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Arm-Free Paraplegic Standing—~Part I:
Control Model Synthesis and Simulation

Zlatko Matjetic and Tadej BajdSenior Member, IEEE

Abstract—The following paper is the first part of our in- Paraplegia may result in a complete loss of the somatosen-
vestigation into the feasibility of arm-free paraplegic standing. sory and motor functions of the lower extremities, but also lead
A novel control strategy for unsupported paraplegic standing , eyaggerated reflex activity and joint contractures. Trying to

which utilizes the residual sensory and motor abilities of the he | | ion f - fter SCI is. theref
thoracic spinal cord injured subjects is proposed. The strategy is restore the lost locomotion functions after IS, therefore, a

based on voluntary and reflex activity of the paraplegic person’s challenging task [3]. Accurate models and model parameters
upper body and artificially controlled stiffness in the ankles. may be needed in order to achieve adequate performance
The knees and hips are maintained in an extended position of rehabilitative devices or methods. Furthermore, feedback

by functional electrical stimulation (FES). The analysis of @ qquq) ysually requires accurate, reliable and calibrated sen-
linearized double inverted pendulum model revealed that with

properly selected ankle stiffness the system can be easily sta-SOrS- When coping with such a delicate task as unsupported
bilized. We developed a closed-loop double inverted pendulum Standing of a paraplegic person, where the body is inherently
model including a neural system delay, trunk muscles dynamics, unstable, system parameters are changing (primarily due to
body segmental dynamics and linear quadratic regulator (LQR) myscle fatigue) and the achievable stability margins of the

optimal controller. Through simulations of the closed-loop model _ .
two different strategies for disturbance rejection were explained. closed-loop system are very narrow, we would like to use

We investigated the capability of the closed-loop model to reject @daptive control and on-line identification of the changing
disturbances, imposed at the ankle joint (in anterior and posterior parameters of the system, in order to achieve robust stability.
directions) for varjous stiﬁness levels qnd neurgl system de_Iays in As a consequence in present FES aided standing, paraplegics
I presen of bomecharical constant, By g permissble. mainain an upright posture by means of usualy Substanial
of the foot is the most important cc;nstraint, while the strength arm support, thus acting as _an adaptive controller the_mselves.
of the trunk muscles is not of major importance for successful In the most usual FES-assisted posture, the knee joints are

balancing. An ankle stiffness of approximately 10 Nnf suffices locked by the open-loop FES of knee extensor muscles, the

for arm-free standing of paraplegic subjects. hips are hyperextended (C posture) while the ankles are free to
Index Terms—Optimal control, postural strategies, underactu- Move. Improved standing balance can be achieved by adding
ated biomechanical systems, unsupported paraplegic. the stimulation of hip extensors and abductors [1]. Due to

fatigue of electrically activated knee extensors, a paraplegic
can usually only stand in the manner for a few minutes.

In order to prolong FES assisted standing of paraplegic
subjects, Kraljet al. [4] introduced the concept gbosture
switching in which several different postures are adopted

RM-SUPPORTED standing and limited crutch or walkecyclically. Each posture requires FES of different leg muscles,

assisted walking can be restored in spinal cord injureéHus reducing the average muscle fatigue considerably. The
(SCI) persons by means of functional electrical stimulatianvestigations on closed-loop [5] and “finite-state artificial
(FES) [1]. The ability to stand is of great importance for SCdontrol” [6] stabilization of knee joints were also undertaken
subjects because it enables them to perform many daily acliwv-order to overcome the fatigue of the electrically stimulated
ities and, more importantly, it is a prerequisite for walkingmuscle.
Standing of SCI persons is additionally beneficial becauseEfforts to analyze the possibilities of achieving arm-free
it has many therapeutic and psychological effects [1], [2paraplegic standing have been undertaken. Jaeger [7] has
It prevents joint contractures, improves the cardiovasculdéveloped an inverted pendulum model of unsupported stand-
response, reduces the incidence of developing pressure sdrgg, He has shown that the pendulum can be asymptotically
reduces the incidence of bladder infections, decreases the lgjtabilized by a proportional-derivative (PD) controller, at least
of spasticity, decreases bone loss as well as improves tBenominal plant parameters. Donaldson [8] has also studied
self-image of a subject. the behavior of a single link model controlled by an ankle

controller. He proposed a cascade controller where the outer
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I. INTRODUCTION
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Fig. 1. Paraplegic subject after thoracic SCI. The upper part of figure shows residual sensory and motor abilities, while lower part displags properti
of paralyzed ankle joints.

although, usually this is largely under the voluntary control dfy an intact subject in the hip-balancing strategy. A normal
the standing subject. subject, while standing, predominantly responds to larger
However, there is little benefit for the paraplegic subject'snexpected disturbances through hip and trunk movements
functionality if his upper body has to remain still in ordeiin a feedback manner, while keeping his knee joints in
to allow the artificial controller of lower limbs to maintain aan extended position. Ankle agonists and antagonists show
standing posture. Clearly, the main control problem, in unsuipcreased activity, resulting in increased stiffness of the joint
ported paraplegic standing, is how to integrate the upper body]. Anyone using hip-balancing strategy behaves like a
voluntary activity with the artificially controlled paralyzeddouble inverted pendulum.
lower extremities, in a manner that provides an adaptive andSimilar balancing activity might also be obtained in a

robust global control system. paraplegic subject. If the knees and hips of a paraplegic subject
are locked in extended positions, either by open- or closed-loop
B. Proposed Control Scheme stimulation of the knee and hip extensors, while simultane-

Paraplegic subjects, suffering from complete thoracic spiri#sly the paralyzed ankles exhibit an adequate stiffness, then
cord lesions (T4-T12), have preserved visual and vestibulMight be possible for a paraplegic to successfully balance
sensory systems and motor abilities of arms and neck (Fig. s body by the voluntary and reflex activity of his preserved
Voluntary control of trunk muscles is only partially preserveffunk flexor and extensor muscles. The question addressed in
and depends on the level of lesion. Métfaet al. [11] have this paper is what value of ankle stiffness is desired?
shown that the trunk flexor and extensor muscle groups inln Fig. 2, the proposed control scheme for arm-free para-
some paraplegic subjects are capable of generating isome®Rgic standing is displayed. The artificial controllers are
and isokinetic torques around the lumbosacral joint (L5-S3imple SISO (single input, single output) controllers and we
[12]) that are comparable to the abilities of normal subjectgdssume that the central nervous system (CNS) integrates the
The studies of Munihet al. have shown increased stiffnes$€ehavior of the entire system and adapts to changes in the
(passive and intrinsic) in a paraplegic ankle joint [9], compareystem parameters (movement of arms and head, neurophysi-
to the stiffness of the ankle joint in an intact subject [10plogical delays) as well as the degradation of the performance
both measured under the conditions of electrically activatedi the artificial controllers, due to the fatigue of the stimulated
plantarflexor muscle group. Without activation, the stiffnegguscles. Apart from visual and vestibular sensors, we may
in the intact subject was 1 Nfih/and in the paraplegic subjectalso use artificial sensory cognitive feedback to indicate the
3 NmpP. At full activation of the plantarflexor muscle group,status of the paralyzed lower part of the body.
the stiffness values were 4 and 6 Nimvespectively (Fig. 1).  In this approach, the residual upper body sensory and motor

It has been shown that a normal person, who is exposedatailities as well as the brain, are included in a postural
a sudden perturbation in the posterio-anterior direction, typéop. This makes standing control intelligent by including the
cally responds by deploying either an ankle- or hip-balanciraglaptive and learning capabilities of CNS. It is, therefore,
strategy, or a combination of both [13]. Considering thsensible to include such an excellent controller in a global
residual sensory and motor abilities of a thoracic paraplegmmntrol scheme while trying to restore paraplegic arm-free
we can observe some similarities to motor resources ussdnding. This control scheme is additionally attractive because
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Fig. 2. The proposed control scheme for unsupported paraplegic standing. The knees and hips are assumed to be locked by FES. Stiffness intthe ankle join
is composed from passive, intrinsic, reflex and artificially produced stiffness (by FES or springs). The paraplegic subject receives senstoy ififorma
vestibular and visual systems and maintains standing by voluntary and reflex activity of preserved trunk muscles. Cognitive sensory feedbadkemay als
utilized. The CNS integrates the control of the upper, nonparalyzed part of the body with, artificially controlled lower extremities.

the desired ankle stiffness can easily be obtained by meansAofBody Segmental Dynamics

springs, mounted in the shoes. The body segmental model is planar and describes move-
ments of the mechanical structure in the sagittal plane. It
C. Objectives consists of two links and two frictionless hinge joints, each

This pair of papers describe a theoretical and experimenf@ving one degree of freedom (Fig. 3). The lower paralyzed
investigation of the proposed scheme of arm-free paraplediék represents the shanks, thighs and pelvis. The extended
standing in complete SCI subjects. The objective of PartPpsitions of the knee and hip joints are assumed to be main-
is to derive a simplified closed-loop model which accounfgined by stimulation of the knee- and hip-extensor muscles.
for all the important properties and constraints. Throug-ﬁhe stiffness in both ankles is assumed to be controlled via
analysis of the open-loop model properties, and computBg closed-loop FES of ankle dorsal and plantar-flexors or by
simulations of the closed-loop model, we obtained an insightmechanical spring. It is also assumed that the conditions in
into the feasibility and limitations of the concept which wer&0th lower extremities are identical, therefore, both legs and

indispensable in the design of the experimental investigatidR® Pelvis are lumped in a single lower link. The upper link
described in Part II. represents the head, arms, and trunk (HAT). Finally, the arms

of the standing subject are folded at the chest.
It is further assumed that the center of masses of each
Il. MATHEMATICAL MODEL segment lies on the line connecting two adjacent joints and
There are numerous questions about the proposal that nét the position of the center of rotation in the lumbosacral
to be answered before attempting to implement such standii@gjnt does not change. The nonlinear equations of motion were
We need to know which value of ankle stiffness is the mogerived by the Newton—Euler method
appropriate; what are the magnitudes of lumbosacral torque

needed for maintaining standing and rejecting disturbances; Tt = — M2glez sin ¥ — (mygley +magly) sin 6

which biomechanical constraints limit the postural activity of a — malileosin(y — 6) (1/32 — 92)

standing person; anq what is the influen.ce of inevitable peurgl + [ 4+ mal?, + maliles cos(eh — Q)WJ'

delay, which is the time taken for sensing and processing in 9 9 -

the brain and the issuing of control signals to trunk muscles. + [t maley +mall +maliles COS(Z,/} = 0l6- ()
In the following section we describe a linear dynamic model. 72 = — maglez sin ¢ +maliles sin(y) — 6)6

Several authors [15]-[21] have modeled the complex voluntary + [+ mQZEQ]z'/} + malilee cos(y — 9)§. (2)

and reflex postural activity of a standing man by a linear plant

and linear feedback controllers. Experiments have shownAl symbols used in (1) and (2) are defined and explained

considerable agreement with the trajectories predicted by th@sd-ig. 3. These equations are subject to biomechanical con-

linear models. straints. The length of the foot places biomechanical con-
Our linear model is composed of four components: tharaints on the torque, that can act around the ankle joint,

body segmental dynamics, the CNS delay, the trunk muselithout lifting the heels or toes.

activation properties, and the linear controller dynamics. Here,Fig. 4 shows the torque and forces acting on the foot

controller dynamics refer to a natural CNS controller (Fig. 2and the resulting center of pressure (COP) as shown
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Fig. 4. Center of pressure COResulting from the torque and forces acting
on the foot is expressed in the base coordinate systgmyp). Forcef; and
torqueT’y are exerted on the foot by a lower link.. and R, are components
of the ground reaction force. The dimensions of the foot are given in [cm].

Fig. 3. Double link inverted pendulum model of the paraplegic standing.

Centers of masses of both links and center of mass (COM) of the entire body. . .
and its vertical projection COG together with the distances from joints to 1he third constraint results from the strength of the trunk

centers of masses.(, /.2) and lengths of upper and lower links (72) are  muscles which determine the maximal torque produced in the

shown. The anglee(?(—ar)kle joint,s»—lumbosacral joint) are measured with umbosacral joint. In our previous work [111 we examined
respect to the vertical liner;, m» are the net torques produced by FES o

muscles or mechanical spring in the ankle joint and by voluntary activatidR€ strength of the trunk muscles in a normal and three
in the lumbosacral jointm1, mo are the masses of both links arfd, o paraplegic subjects under isometric and isokinetic (velocity

are the moments of inertia around the mass centers of each link. 30°/s) conditions. The maximal torque produced by trunk
flexors and trunk extensors in the normal subject was 120
in (2a) at the bottom of the page where COP, as defin@dd 130 Nm, respectively. The trunk strength of paraplegic

in Fig. 4, is determined by the equality: subjects was within 20—-80% of these values. In this paper we
examined the closed-loop performance of the model at three
cop_ Ly +0.06- fpy +0.04- Ry = 0.06- fro different values for the lumbosacral torque constraint (C3),

Ry namely 100, 50, and 20% of the normal subject’s torque.

The subject’s total mass, and the frictional properties of
the contact with the floor, determine the upper bound on the
magnitude of the shear force at the ground, which in turn
COP = —0.06 — COP. 3) determines tr_lg upper bound on the torque produced at.the
lumbosacral joint (C4). We will assume that the constraint

The following inequality, which poses the first constraint ofC4) is met at all times.

the dynamics of the mechanical model, must be satisfied:
B. Dynamical Coupling Index and Equilibrium

—0.15 < COP’ < 0.05. (C1) sStates of the Model

The dimensions of the foot were adapted from [22]. The The_ ankle joint exhibiFs passive mechanica} .impedarjce
excursions of the center of gravity (COG) of the standin ehavior. The torque acting around the ankle joint consists

person are also limited to the same area under the foot. O ct,ethe elasticity and viscous damping
the COG extends beyond the foot, the body cannot exert the 7 =—K- -0— Bgb. (4)

appropriate torques to counteract gravity, and cannot remain

stable without either receiving an external stabilizing force dihe stiffnessi is a variable which may be varied in order to
taking a step [23] achieve optimal performancé( is composed from passive,

intrinsic and reflex joint stiffness [24] as well as artificially
—0.15 < COG < 0.05. (C2) produced stiffness which can be obtained either by FES of

The center of pressure (COP expressed in the base coordi
nate frame £o, o) is

f —(maler +mal) sing - 62 — moleo singp - 42 +moles cos(th — ) + (males +moly) cos8 - 6
fr= ffx _—myg — mag + maley costp - p? ]
BV Fmglezsing - + (maley +maly) cos@ - 62 + (myley + moly)sing -6
fz 0

Ty = =1, B = =fray By = —fpy —myg. (2a)



MATJACIC AND BAJD: ARM-FREE PARAPLEGIC STANDING—PART | 129

ankle joint agonists and antagonists or by a mechanical spring. TABLE |

The viscous damping coefficied: represents the passive SZE;QAE'ETCSOE:;’LC')NFGN:EEETE;A;2;E$;:S
velocity-dependent properties of the joint. The numerical value

of B¢ in a spastic paraplegic joint in isotonic conditions was ¢t | Peuble inverted pendulum pazameters e
found to be 1 Nms/rad [25]. In the following simulations we index
used the value of 2 Nms/rad, each leg contributing one half of | 7 =" =40k, =1, =09m L, =1, =045m.J, = J, =3kgm" | 031
the viscous damping. By substituting from (4) in the double mlfsollfg"'z’z :iOkg[l‘{:lj =09 by =Ly =045m, 029
inverted pendulum equation (1), it can be observed that the ;:igé’"mi ;ozzlg:lzz:osm, ey —

only input of the model is lumbosacral torque, which is U, = 25kgm ), = 3 Sken®
under the control of CNS. 4 | m = m, = a0kg L = 07m,1, = 09m I, = L, = 045m,J, = J, = 3kgm'| -0.37
Our model has only one actuator and two joints what makes
it an underactuated system. Extensive studies were undertaken
in the field of robotics to develop theoretical tools allowing
controllability analysis of the underactuated systems [26], [278Xception of the first link length, which is shorter for 0.2 m.

Dynamic equations (1), (2), (4) can be written in the followindt can be seen that the distribution of masses and moments
compact form: of inertia among the two links has a small influence on the

dynamic coupling index, while the length of the first link

has a considerable influence. From an objective biomechanical
M(@)i+Clg 9 =1 (5) viewpoint, this result suggests that two subjects of the same

height and different body weights will find balancing equally

where M(q) is the inertia matrix,C(q, ¢) is a vector of difficult, while smaller subjects will find it easier. The negative

velocity and gravity terms while the state vector and inplﬂgn of the dynamic coupling indexes in Table | means that the

vector are defined as follows: acceleration in the lumbosacral joint generates acceleration in
the opposite direction at the ankle.
Underactuated systems cannot assume arbitrary states. Of
q= L/ 9} andr = [TJ. special interest are the equilibrium states of the double in-

verted pendulum model. Equilibrium is defined as a system
configuration wherdd = ¢» = # = ¢ = 0 and from (2) and
Equation (5) can be written in a form that separates the pass{4$ it follows:
and active terms of the double inverted pendulum model where

@ =0 andg, = =0, My, = My, My, = My, Moy = . (magler +magly) sin(fo) — Kb
Mo, Moo = My, Cp = C, Cy = Cs 1Py = arcsin | — (8)
magles
Mypp  Mpa | |dp I Cp| _ |0 ©6) and from (6)
Map Maa (']'a Ca o T2 )
To0 = —mMagles - sin(yp). 9)

A dynamic coupling index. [26] is defined as

Given a particular ankle angl&, and ankle stiffnesdy{, the

dp = Pela (7) corresponding equilibrium lumbosacral anglg can be deter-
mined from (8). This equation gives a family of equilibrium
points around which the double inverted pendulum structure

where can be controlled [Fig. 5(a)]. From (9), we can calculate the
equilibrium torque that needs to be generated by the trunk
pe=— M, Mp, muscles.
M,, =J; o 4 mal2 + mal? + mal, + 2malyles cos(ge) The following numerical values of a standing subject’s

Mo —J 12 Iy paramfe_ter_s, adapted from _[22], were _used in the calqulation
pa = J2 +maley +maliley cos(gz). of equilibrium states and will be used in further analysis:
The dynamic coupling relates the acceleration in the unacty, _ 37,19 kg, m, = 42.88 kg, I; = 0.95 m, I, = 0.7 m,
ated ankle to the acceleration in the active lumbosacral joint. Lo — 042 m. Ji — 3.5 Kame. Jo — 2.5 kard
The dynamic coupling indexes for four different sets of model ‘c2 = ©-*2 M J1 = 5.0 KGM', /3 = 2.0 KGAT.
parameters are given in Table I.

In the first set, both links have the same parameters; Rguilibrium states of the mechanical model can be divided
the second set, the first link's mass and moment of ineriR{o three groups of postures as follows:
are larger than the second link; in the third set, the values ofl) forward postured, > 0, Fig. 5(b)];
masses and moments of inertia are the opposite of the secon®l) upright posturef, = 0, Fig. 5(c)];
set; while the fourth set is identical to the first one with the 3) backward posturedf < 0, Fig. 5(d)].



130 IEEE TRANSACTIONS ON REHABILITATION ENGINEERING, VOL. 6, NO. 2, JUNE 1998

where
r 0 1 0 0
cf _Bo-f d-f-b-d |
A= A A A 7
= 0 0 0 1
c-e Bg-e d-a—e-d 0
- A A A
r 0
b 1 000
N o100
B= 0 ’ g_ 0 0 1 of’
a 0 0 0 1
- A
r0
% 10 5 D=1 a= b
ol D=0l A=a-f-bec
(@) LO

a = Jl + mllfl + mgl% + mglllcg

b= JQ + mgl?ﬁ + mglllcg

s 0,50 ©  0,=0 5 6,<0
l l ; c=mygl, + maoglh — K
N AN N d =magleo
(b) (c) (d) e =malileo
Fig. 5. (a) Family of equilibrium curves depending on ankle stiffnéss f=Jo+ m212
which is given in [Nm?]. All feasible postures can be divided into three c2
groups: (b) forward posture, (c) upright posture, and (d) backward posture. 0 - fo
0
L = ”(/)—”(/)0 7U'_T2+T20'
Values of the equilibrium lumbosacral anglg in the forward (4

and backward postures depend on the value of ankle stiffng$ge system described by (10) is controllable and observable.

K. From (8) and Fig. 5 it can be redrawn that such a valuge can be further described by the following two transfer

of stiffnessK exists, where the equilibrium lumbosacral angléunctions that are more appropriate for the study of the

is approximately zero, = 0) regardless of the ankle angleproperties of the open-loop model seen in (11) shown at the

valuesfty. In our case this is true for the approximate stiffnessottom of the page.

value K, = 11.2 Nm/° where subscript denotes the vertical.  Both transfer functions have two zeros and four poles. The
stiffness of the ankle joint determines the location of zeros
and poles in the complex plane. From both transfer functions

C. Analysis of the Linearized Model it can be seen that the body segmental dynamics consists of

As the body dynamics during standing have been dem two c_ouple_d univariable subsystems. By dividing one transfer

strated to be fairly linear [21] and since the objective antlon with the other, the relz_itlon between the ankle and

. N L L 9umbosacral angle can be obtained

the paraplegic subject's standing is to maintain a selected

posture, we can linearize the double inverted pendulum model. Gou(s) = O(s) _ d —bs* (12)

Linearizing (5) around a selected postufig, ()0, T20) and as- v U(s) as?+Bgs—c

suming & quasistatic mot|o.n whefé = 0, W. — 0’.Sm(a) — ._Fig. 6 shows the location of two zeros and four poles for the
o andcos(q) = 1, the following state space linearized notation, ree different values of ankle stiffness. With no ankle stiffness
can be written: at all, both transfer function&s(s) andG,;(s) have two poles
in the right-half plane (RHP) and two stable poles. One zero
is in the left-half plane (LHP) while the other is in the RHP.

i=Azr+ Bu The resulting system is unstable and has nonminimum-phase.
=Cr+ Du (10) Furthermore, in both transfer functions the RHP zero lies
Gols) = O(s) d — bs?
¢ U(s) Ast+f-Bgs+(e-d—a-d—c-f)s2—d-Bgs+c-d
W(s) as?’ + Bgs—c¢
(s) = = 11
Guls) U(s) As*+f-Bgs®+(e-d—a-d—c-f)s?—d-Bgs+c-d (11)
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Fig. 6. The location of zeros and poles of the system, represented by two linear transfer fuGgtiansl &, for the three values of ankle stiffne$s
which is given in [Nm?]. It can be seen that locations of poles and zeros of the system considerably vary with different values of ankle Ktiffness

between the two RHP poles which means that no stable an®) only the measurement of the lumbosacral ang&ensed
minimum-phase controller can strongly stabilize this system by vestibular and vision system, is necessary and there-
[28]. The controller stabilizing this system has to cancel both ~ fore no artificial sensors are needed.

RHP poles but the resulting closed-loop system would have

unstable hidden modes. It is obvious that only an adaptize CNS Delay and Trunk Muscles Dynamics

controller could be successfuith the ankle joint stiffness Nashner [29] identified the dynamic properties of the

of 10 Nm# the configuration of zeros and poles remains thgsgiinylar system during perturbed standing of three normal
same, only that both transfer functions are “less” unstablgpiects. He found that a total response time delay, associated
When the ankle stiffness is higher thé, = 11.2 NmF°, the i, sensing, signal processing in the brain, and the
configuration of zeros and poles changes.di(s) transfer yansmission of the activation signal to the muscles, was
function we still have one R_HP pole and one RHP zero Wh'?ﬂose to 100 ms. The delay depended on the magnitude of
means that we cannot stabilize the system only by measurifigrhation and was higher with small perturbations. In our

the ankle anglé. However, the situation witli7,;(s) is more  q4e| the CNS dynamics was described by a pure time delay
promising. One RHP pole does not represent a problem for a T

stable and minimum phase controller which senses only the Gens(s) = ¢ ’
lumbosacral angle. SinceGy,(s) is stable, wherk > K,,, and written in state space form

the controller stabilizes the system around both angles. This
result is important for two reasons as follows:

1) with properly selected ankle stiffness we obtain a system

which can be easily stabilized. Even a fixed structudhere Gens(s) was approximated by a fourth order Pade

extensor muscles behavior can be described by the first-order

INote that the system is controllable and observable for both désesis, transfer function
and X' > K,. However, in practice, the feedback stabilization of a system 1
with K < I, is more difficult, because it requires the compensation of poles GT(S) = ST——i-l
in RHP. In practice, the positions of the poles to be compensated are not . . T .
exactly known and may change because of changing system characteridf&erer is a time constant which was found experimentally
(e.g., arm or head motion). Still it may be possible to compensate these pdigsbe 0.1 s [11]_ In the state space form
adequately in a practical situation by using an adaptive controller. In this
paper, we assume that the poles and zeros of the system are exactly known QT :ATQT + ETUT
and will not further investigate the consequence of unknown or changing P
positions of RHP poles. yr =Czy + Dyur. (14)

Zons =AgnsEons T Benstons
CCNSQCNS + Denstens (13)

YCeNs =
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Fig. 7. The closed-loop simulation model of proposed underactuated paraplegic standing. Both angles and angular velocities are sensed ligrthe vestib
system and vision, and proprioception of the upper body, neck and head. Calculation of the control signal representing adequate lumbosagra torque
done by an optimal LQR controller. Time delay associated with signal sensing, processing in the brain and issuing of proper control signal to the trunk
muscles is modeled as pure time delay. Actions of the controller and delay are characteristics of CNS. Delayed contral gippalsses the first order

filter representing isometric dynamics of trunk muscles and drives the double inverted pendulum modielpends on the selected posture. Ankle joint

input 7y was augmented to the segmental dynamics model in order to enable the application of perturbation torque impulses.

The whole open-loop dynamic model is then described by thet change. The analysis of the open-loop system properties
following state space equation: showed that despite being controllable and observable, the
proposed standing is difficult for feedback stabilization when
the ankle stiffness value is beloi,,. Nevertheless, by making
the previously mentioned assumption, we employed a full state
YoL IQOLQOL + Dorucns (15)  linear guadratic controller (LQR) to model postural activity
for all values of ankle stiffnesd(, since LQR guarantees
closed-loop stability for any system which is controllable and

Zor =AyroL + Bopucns

where
observable. The calculation of feedback gains can easily be
- computed with commercial software (MATLAR The control
Lens =CNS 0 0 law has the following form:
_ A = B;C A0 g form:
ZoL Ir | ZoL =T=CNs =r T T
L L [@TQCNS BCT] é ucns(t) = —R EOLé ‘zoL(t) = —KLQR “zoL(?t)
Bexs where the inputions(t) minimizes the following performance
Bor = | BrDexs criterion:
_@TQCNS oo
Cor = [DD;C s DPC. CJ, Doy, =[DDrDeysl J= /0 (ESLQQOL + ud s Rucns )dt.

The resulting open-loop system consists of nine states: tha® auxiliary matrixs is a solution of the algebraic Riccat

first four states describe the time delay approximation, tfguation

fifth state represents the trl_Jnk dynamics, .and last four states 0= A’EP)LQJFMOL _ S_BOLR—lﬁgLﬁJF 0.
correspond to the mechanical model. It is controllable and e T - - =
observable and depends on two variables: ankle stiffdiéssThe weighting matrix and the weighting scalak are used

and neural system del&¥/p. to determine the desired behavior of the closed-loop system.
We investigated three different sets @fand K as follows:
1) N

I1l. CONTROLLER DESIGN AND
CLOSED-LOOP MODEL SIMULATIONS Qi) = {10, 1=7=6,8 andR = 1;

In order to study the properties and limitations of a model 0, otherwise

which represents the double inverted pendulum preceded by)

CNS delay and the trunk muscle dynamics, we need to o

close the loop with a suitable controller which represents Qi,j = {10’ S oY andR = 1;

the CNS activity. Even though a natural controller shows ’ 0,  otherwise

adaptive and learning capabilities, it will be modeled by a

fixed structure controller, assuming that plant parameters déMATLAB is a registered trademark of The Math Works, Inc., Natick, MA.
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Fig. 8. Responses to the torque impulse (50 Nm, 100 ms) anterior perturbation obtained by simulation of two strategies: (a) returning to tis¢uirg@tial po
and (b) assuming a new target posture. Upper graphs show the course of both angles, middle graphs show velocity trajectories while lower gréphs displa
time course of stabilizing lumbosacral torque for both cases. Stick figures on the top of the graphs represent the initial and target posturésfegibsth s

3) torque impulser; of various amplitudes and with an arbitrarily
o selected duration of 100 ms. For this, a torque input is added
Qij= {17 t ?J =6,8 andR = 10 at the ankle in (10), for the introduction of the perturbations.
J 0, otherwise )

In the first set, the angular deviations from vertical Wer‘é" Disturbance Rejection Strategies

penalized; the second set penalized angular velocities; while|t has been shown already that an underactuated system (15)
in the third set, the emphasis was on the minimization &@s many different equilibrium states. This allows alternative
lumbosacral torquer,. The controller gains, computed forbalancing strategies when recovering from a disturbance. The
all three sets of weighting functions, did not differ muchirst possible strategy of the CNS controller is to return to
if K < Ky, while in case whereK > K, the first the initial posture after the disturbance has occurred. Another
two sets produced similar gains which were slightly differertossibility is to select a new equilibrium posture—a target
(<5%) from the third set. In the simulations, described in thgosture which is in the vicinity of the trajectory of the
following subsections, the first set of weighting matéixand perturbed system.

the weighting scalaR were used. The closed-loop simulation We simulated the response of (15) with the following values
model is shown and described in Fig. 7. Khang and Zaj&¢ both system variableK = 10 Nm/°, Tp = 0.15 s for two

[30], [31] have proposed a closed-loop model of paraplegf@ses as follows:

standing where they simulated the recovery to upright posturea) the initial posture wag, = 0, 19 = 0, 720 = 0 while

from various initial states. If we assume that a paraplegic, the target posture was the safie= 0, ¥ = 0, 720 =
using our control scheme, is able to maintain a selected 0;

equilibrium posture, then the only source of disturbance is theb) the initial posture wadly = 0,10 = 0,750 = 0
unwanted spasms around the ankle joint. Therefore, our study while the target posture was determined by (8), (9):
only simulates the responses of the closed-loop model to a 6y = 2°, )9 = —1.2°, 790 = 3.6 Nm.
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Fig. 9. Feasible ankle disturbance space for Case |. Surfaces in all six graphs represent the maximal magnitude of disturbing ankle torgue impulse
(duration 100 ms), which can be rejected without violating constraints C1-C5; (a) results for three values of trunk strength in case of anteaiocetistu
and (b) results for three values of trunk strength in case of posterior disturbances.

In case b), the posture after perturbation was selected arbitfar-Feasible Perturbation Space Determination
ily. Any other equilibrium posture could be assumed instead. 5, important question, which needs to be answered, con-

The torque impulser, = 50 Nm of 100 ms duration, Was cerng the optimal value of the ankle stiffness. Which value of
applied at the first second of the simulation run. From thg aues the system (15) optimal in a sense that it tolerates
response shown in Fig. 8, we see that the peak values of,aximal disturbances in the presence of constraints (C1-C4)
are similar for both cases, while the peak excursion/ds g various neural system delays. Additionally, we wish

lower in the second case. The peak values of both angulgiinestigate the system behavior for all three posture groups,

velocities are lower in the second case and the peak valugyQf efore, we will examine the closed-loop (15) properties for
lumbosacral torque in the first case is almost twice as largegs following three cases:

in the second case. The oscillations in the first 200 ms of th
lumbosacral torque, are due to the Pade approximation of w " e
the neural system time delay. The simulations presented in th(%:?) rg;mc/i\;\(/jarg’?ztg:uxh\?vrheg? 69_ E ' 90

aper were performed by MATLABSIMULINK 2 software. 0= 7
P IF:)rom these results v)\//e can see that a paraplegic whild™or each case the simulations for positive and negative ankle
balancing in this way, has many options when recovering frofgfué disturbances were performed (impulse duration 100

disturbances. By selecting the proper strategy, he can minim[2g)- The constraint C3 was set to three different values: 100,
the lumbosacral torque needed for stabilization. 50, and 20% of the trunk strength assessed in a normal subject.

Thus, each case is represented by six different examples,
where the feasible disturbance space was determined for ankle
3 SIMULINK is a registered trademark of The Math Works, Inc., Natick,sm:fness values ranging from 0 to 20 Niand for three values
MA. of the neural system delay (0.1, 0.15, and 0.2 s). We have

eI) “upright” posture wheref, = 0;



MATJACIC AND BAJD: ARM-FREE PARAPLEGIC STANDING—PART | 135

trunk strength
100% 5 [Nm]
trunk strength
50% 5[N]

trunk strength . [ Nm]
20% !

Tp [s] K [Nm/°] Tp [s] K [Nm/°]

(@) (b)

Fig. 10. Feasible ankle disturbance space for Case Il. Surfaces in all six graphs represent the maximal magnitude of disturbing ankle torgye impulse
(duration 100 ms), which can be rejected without violating constraints C1-C5: (a) results for three values of trunk strength in case of anteaiocetistu
and (b) results for three values of trunk strength in case of posterior disturbances.

additionally imposed a constraint on the absolute values stfength constraint (C3) does not have a major impact on
both angles? and+ which had to remain within the rangethe abilities of the underactuated double inverted pendulum
of 10° (C5). This constraint was needed at very low valugs reject disturbances. In the case of anterior disturbances,
of ankle stiffness (from 0 to 3 Nrfy where the resulting only in the third example (20% trunk strength) is the feasible
trajectories, for which the linear model is no longer validdisturbance space reduced by 50%, while in case of posterior
do not violate the first four constraints. Disturbance rejectiatisturbances, trunk strength does not have any influence. The
strategy a), explained in the previous subsection, was utilizedfluence of increased time delay has little effect on the feasible
in simulations of all three cases. disturbance space, however, it does have an influence on
Fig. 9 shows the results for an upright standing postureaximal lumbosacral torques required for balancing.

(Case I). Surfaces in all six graphs represent the maximalFor Case Il (Fig. 10), similar conclusions can be drawn
values of the disturbance torque impulsg which can be for anterior disturbances as in Case |. The optimal value
rejected without violating constraints C1-C5. The optimalf stiffness is Ky while the feasible disturbance space is
value of the ankle stiffness for perturbations in the anterimow slightly reduced. However, this optimum is not as sharp
direction is aroundKy-. The major constraint for anterioras in Case | and values of stiffness higher thip are
disturbances is C1, i.e., the length of the foot. Only for stiffnesdso acceptable. The optimal stiffness value for posterior
values from O to 3 Nnfi/ is constraint C5 dominant. Fordisturbances is 18 Nmiwhile the feasible disturbance space
negative perturbations, we see an interval of ankle stiffneisssignificantly greater than in Case I. Different trunk strengths
from 8 to 18 Nm?, where the performance of the system iand neural system delays have similar influence as in Case I.
similar. The influence of the constraints is similar for posterior For Case Il (Fig. 11), we have a sharp optimal ankle
as for anterior disturbances. It is interesting that the trurstiffness for both disturbance directions, which is in both cases
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Fig. 11. Feasible ankle disturbance space for Case Ill. Surfaces in all six graphs represent the maximal magnitude of disturbing ankle torgue impulse
(duration 100 ms), which can be rejected without violating constraints C1-C5: (a) results for three values of trunk strength in case of anteaiocegistu
and (b) results for three values of trunk strength in case of posterior disturbances.

close to Ky . The feasible disturbance space for posterioky, it is not clear from theory whether the subject will be
directed disturbances is smaller than in Case | and even mat#e to balance or not. The analysis of zero-pole locations
in regard to Case Il, while the size of the feasible disturbane¢ the open-loop system suggests that adaptive control is
space, for disturbances acting in an anterior direction, fgcessary. However, in Part Il, we demonstrate experimentally
comparable to the previous two cases. The influence of trufMat this is possible. The simulations showed that the most
strength and neural system delay is also similar to the previaygnificant constraint is the length of the foot (C1), which, to

two cases as well as the action of the constraints. a great extent, determines the feasible disturbance space for
the various different postures. The feasible disturbance space
V. DISCUSSION was determined by simulation for various system conditions,

We believe that demonstrating the existence of the anktfgt only for the balancing strategy where the subject returns
stiffness Ky where 1) the equilibrium angle of the Ium_|nto the initial position. If, instead, a new target posture is

bosacral joint is independent of the selected ankle angiaes,sumed, foIIowing.the applicgtion of disturbance, the feasible
2) the dynamic properties of the system are significantfjSturbance space increases in all cases. _
changed (favorable zero-pole locations), and 3) the system carl he existence of different disturbance rejection strategies
tolerate maximal torque impulse disturbances without violatirl§ & very important finding because it enables voluntary
constraints (C1-C5), is the most important contribution of thRosture switching. We introduced three different postures:
theoretical study. From the results presented in Part |, weright-, forward-, and backward-leaning. It is unlikely that
expect that a subject, standing with ankle stifinéss> K-, the paraplegic would be able to maintain the exact upright
will have little difficulty with balancing since we are sureposture, because the system is inherently unstable and needs
that the CNS can act as a fixed-parameter controllek . continuous active balancing. It is more likely that a subject
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will switch between the forward and backward posture. Asput signals [15] to control both the active and passive degrees
Kralj et al. [4] pointed out, many different postures existof freedom. By adding artificial stiffness in the passive ankle
in which stimulation of different muscle groups is needed foints, we reduced the need for such large input signals at
maintain the knees and hips in extended positions. On tthe active lumbosacral joint. The price we had to pay is
other hand, in some postures, the same effect can be obtaitiexd limited repertoire of the equilibrium states. However, in
passively. Thus, by changing between different postures, thesture control, this is not an important deficiency as the
fatigue rate of the knee and hip extensors can probably sgace is anyway quite narrow. The unexpected result of the
reduced by switching on and off their stimulation as requiregimulation study is the finding that the trunk strength is not of
for the voluntary-selected current posture. These switchinggjor importance for successful underactuated standing since
should occur gradually in order to have a negligible impathie other constraints (primarily C1) become active first. This
on the balance. Note that there is also no need to changendarges the potential population of paraplegic subjects who
reference for the artificial controller of the ankles when thare candidates for arm-free FES standing.
subject switches his posture.

It is also interesting to compare the optimal value of
ankle stiffnessky- with the passive stiffness assessed in the V. CONCLUSION

paraplegic subject [9]. The stiffness at zero background torquea novel control strategy for unsupported paraplegic standing
for both ankles was found to be 6 Ntm/Additional stiffness \as proposed. The approach integrates the residual sensory
of 5 NmF needed to reacky can be produced either by FESand motor abilities of paraplegic subjects with the FES or-
of ankle muscles or, even more promising, by passive springgtic device in a manner that provides arm-free standing.
mounted in both shoes. The passive solution efficiently solvegperiments are described in Part I1.
all the problems regarding measurements of the ankle angle
and position of the COP that are needed in the closed-loop
FES stiffness control. ACKNOWLEDGMENT
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