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Paraplegic Standing Supported by FES-Controlled
Ankle Stiffness

Ralf-Peter Jaime, Zlatko Matj&, and Kenneth J. Hunt

Abstract—The objective of this paper was to investigate whether were hyperextended while subjects used their arms to maintain
a paraplegic subject is able to maintain balance during standing halance. Due to fatigue of the artificially stimulated muscles, a
by means of voluntary and reflex activity of the upper body while paraplegic person is able to stand only for a few minutes. In

being supported by closed loop controlled ankle stiffness usin . . . .
FES? Thgpknees a¥1d hips of tkr:e subject were held in extende% order to prolong the achievable periods of standing, Kealj

positions by a mechanical apparatus, which restricted movement al- [2] proposed posture switching. This allows the muscles to
to the sagittal plane. The subject underwent several training relax.

sessions where the appropriate level of stiffness around the ankles  An upright human body is inherently unstable and is sub-
was maintained by the mechanical apparatus. This enabled the ject to unexpected disturbances. Thus, the application of feed-

subject to learn how to use the upper body for balancing. After . .
the subject gained adequate skills closed-loop FES was employed®@Ck control was investigated by Jaeger [3]. He developed a

to regulate ankle stiffness, replacing the stiffness provided by the Simulation model of quiet standing to study the potential use
apparatus. A method to control antagonist muscle moment was of closed-loop stimulation orthoses in midthoracic spinal cord
implemented. In subsequent standing sessions, the subject had noinjury. It consisted of a second-order linear and time-invariant
difficulties in maintaining balance. When the FES support was  ;scle dynamics followed by a single-link inverted pendulum
withheld, the ability to balance was lost. .
o . . . and was regulated by a standard PID-controller. In a simula-
Index Terms—Ankle joint stiffness, FES, functional electrical  tjon study he found that, under biomechanical constraints and
stimulation, integrated voluntary control, multipurpose rehabili- o, piact tg the availability of torque produced by the stimulated
tation frame, paraplegic standing. o . . .
muscle, it might be possible to restore quiet standing.
A more complicated simulation model of paraplegic standing
|. INTRODUCTION was developed by Khang and Zajac [4], [5] involving nonlinear
musculotendon dynamics and a planar three-segmental body
. ] o dynamics. Arm movement was modeled as an external distur-
R ESTORING standing after spinal cord injury has &ance. Their goal was to design a feedback system that could
'\ number of well-known therapeutic and functional benyagigre and maintain vertical posture without intentional user in-
efits. Apart from overcoming several physiological problemg, o ction. Taking advantage of muscle redundancy, they devel-
caused by prolonged immobilization such as bladder infectiong,e  an algorithm to distribute the net activation calculated by
pressure sores, spasticity, and problems in maintaining blogd feedback controller among all the muscles crossing a joint.
pressure, regaining some functionality increases independeff; \as motivated by the assumption that minimization of en-
and, consequently, the quality of life for the affected people. grqy expenses reduces muscle fatigue. Their model included
13 muscles in the lower extremities. A static output gain con-
B. Related Work troller was designed based on the linearised body dynamics and
Restoring standing by means of functional electrical stimulather approximations concerning the capabilities of the muscles.
tion (FES) after spinal cord injury has been a subject of reseatdbwever, this approach does not take the residual sensory and
for many years. The first continuous FES-supported standingptor function of the intact upper body into account. The simu-
programme was initiated by Kralj and Bajd [1] in Ljubljana inlation model was intended to be a “benchmark” for the develop-
1979 and continues until the present day. The early approachent of future FNS systems. The approach was not experimen-
used open-loop stimulation to hold the knees extended. The highy tested with human subjects.
The first experimental attempt to apply feedback control to
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at Aalborg University. . ' .
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was no switching between different muscle groups. An optimabmbine the work from Matf&a¢ and Bajd [11], [12] with the
control approach was chosen as control method for both tresults from Hunet al.[14], [15] and to substitute the hydraulic
inner loop regulating the muscle moment [8] and the outer loggtuators by closed-loop FES to provide stiffness control at the
stabilizing the body. The reference moment provided by tlamkles. There are several reasons why the potential of ankle
outer loop controller was divided equally between the left araliffness control by FES needs to be studied:

right legs. They found that, while an intact subject was able to « A higher bandwidth can be achieved using hy-
stand for a considerable time, standing of the paraplegic subject draulic actuators than using FES. Therefore, the
(TS, 35 years of age, 13 years post-injury, male) was limited to stiffness controlled by means of FES can only be
around 30—40 s due to muscle fatigue and spasticity. less accurate than the stiffness applied by hydraulic
An improved control design methodology was proposed by actuators.
Hunt et al. [9] providing a more reliable and robust design. « Any FES system is affected by fatigue and spas-
The moment loop was now considered as a single-input/single- ticity, while an “artificial” ankle joint actuated by a hy-
output system. The same stimulation was applied to the left and draulic system is not.
right leg so that the total moment was balanced between the left « A hydraulic system is a good experimental setup to
and right leg. It was now possible to deal with the often present study the feasibility of the principle but on the other
strong asymmetry between the left and right leg in paraplegics. hand is not useful as a daily life application. In compar-
A pole-placement design was applied. This made the nominal ison, FES provides more flexibility and independence,
closed-loop response independent of the nominal plant model. especially when it comes to an implanted system. Fur-
Experimental results with a paraplegic subject (T7/8, 44 years thermore, FES has a greater potential to extend the
old, 4 years post-injury, male) showed that considerably longer system toward more functionality.

periods of standing (up to several minutes) were possible [10]. pjihelj et al. [22]-[24], in a parallel development, have also
_All the previous control schemes cannot be called *funggtempted to combine FES control of the ankle with voluntary
tional” because either the subject has to use his arms fgper-hody input. Their work is based upon the control of the
stabilize himself [1] or the subject is restricted in his freedomgosition of the Centre of Pressure relative to the ankle joint axis.
of movement by rigid and rather conservative simplifications
[6], [7], [10]. Il. METHODS

MatjaCic and Bajd [11], [12] have demonstrated that a ,
paraplegic subject, after appropriate training, is able to stabili2e SUPIect
himself using his trunk muscles if a certain level of stiffness The experiments reported here were performed with a para-
around the ankle joint is present (approximately 10 Nm/degjlegic subject with a complete lesion at T5. The subject was
The subject was assumed as a double-link inverted pendulomale, 38 years of age, 8 years post-injury, and psychologically
with the knees mechanically braced by an experimental apfard physically in good condition. The subject gave informed
ratus and the trunk free to move voluntarily. The ankle stiffnes®nsent for participation in the experimental procedure.
was applied by hydraulic actuators, which acted as artificial
ankle joints. B. Apparatus

In [13] Matjacic suggests that a simple static stiffness model, The device called the “multipurpose rehabilitation frame”
neglecting higher-order effects, can adequately describe {IMRF) is described in detail in [25], [26]. The frame provides
postural responses following perturbations in the ankle and higo degrees of freedom, i.e., sagittal and coronal planes. It
joints in neurologically intact persons. The stiffness values wesapports the subject around the pelvis and permits motion in a
found to be 17 5 Nm/deg for forward directed perturbationgange oft 18° around the vertical position in both planes. Two
and 13+ 6 Nm/deg for backward directed perturbations. hydraulic actuators can independently control the frame in ei-

Recently, Hunet al. [14], [15] have investigated the controlther of the two planes of motion. The actuators can be regarded
of paraplegic ankle joint stiffness using FES while standings an artificial ankle joint and hip joints. The subject’s feet can
This approach incorporates moment control of antagonist mug positioned using cylindrical pegs on two aluminum blocks
cles. One intact (29 years old, male) and one paraplegic pergontaining a grid of holes. The angle of inclination in both the
(T7/8, 44 years old, 4 years post-injury, male) participated #agittal and coronal planes is measured by a potentiometer. For
their study. They found that accurate ankle stiffness contigle experiments presented in this paper the motion of the frame
can be achieved with FES but is fundamentally limited by thgas restricted to the sagittal plane by a high value of stiffness
strength of the muscles. They concluded that ankle stiffnegsthe coronal plane provided by the hydraulic servo system.
control has the potential to ease the task of stabilizing upright
posture by application of additional upper-body forces. C. Control Structure

Several studies have been undertaken to investigate the natfhe frame was used to brace the knees and hips of the para-
ural mechanism of standing in intact subjects [16]-[19]. In fagblegic subject and restrain the movement to the sagittal plane as
research on this issue remains controversial [20], [21]. shown in Fig. 1.

In this configuration, the subject is assumed as a double-link
inverted pendulum. The subject in our study was not able to keep

Our aim was to investigate the feasibility of “functional’his upper body upright without holding on to the frame due to
paraplegic standing by means of FES. The approach washie rather high level of lesion (T5) and his rather weak trunk

C. Our Approach
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this setup can be summarized as follows: a certain ankle stiff-
ness makes stable standing easier while the task of stabilizing
is left to the paralyzed subject, utilizing his residual motor-sen-
sory abilities.

The blocks labeled “left ankle” and “right ankle” in Fig. 2
are each closed-loop moment controllers. Fig. 3 gives a deeper
insight into their structure.

The block CZ:¢ represents two moment controllers for
plantarflexor and dorsiflexor dynamics with common states
and a suitable scheduling strategy. Thus, there are four mo-
ment controllers in total. The controllers?;? determine a
control signak: depending on the error between the reference
momentm,.s and the measured momennt,,..s. The sign of
the control signak. determines whether it is applied to the
plantarflexor ('*") or the dorsiflexor ¢°**') muscles. The
stimulator transforms the control signal into electrical pulses of
a corresponding pulsewidiwP2" or puwdorsi,

For stimulation of the muscles we used an eight-channel pro-
grammable stimulator known as the “Stanmore Stimulator” de-

_ _ — ) _ o scribed in [28]. It is driven by a PC via the serial port and pro-
Fig. 1. The paraplegic subject is balancing while standing in the frame.T

subject in our study was forced to hold onto the frame with his arms due to mlce?’ current controlled mo_nophasm reCtangu!ar pL_JIses up _tO a
weak trunk muscles. duration of 80Qus. The amplitude of the pulses is adjustable in

steps of 10 mA and the pulsewidth is adjustable in stepgaf. 2

muscles. But since the frame is moving with the subject’s Iowrirhe stimulator was operated at a constant frequency of 20 Hz

: . - ampling interval 50 ms). All experimental procedures were

?eoqdli/i,retzzl30(:;\)/isbg?;n?:riﬁ\éet2t éhgn?:itr:]i('s;:l:joi? g .falllng over & aased on MATLAB/SIMULINK. Data_l acquisition and real-time
While the lower body-half was supported by closed-loop Fegontrol were done using the Real-time TooldoXhe Polyno-

the upper body-half was under voluntary control by the CNg?'al Toolbox was employed for the _controller des_lgn. We used
A strategy to control the stiffness around the ankle joints ngund surface electrqdes, with a diameter of 2 inches, plac_:ed
implemented incorporating closed-loop moment tracking of & <" the gastrocnemius mus_cle .for plantarflexion and the tib-
antagonist plantarflexor and dorsiflexor muscles. The subjéa'S anterior muscle for dorsifiexion.
was standing on two AMTI-forceplates OR6-5-1000 measurin
the ground reaction forces and moments at the axes of the
thogonal coordinate system. This allowed us to independentlyThe following sessions were carried out in the course of this
control the muscle moment in the left and right ankles. Practicstudy.

r. Session History

sensors for ankle moment feedback are still an open topic. Fur- « Three sessions of balance training. First, the subject
ther experiments shall investigate the benefit of moment feed- underwent several training sessions where the appro-
back [27] Flg 2 illustrates the experimental situation. priate level of stiffness around the ankles was main-
The angle of inclination of the frame in the sagittal pl#fe tained by the frame. This enabled the subject to learn
was measured and multiplied by the desired stiffness value (typ- how to use the upper body for balancing at a stiff-
ically 10 Nm/deg). This provided the total reference moment ness level of 8 Nm/deg. The subject gained adequate
Meef total- 1Ne total reference moment was distributed between balancing skills after three sessions of balancing that
the left and right ankles following the relative load distribution lasted up to half an hour. FES was introduced after the
according to (1) and (2) initial three sessions.
I * One session of plantarflexor moment control (i.e.,
Miref,] = ;’lmreﬂmml Q) “ldentification” and “Test M”).
Fop+ Fpr « Two sessions of standing under FES-controlled
Miget s = o Miset total ) ankle stiffness (i.e., “Identification,” “Test M,” and
R+, “Test B”). The results presented in thi r are from
1 , est B”). The results presented s paper are fro

. the second standing session.
whereF. ; and F. , are the vertical components of the ground 9

reaction force measured by the left and right forceplates.
In the ideal case when the transfer function fros total

t0 ota1 IN Fig. 2 is unity, the configuration of Fig. 2 has been The experimental procedures can be summarized as follows

analyzed in great detail in [11]. The block labeled “desired stiftSteps 2 and 3 are similar to [9]:

ness” can be regarded as a simple proportional controller. From

[11] it becomes clear that P-control alone is not sufficient to tyww.humusoft.com.

stabilize the double-link inverted pendulum. The idea behind2www.polyx.com.

E. Experimental Procedure
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Fig. 2. Block diagram of the ankle stiffness control and standing strategy. The blocks denoted “left ankle” and “right arttteSemt-éoopcontrollers for the

left and right ankle moment, respectively.
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Fig. 3. Closed-loop moment control for left ankle. The moment control for the right
“left ankle” and “right ankle” in Fig. 2 have this structure.

1) Identification. The paraplegic subjectstood ontwo AMTI
forceplates, having knees mechanically locked by a leather
beltas showninFig. 1. During the identification procedure
the frame was fixed by an aluminum bar mounted on the
ceilingin orderto ensure static conditions and to gain better
results from the identification procedure. The subject was
asked to stand still. The following tests were carried out
separately for the plantarflexor and dorsiflexor muscles of
both the left and right legs.
Test C. The purpose of this test is to establish a suit-
able amplitude of the stimulation pulses, since we
used pulses with a constant amplitude and a varying
pulsewidth. Startingwith an appropriate value of current
the pulsewidthwas ramped up from50-5%@0n5sand
the produced moment was measured. This pattern wasp)
repeated with a differentamplitude of the currentif nec-
essary. The stimulationamplitudewas setto60mAforall
fourmusclesduringthe further course ofthe experiment.
Test PRBS.This test is an open-loop test using a stim- 3)
ulation signal where the pulsewidth has a PR2&m.
The produced momentwas measured. The PRBS signal

b)

3pseudoRandomBinary Sequence

side is identical, with the index “I" replaced by “r.” Each aflthéatbleled

could be applied around a range of mean stimulation

pulsewidth levels. The amplitude of the PRBS signal

was setat 3hs. The PRBS signal was designed off-line
to excite the major dynamic properties of the muscle. It

has a period of 155 samples and is constant for atleast 5

samples after each transition [29].

The input/output data gained from the PRBS test
were used to identify a local linear transfer function at
the stimulated operation point for each muscle group.
Following the identification procedure and assessment of
the quality of the identified models a moment controller
was designed for each muscle group. The control design
was judged on the basis of the closed-loop frequency
responses before testing.

Test M. This is a test of closed-loop moment tracking. It
was carried out to check whether the moment feedback
loop was well designed and working properly before a
series of standing test would be carried out.

Test B. The aluminum bar fixing the frame was removed.
The hydraulic circuit of the frame was switched on. The
frame provided support in the coronal plane by a stiff-
ness of 10 Nm/deg in order to restrain the movement to
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cZ2-6 cg-6 Fig.5. Resultsidentification plantarflexor left. The results for the other muscle

groups are similar in nature.
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time [s] time [s]
Fig. 4. Results of Test PRBS. The bold lines in the moment plots correspond TABLE |
to the bold line in the pulsewidth plot. The two PRBS signals for each side were SUMMARY OF THE IDENTIFIED LOCAL MODELS
; - N
2%r:|g?etgr?(?v5r:]muscle groups on that side, hence, four moment plots for eac p—" P modeT o, | Tise time (5] | De-gain [Nmvjs] | RMSE [%]
’ plantarflexor left 1 0.87 0.093 7.1
= 2 0.54 0.120 3.7
. . . dorsiflexor left = 1 0.73 —0.035 15.8
the sagittal plane. In the sagittal plane the frame providg 5 0.41 0,019 25
a stiffness of 2 Nm/deg in order to compensate the 10¢ plantarfiexor right = 1 0.74 0.084 55
imposed by the weight of the frame. The frame was hel T f 3;;* 8-82‘; ;2
. . g . S XOor T . —U. .
in the upright position by the experimenter and, after th 2 038 _0.023 35

stimulation was switched on, released while the subject
was under closed-loop FES-controlled ankle stiffness. In

order to maintain standing the subject was forced to bdnuscle group using the least squares criterion. We identified
ance actively. The results are presented in chronologi&acond-order modets, (¢~*) of the following form:

order. The first successful standing trial is shown and the .

quality of stiffness control is analyzed (cf. Figs. 7-10) Gp(g~t) = bog . ©)
Subsequent standing trials show clearly a learning ef- P L+aig ! +azq?

fect in the patient’s skills to deal with the studied con- L o
trol scheme (Figs. 11—15). Even periods of quiet standing Here,q~* is the dglay pperator. The results of the estimation
could be achieved (cf. Fig. 12, Fig. 13). Finally, the stabPr0Cess are shown in Fig. 5 for the left pIantar'er.xor.muscIes.
lizing contribution of the FES-controlled ankle stiffnesd e results for the other muscle groups are similar in nature.

is investigated (cf. Fig. 14, Fig. 15). _The pole Iocations,_the normalized step response and a compar-
ison between the simulated and measured output are presented.
. EXPERIMENTAL RESULTS Model no. 1 corresponds to the lower stimulation level high-

lighted by the bold lines in the plots of Test PRBS. It can be

A. Test PRBS seen that the resulting models are dominantly first-order and the
Results ofTest PRBSare presented in Fig. 4. The test wasimulated model response fits well enough to the measured data.

carried out for a mean level of 156 (bold) and once repeatedThe results are summarized in Table I, where rise time and dc

for a mean level of 20Qs (thin). It lasted for 20 s. The stim- gain as well as the relative mean square error (rmse) between the

ulation was then not further increased because we knew by &inulated and the measured output are given for each model.

perience that the muscles have a higher dc-gain at low stimie models that were finally chosen for the controller design

lation levels. This is a result of the inverse recruitment patte@i€ highlighted in Table I. Those are the ones with the highest

by artificial stimulation. The identified model with the higherabsolute value of the dc gain.

dc-gain would later be used for the controller design. The first 5

s of the test were omitted when performing the estimation of tie Control Design

transfer function to exclude the transient response at the beginThe nominal muscle transfer functions are summarized in

ning of each stimulation cycle. There are also disturbances tofighle |1. The four moment controllers were designed by pole-as-
seen in the muscle response. They can be a result of spasticityighment [30]. A two degree-of-freedom design was chosen
an influence of the upper body. This observation emphasises iigce we were mainly interested in reference tracking. The de-
importance of fixing the frame during the identification processign parameters were specified in terms of the rise time and

damping. The rise time for the control response was chosen as
0.5 s for the left plantarflexors, 0.7 s for the left dorsiflexors as
Based on the input/output data from Test PRBS we identirell as for the right plantarflexors and 0.3 s for the right dor-

fied two local linear time-invariant transfer functions for eachiflexors. The rise time for reference tracking was specified as

B. Identification
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Fig. 7. First successful standing trial. Specified stiffness= 10 Nm/deg.
200 The angle plots are the same for the left and right sides.

100 f' ﬂ l 100 The design for the plantarflexor muscles is slightly conser-
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vative both for the left and right leg but this was improved by

pwdorsi [MS]
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implementing a fast prefilter during the further standing tests.

0 10 20 30 0 10 20 30

— 5 5

= E. TestB

Z 25 2.5 _ ) o o _

- A typical standing trial is shown in Fig. 7. After the stimu-

g 0 0 lation was switched on the subject was released and was bal-

. —2.5 -2.5 ancing on his own under the influence of the FES controlled

S -5 ankle stiffness. The subject was asked to keep balance as learned
0 10 20 30 0 10 20 30 during the training sessions when stiffness was provided by the

time [s] time [s]

hydraulic actuators. The stiffness was specified as 10 Nm/deg.
The frame provided a stiffness of 10 Nm/deg in the frontal plane
(restraining movement only to the sagittal plane) and 2 Nm/deg

) in the sagittal plane in order to compensate the load imposed by
0.2 s for each of the four moment controllers. All damping faghe weight of the frame.

tors were set to 1. The design procedure is outlined in detail inThe plots at the bottom (fourth row) show the angle of incli-

Fig. 6. Moment reference tracking test.

(9l nation of the frame, i.e., the lower bod; (cf. Fig. 2). The
plots above (third row) present the reference moment (thin
D. TestM line) and actual measured momeny, .., for the left and right

The result of typical moment controller tests are shown {ﬁg (thick line). The upper plots show the stimulation signal of

Fig. 6. The plots in the upper row show the plantarflexor stirrihe plantarflexorguw?'=* (first row) and the dorsiflexorsu**
ulation pulsewidth. The dorsiflexor stimulation signal is pre secon_d row). . L .
sented in the middle row. The plots in the row below show t eThe important result is that the angle of inclination remained

reference moment (thin line) and the controlled moment (thi @ited to+5° over the entire duration of the test, indicating the
line). The reference moment wastb Nm square wave signal ability of the subject to successfully balance for the duration of

that was distributed among the left and right leg according tR&'€ mlnute. . . .

current load distribution. Itgan be seen frog’n the?eft leg morglent-rhe time history of the actual achieved stiffnégst)

plot that switching between plantarflexor and dorsiflexor mus- Miotal(t) .

cles occurs at a slightly negative moment. Therefore, the mo- ki(t) = W’W”ht = kT, 4

ment step required from the plantarflexor muscles is higher than s

the moment step required from the dorsiflexor muscles. Ths shown in Fig. 8. In (4).Iis the sample time and is the
explains why a higher stimulation is required from the plarsample instant.

tarflexors than from the dorsiflexors although the plantarflexors The dots mark the calculated stiffness at the sampled time
are stronger than the dorsiflexors. instances. The measured signals of moment and angle were
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sign indicate the sign of the resulting stiffness. £ ; 200 200 H ”
EEE 0
zero-phase-shift digitally filtered by a Butterworth filter of 6000 20 40 60 6000 20 40 60
tenth order with a cut-frequency of 1 Hz in order to eliminat _ £
the noise from the data. The accuracy of the achieved stiffneZ £ ** 400
is limited by the closed-loop bandwidth of the moment controZ g 200 200
With 2 0 0
~ 0 20 40 60 0 20 40 60
mtotal(t) = F(q_l)mref(t) andmref(t) = ks (t)HS(t) (5) =~ €0 60
25 3 30
(4) becomes =2 o 0 WMM_
. e ££ 30 -30
kg(t) = F(q~ " )ks(t) 6 = e
whereF (¢ 1) is the transfer function for reference tracking o % 10
the moment loop. Due to the limited bandwidth/ofg—*) the = >
total momentm .. is slightly delayed in comparison to the 3 2 \
angle signabs when the subject is dynamically balancing (cf £ ;0
Fig. 9). "o 20 40 60 0 20 40 60
Therefore, at the time instant whem.,; = 0 andfs # 0 time [s] time [s]

the StiﬁneSSk: = 0. On the other hand, whefis = 0 and Fig.11. Subsequentstandingtrial. The decreasing amplitude of the sway angle

Mmiotal 7 0 then the stiffnesg? — oo. There are also shortis emphasized by the dotted lines in the angle plots. This indicates a learning

periods when the stiffness is negative (negative values are 8ffct

off in Fig. 8, but cf. Fig. 9). This gives the calculated stiffness

the uneven appearance. for the first 40 s during this trial. The subject even stood still for
Another representation of the achieved stiffness is shownarfew seconds between= 35. .. 42s, approximately.

Fig. 10 where the stiffness is shown in the phase plane as molt can be seen from Fig. 13 that during the period of static

ment versus angle. The reference stiffness of 10 Nm/deg is givedanding { = 35...42s), the specified stiffness of 8 Nm/deg

by the straight dashed line while the straight solid indicatesisactually achieved. The more static the standing the better the

stiffness of 6 Nm/deg around which the real stiffness appro»stiffness control.

mately centers. A final standing trial is shown in Fig. 14. Here, the stimula-
Another standing trial is shown in Fig. 11. The dotted lines ition was suddenly switched off after 30 s while the subject was

the angle plot emphasise the decreasing amplitude of the svajancing. This was done in order to emphasize the stabilizing

anglefs. This suggests that the subject is learning to balancentribution of the FES-controlled stiffness. After the stimula-

better during the experiment. tion was switched off the subject immediately fell over. He was
A third standing trial is shown in Fig. 12. The stiffness wathen set back by the experimenter into a nearly vertical position

reduced to 8 Nm/deg. The learning process can also be obseraed fell again. This was repeated three times in the remaining
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Fig. 12. Standing trial. The specified stiffness was reduced to 8 Nm/degfiyg. 14. Standing trial to emphasise contribution of FES. The stimulation was
order to avoid permanent saturation of the control signal. Note, the subject wastched off after 30 s.
trained to balance at a stiffness of 8 Nm/deg.
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N\/ N \‘/ NEU | N
o !‘ : ; L : Oo.” ' 10 — 20 60
30 40 50 60 time M

time [s]

i ] ] o i Fig. 15. Controlled stiffness during standing trial when stimulation was
Fig. 13. Controlled stiffness during standing trial (corresponds to Fig. 12). Fefitched off after 30 s (cf. Fig. 14).

static conditions# = 35. .. 42s), the specified stiffness can be achieved.

30 s of this standing trial but th biect t able to st FES-controlled ankle stiffness. FES-controlled ankle stiffness
S ol this standing trial but the subject was not able 1o Stagfh, .« o essential contribution to the overall control scheme

Wltlzhouaztlrru[?tlon.r']l'htehstlffnessdw??hspetc.:gmd aT 8 '\:rt]]/digand enables the patient to stand. This implies that when the
; '%h t'C anl '?.S wha ath)e;led aﬁ the st n(_af_ssde\{%. us htg%'tient’s residual abilities are adequately trained, quite simple
ore the stimuation was switched olt th€ Speciied Sulness S control strategies can be sufficient for stable standing. The
been achieved but fell immediately to about 2 Nm/deg when

iiched off. Th (iff o be th rgsults of this study can be summarized as follows:
was switched o & remaining stifiness seems to be the | Parapleglc standing can be achieved by FES-controlled ankle
herent stiffness of the ankle joints. Note, that the moment prg;

duced by the hydraulic actuat t d. finess.
uced by the hydraulic actuators was not measure The subject learns to stand by means of the FES-controlled

ankle stiffness. This learning process can be observed in the
course of the presented results. Fig. 7 was the first standing trial
The results have shown that paraplegic standing can dharing the session on which the results are based. The sway
achieved by implementing FES-controlled ankle stiffness whamgle is rather restless for the entire duration of the trial. In the
the residual sensory-motor abilities of the patient are utilizefihllowing trials, the subject settled more or less after some initial
The subject in our study had to support his trunk by holdirgwvays. In Fig. 11 the sway amplitude steadily decreased and
onto the frame due to his rather high level of lesion and héame to rest during the trial shown in Fig. 12 and Fig. 14 before
weak trunk muscles. A subject with a lower lesion and adequdke stimulation was switched off. The same observation could
trunk muscle strength should be able to perform the balancihg made during the trials which are not presented in the paper.
task by using his trunk muscles alone and thus leaving theThe accuracy of stiffness control is fundamentally limited by
arms to perform a functional task. The results demonstrate the bandwidth of the moment controller and the strength of the
feasibility of stable paraplegic standing, when supported Imyuscles. Clearly, when the controller saturates and the muscles

IV. DiscussiON ANDCONCLUSION
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are not able to produce the requested moment this will result in
an underachievement with regard to the stiffness control. How-
ever, accurate stiffness control can be achieved in static condil]
tions, i.e., when the subject is standing quietly enough. 2]

Standing is also possible even when the specified stiffness can
not be reached. 3]

Mostly dorsiflexor stimulation was involved. It seems the
subject preferred a posture where the lower body was slightly
leaning backward while the upper body was leaning forward. [4
Therefore it made sense to have a controller based on the dorsi-
flexor dynamics as well as the plantarflexor dynamics. [5]

Altogether the subject was able to stand for a considerable
time span. Ten standing trials were performed during the sessiofg;
each with a duration of one minute.

Requirements within the experiment were to be quick during ]
identification and control design process in order to save musclé
force for standing. However, the identification process has a
great potential for automation and the control design method ig8l
simple and straightforward. The identification and control de-
sign process took approximately 10—15 min. The whole exper-[9]
imental session lasted 1 h.

No model of the biomechanical structure was required at all; g
The stiffness value was chosen using the results from [12]. This
considerably simplifies the design process of the FES systenl] |
since an accurate model of the biomechanical structure is hal[d1
to gain.

Stiffness is not sufficient to stabilize the body [9]. The ideall?
was to make the task of stabilizing the erect body possible for the
subject to do it himself using his own sensory-motor abilities.[13]
However, the FES-controlled ankle stiffness clearly contributes
to the task of stabilizing the body. [14]

V. FUTURE WORK [15]

There are several issues open for future work.

* First, we plan to incorporate closed-loop control of [16]
the hip stiffness by using FES of abductor muscles.
This could provide stability in the coronal plane and, [17]
furthermore, enable posture switching from one leg to
the other in order to reduce fatigue and extend the pe-
riods of standing. [t

» Second, the current results of standing by FES-con-
trolled stiffness shall be extended to add a viscosityl1°]
term to the “pure” stiffness. This can easily be done
by a feedback proportional to the angle velocity of the[20]
lower body and is expected to have a further stabilizing
effect. [21]

e Third, FES of the knee extensor muscle shall be
included.

Altogether, this could lead to paraplegic standing completel&zz]
relying on FES based on a simple and easy-to-use control
scheme without the need of a model of the biomechanic%e’]
structure of standing.

8]
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