nuscle groups and
discussed a trade-off betwean antagonist
coactivation and metabolic epergy consumption

tez, Man-Machine System, Variable Structure

in postural stabilization through optisization
technigues. But, the variability of the
viscosity of muscle with activation level was
not discussed. The stiffness of zuscle
primerily defines the static behavior, i.e.,
equilibrium states of the musculoskeletal
system, while rathsr the viscosity of =muscle
defines the transient behavior of thz systea.
We will emphasize the role of the variable
viscosity of puscle. This paper shows that tne
mathenatical model derived from ths visco-
elastic properties of the neuromuscular systea
has 2 bilinear form and that fron sone
sigulation experiments, the implementation of
the bilinear structure as an interlaces in
huzman-prosthesis system will lesad to
considerable improvements in the amputee's
control ability.

MATHEMATICAL MODEL

Dynanic Models of Musculoskeletal Sysisz

The skeletal wmuscle is activated by the
impulse of motoneurcons. The relation between
the nerve impulses and the contractils force
of muscle is consisted of very ingenious and
complicated mechanisms. The macroscopic
mechanical properties of muscle can be
represented as two fundamental functions of
length-tension curves and force-velocity
curves (Dowben,1980).

Fig.! shows the relation betwzen length and
tension at various levels of activation under
isomatric conractions that each muscle length
is held constant. Points 100 are rest length
and maximum tension respestively. The tension
developed by the muscle increases with levels
of activation as well as depends on the lenzth
of wmuscle. The level of activation is
determined by the impulse rate and recruitment
of motoneurons and can be regarded as the
input to muscle. Force-Velocity of shortening
curves at various levels of activation are
shown in Fig.2. Mus:le force decreases
inversely proportional to the velocity of
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contraction a2s well as increases with the

levels of activation.

To obitzin & mathematical podel, it is zssumed
that nuscle force is in proportion to level
of activation {0 s & $ 1 ; normalized by the
mexizum). Then, the force T can be given by

*
-
by

F=a-gl{l,V) (1}>

wvhere g(L,V) is a nonlinear function which
represents the curves {solid lines) under the
maxicum level of activation in Fig.1 and
Fig.2. Approximasting g{(L,V) by Teylor
expension sround rast length L=f, znd the
velocity of contraction V=0, and neglecting
the second term and upwards, the linear
relation is obtained by

3g 3g .
gL, V) = gl2e,00¢—] : (L=fods—| ¥

2L [L=2 sV fL=i,
=0 i
=g - k1x - b1k {2}

where fg is the maxioum tension at i
contraction (V=0), x is the relative leng
muscle (x=0 at rest length and x>0 i
shortening), % is velocity of shortening

1 1

k1 eand by ere positive constants. Sub
{2) into (1) yields
F o= u - kux - buk (3}

EXTENSOR

“wm- ; FORCE GENERATOR
—~AA— ; ELASTIC COMPONENT

~—}— ; VISCOUS COMPONENT

Fig.3 Simplified visco-elastic
muscle model about elbow
Joint

where u = a°fg, k'=ky/fg, b'=bq/fp. This is
called viscoelastic model of muscle, but note
that viscous and elastic coefficients are not
constant and in propertion to the contractile
forece u.

4 viscoelastic muscle model about an elbow
joint is shown in Fig.3, where the forearz and
hand will be regarded as e rigid link rotating

about & fixed axis. By assuming that the
flexor and extensor have same properiies and
the mezent arm d is angle-~-independent, the
nuscle torques Ty end T, sbout the joint are
given by
. s
Tr = d{up - kusf - bupd) (4)
Te = dlug *+ kugd + bugh) ()
where k=k'd, b=b'd znd the joint angle is
dafi ed &s 0 in the verticzlly upright
pcsition and is positive toward flexion (ses
Fig.3). up end ue are the contractils forces
of the flexor snd extensor, and are boundsd by
0O fuf S ufgax » 0 5 Ue £ uegax (6)
where Uppey end Usmpy are maxinum contractile

t
forces. Then the dynanmic eguation in terms of
the horizontal rotation of the forearnm is
obizined as follows.

I/68 = up ~ ug - {uptug)k8 - (up+u)né (7)

where I is the moment of inertia.

New the system in the following form is termed
bilinear,
éX/dt =AX + I BpupX + Cu (8)
k=1
where X is &n n-dims onal state vsetor, u is

rol vector, A is an nxn
K(k-1,n,u) is an nxa
+

zn m-dinensionzl co
censtant matrix,

onstant matrix, and C' is an nxw constant
rix. It is szid that the bilinear

betier De*’ raances than the linesr
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I/d:é = us ~ uy = {up * uglkd - v {9}
I/d8 = up - v - k6 - b8 (10)

.} is based on the assuapiion
tiffness of muscle depends on
¢ forces, while eq.{10}

as
5 2nd viscosity of nmuscle are
andently of the contractils

forces.

System Siructure

Zquilibriun point, Substituting g = 8= 0
in (7) and (9), the equilibrium joint angls is
given by

. e Uga . 1 -8
0 felus +uld] {x(1 + 8))

(11}

(8 = ug/up  up * 0}

+ the equilibrium point is determined
ztio between the contractile force of
flexor znd the one of extensor {Hogan,1980).
On the other hand, the equilibrium point of
(10) is given by

8y = (up ~un)/% (12)
and is determined by the difference between
the contractile forces.

Variable structure. The eigsnvalue of ths

linear system (10) is determined completely by
the parsmeters k and b while that of the

O3thesis System

bilinear Systemg ;
= . the
sun (uprug) of ) and (9) depends on

¥ the contractile forces. It is
ssen that from the constraints {6} and >0
k>0, the elgenvalues of (7) ana (9) are stabl;
real roots or conplex roots. Therefore, the
state trajectories are able to have s;able
foci or nodes according to the following

eriteria:

model (7);

1. 0 5 uptu, £ LkI/4y’ tstable focus
2

2. 4kI/dB’ 5 ustuy S UpmactUemax :Stable node

nodel (9);
1. 0 8 uptug § 417 /4T sstable node

2. dv/ikI £ ue*uy S UpmaxtUemax :Stable Ffocus

Thus the bilinear wmodel is characterized by
the variable sirzucture that the mods of sysiez
can be changsd by the contractile forces
| Ces Y

The simulation rssulis of thres models are
shown in Fig.4{ to make clear the differencs.
The uppsr correspond to the contractile levels
of the flexor {us) and the extensor (ug), 2ad
the lower are thes state trajectories whers e
denotes the deviation from each equilibriun
peint. Fig.(a} shows that the responss of the
linear model (10) is a bang-bang control forz.
The switching time must be exactly set up to
pass through the squilibrium peint. Fig.(d)
and {c) simulaie the bilinear models and show
three levels of up and ug under the condition
that up/ue rezains same. All the trajectories
converge to the same equilibdriuaz point (the
origin). It should be noted, however, that
the system mode varies. In our model {7}, ths
state trajectary‘changes from stable focus to
stable node 25 uptu, increases, which means
that the systes is able to turn mors damping.
Inversely, the state trajectory of the modsl
{9) changes from stable node to stable focus
as urtu, incrsases, which means that the
system is abls to turn more oscillatory.

The state trajectories of the bilinear umodsl

3 3 3 3 3
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{a) Linear Model

(b} Bilinear Model (5}

(c) Bilinear Model (7:

Fig,4 Simglation Results of Three Types of Models(I=0.003 , d=1.0 , k=0.2 , b=0.035)
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Fig.5 EMG Pattern during a Ballistic
Horizontal Movement

(7) are illustrated in Fig.5 where thse
switeching time is shifted in each iteration
keeping same up/u, and uptug. It is seen that
81l the trajectories proceed to the sane
equilibrium point determined by the ratioc of
the contractile forces without regard to the
shifts of the switching time. Therefore, when
we rotate the forearm to the desired ®osition,
we need not exactly to set up the time to
switch the contractile forces of the flexor
and extensor unless the transient response is
important.

As an exanple of actual motion, Fig.6 shows
EMG pattern from flexor (biceps) and extensor
{triceps) during a ballistic horizontal
movement of the forearm. The flexor is
activated first and then the flexor and
extensor are coactivated. This shows that the
human subject positively wutilizes the
varialble structure of the neuromusculer
systen.
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Fig.7 Amputee~Prosthesis Interface

MYOELECTRIC CONTROL OF POWERED PROSTHESIS
Human-Prosthesis Interface

It is generally agreed that an artificial limd
should simultaneously satisfy the following
conditions (Jacobson,1982); 1) easy and
natural controllability, 2} cosmetically
acceptable, 3) light, quiet, and durable, 4)
efficient enough for compact energy storage,
5) inexpensive. The list is primarily hardware
oriented. However, "Controllability" depends
largely on how to design the interflece between
emputee and prosthesis.

A sinmple block disgram in Fig.7 illustrates
the interface of multiple degree-of-freedon
myoelectric prosthesis. The cutaneously
measured EMG signals from residual nmuscles are
used to identify what notions the amputee
began. In parallel, the nycelectric signals
are processed to acquire the command signal
for the prosthesis. On the other hand, the
information of position, velocity, or force
from the prosthesis are fedback to the amputee
through visual or tactile sensation or
electrical stimulation, etc.

In this paper, we will concentrate our
discussion on the design problem of the
control system sbout the elbow joint. It is
general that myoelectric prostheses available
today adopt on-off control or proportional
control. The former uses the myoelectric
signal only to turn on or off the actuator of
the prosthesis. The latter uses the processed
myoelectric signal directly as command signsls
of the actuator, and then the lock-unlock
control is accomplished by high and low levels
of cocontraction of the antagonist muscles or
by a third signal acguired from & wmotion
switeh {Jacobson,1982)

Here we stress again-~the role of mechanical
ippedance about & joint. The amputes should be
able to regulate the control properties of the
prosthesis through impedance modulation (see
Fig.8(a)). Therefore, the bilinear siructure
is added as a conpensatory loop to the
proportional control system (see Fig.(b)).



Control Propsrtiss of Human-Prosthesis Systex

was rotated corrssponding to the oulput ¢ from
2

PROSTHESIS
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rotate the forearm by his myoeleciric signals.

ImMpzoancE The mathematical model which simulates
horizontal movements of a prosthetic arm is

given as follows.

(a) Impedance Control
LINEAR CONTROL
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: where I is mowment of inertia, By 1is
: coefficient of viscosity about the joint, and
T is joint torgue. A couple of controllers
were tested. one is bilinear zs shown in
Fig.8(b} and another is linear within a broken
line. In the bilinear controller, the driving
force and system parazmeters can be controlled
independently via the differencs and sum of
the flexor and extensor. )

EMG

—_
PROCESSOR

s{5+C)

r

+ ugtug
(b} Bilinear / Linear Control

Fig.8 Bilinear Controller for Impedamnce Control

OIGITAL CCMPUTER

Trac:kirig Tests

¢ = PROE;‘:ETIC A computer-controlled tracking test was

x perforued. The human subject sat before the

. graphic display and was instructed to move the

lCONTROLLER! forearw from current position to desired

l“s“m TRAXING 1 position as fast as possible. The desired
A0 shifted by random angle (within

positions were
HUMAN  SUBJECT uf Ug 80°) and time span {4-8 sec.). Tracking time
was 50 sec. and .three normal subjects were

EMG
r—'{M}——‘" EMG used. 4 performance index should include all
—-{TR!CE?S] &6 Processor three scores of error, respons2 time and

control cost. The following performance scores
were computed ; 1) Integrated Squared Error
(ISE)}, 2) Integrated Absolute Error (IAE), 3)
Integrated Time Absolute Error (ITAE), 4)
Integrated GControl Cost (ICC),

Fig.9 A Block Diagram of Experimental Arrangement

ICC = flup + ug)? dt
Position Control Experiments

The averaged scores and standard deviations of
ten trials after training are shown in Fig.i0.
Three scores {ISE, IAE, ITAE) of the bilinear
controller, except ICC, were lower by 30 Z- 50

It is to be desired that the amputes can
certainly make a prosthesis reflect his motor
intents and also perform a given tesk with the

less amount of concentration and effort. A
variety of different types of tasks could be
used to evaluate control performance. Here we
use tracking tasks which are often used in the
field of manual control.

% than the linear controller. This suggests
that the bilinear controller can develop the
amputee's tracking abilities. On the other
hand, however, the control cost(ICC) incrsased
largely. Although the subject's EMG levels

still remain not exceeding about 40 % of the
maximuzs voluntary contraction, we have to
solve the trade-off between energy consumption
and controllability.

A block diagram in Fig.9 illustrates the
experimental arrangement of man-machine system
controlled by myoelectric signals with visual

feedback. The EMG signals from biceps and

triceps were used to provide a command signal. .

The subject’s forearm was fixed oa the o Lmear

horizontal table keeping angle of the elbow @® Bilinear

90°. The subject generates the EMG signals 0.7¢ 0.7¢ 0.57 2.5 7
through isometric contraction. & pair of %

differential electrodes on each muscle were 15 0.6 + 0.6F 0.4 2.0 b

nx diameter disks and were separated by 20 mm. é %
After full wave rectification the EMC signals 0.5 b 0.5} 0.3 F 1.5 b
were processed by a couple of low-pass analog §

filters (fgo=1 Hz, first-order), the outputs of

which are command signals up and ug. 0.4 0.4r § 0.2 ¢ @ 1.0 ¢

The forearm were drawn on the graphic screen. 0.3+ 0.3r 0.1+ ® o054

The solid line is a current position, and the @
broken line is an desired position. The 0.2 0.0 0.0
computation time for the controller and the (a) ISE (b) IAE {c) ITAE {d) ICC

nathematical model of prosthesis was
negligible small. The forearm on the display

Fig.10 Performance Scores
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Fig.11 Step Responses in Tracking Tests

Next let's anslyze the details of control
behavior. Three times step responses are
superimposed in Fig.11. The solid lines denocte
bilinear systern, and the broken lines denote
linear system. (z) shows the joint angles
which are controlled variable. It is seen that
the rising tice of the bilinear system is
shorter than that of the linear system. uyr
(flexor) and u, (extensor) are shown in (b).
The control of the linear systez is a bang-
bang form. First the flexor accelerates the
forearm and then the extensor is activated to
decelerate i%t, synchronizing with the
relaxation of the flexor. On the other hand,
in the bilinear system, coactivation of the
flexor and extensor is observed in the latter
half. Since coactivation gives an increase of
up+u, and consequently makes the viscous
coefficient larger, the prosthesis control
system can be switched to & daoping system.
This shows that the human subject skillfully
utilizes the varizdble structure of bilinear
system.

The input u® to the inertia element d/1s2
makes the difference of both position controls
clearer. As siown in {¢), both inputs zre
beng-bang forms. However, it is ssen that the
linear system yields loose switching and small

amplitude, while the bilinear system yields
sharp switching and large amplitude, i.e.,
about three times as large as the linear
system. This leads to the difference in speed
of response between both systems.

Linear system never allows the control to
change the system parameters. Therefore, when
the large control is inputted to get 2 short
rising time, it become more difficult to
predict the switching point, which will lead
to the overshoot. In contrasit to this, the
multiplicative control of bilinear system can
be used to change the system to a large
damping system 2t any time, which may result
in the large input at the first half.

CONCLUSION

It is the important property of bilinear
system that the control input is able to vary
the system structure (mode), where no feedback
compensatory loop to the amputee is added.
Modification of viscoelastic property about
the joint by coactivation of antagonist
muscles increases the flexibility of the
system and plays a role to facilitate the open
loop control of movement (Houk,1979;
Hogan,1984). In this paper, it was shown that
the position control could be improved largely
by adding the bilineer structure to the
interfaces in human-prosthesis system.
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