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Abstract: Paraplegic patient's standing-up by the help of
electrical stimulation of knee extensors, ankle plantar
flexors and hip extensors was analyzed. Two spinal cord
injuried (SCD subjects performed raising .fro* sitting to
standing position with surface electrical stimulation of
dffirent combinations of muscle groups. The body
movement and external forces acting on the body were
meosured. Joint torques were calculated from the measured

data. No major improvement

in

raising supported

by

multichannel stimulation compared to the use of stimulation
of only knee extensors was found.

INTRODUCTION

Daily standing and walking exercise using functional
electrical stimulation (FES) can help to prevent several
physiological problems caused by paraplegia. The ability to
raise from a chair is necessary in order to enable a paraplegic person to practice standing and walking at home without help of a physiotherapist. Paraplegic patients usually
stand up using arm support and open-loop stimulation of
the knee extensors [l]. Such standing-up requires considerably more effort than standing or walking [2] and can
discourage the patients from exercising every day.

The efficiency

of the sit-to-stand transfer

can

be

improved by stimulating more muscle groups than the knee
extensors only. In the present investigation the influence of
the stimulation of hip extensors and ankle plantar flexors on
effrciency of standing-up process was studied.

METHODS

An SCI subject with relatively little practice in FES
and an experienced FES user participated in this study. The
subject GP had just finished

his 1.5 year

rehabilitation

process when the investigation was performed (male, lesion

C6-C7,65 kg, 175 cm). The subject MT has been using
FES for 8 years (female, lesion T4-T5, 71.5 kg, l7l cm.)
The stimulation control algorithm was implemented on
a 486 computer. The algorithm used the vertical handle
reaction force to determine the phase of the standing-up
process. The handle force was assessed by a six axis robot
wrist sensor mounted under the right handle of the supporting frame. The PC computer controlled two four channel stimulators through optically insulated RS232 ports.
Three phases were detected: quiet sitting, raising and

stabilization. When the patient was ready to stand up, he
started the phase detection algorithm by pushing a button
on the handle. The raising phase started when the derivative

of the handle reaction force begun to increase significantly.
The stabilization phase occured when the knee joint was
fully extended. The beginning of the stabilization phase
coincided with the decrease of the handle force below its
peak value.

Three muscle groups were stimulated: hip extensors,
knee extensors and ankle plantar flexors. Rectangular monophasic current pulses (40 Hz frequency, 300 prs pulse
width) with amplitudes varying according to the stimulation
sequence shown in Fig. I were applied. A skilled physiotherapist determined the threshold of the recruitment curve
for each muscle group by palpation. As sensation was preserved in the selected SCI subjects, the maximal stimulation
intensity was adjusted according to the pain threshold.
During the raising the knee and hip extensors were
maximally stimulated in order to reduce the required arm
effort. When stabilization of the standing posture occurred,

the stimulation of hip extensors was stopped and

the

stimulation of knee extensors was reduced. When standing
the function of knee extensors is to lock the joints in the
extended position, therefore, excessive muscle fatiguing
should be avoided. The ankle plantar flexors stimulation
during the stabilization phase helped to maintain the erect
posture.

Three types

of stimulation were applied (Fig. 1). The

first type included stimulation of knee extensors only and
served as reference. During the second type of raisings all
muscle groups were stimulated. The patient MT also performed a group of raisings with ls of the knee and hip
extensors stimulation during quiet sitting. Each method of
standing-up was performed twice by the patient GP and
three times by the patient MT.
Symmetry of the standing-up manoeuver with respect to
the sagittal plane was assumed. The forces under the right
foot and the seat support forces were assessed by force
plates. Contactless optical system was used to measure the
joint trajectories. The joint torques were calculated by a
I 5-segment dynamic model.

RESULTS
The vertical handle force, its derivative, and the knee
angle during typical raising of the paraplegic subject MT
are shown in Fig. 2. The dotted, dashed, and solid vertical
lines indicate the start of phase detection, the beginning of
the raising phase and the start of the stabilization phase,
respectively. The transitions between phases were always
detected correctly. The vertical arm force appears to contain
sufficient information about the current phase of the sit-to-
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stand process. By the help of foot and hand reaction forces
the standing-up could be divided into more phases [3].
However, because the stimulated muscles produced

insufficient joint moments, the raising phase was not split
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into more phases.
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Figure 3: Average time courses of vertical handle forces

No significant effects of the ankle plantar flexors
it"",XJl"o"n"'"
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Figure
Stimulation sequences (0% and 100% represent
the threshold and the maximal amplitude, respectively):
I - stimulation of knee extensors only
2 - stimulation of all muscle groups

-

3

stimulation during quiet sitting

stimulation were found. When the patients were in the
standing position, the ankle joint seemed to come close to
the limit of its range of dorsal motion. The moment caused
by the stimulation did not have a noticeable role, as the
passive moment was considerably higher.

CONCLUSION
The patients included in this study were trained to
stand up with on/off activation of knee extensors during
their rehabilitation program. Regardless of their experience,
the subjects did not adapt their raising to take advantage of

several stimulated muscle groups. Most likely

the

paraplegic persons are not provided with sufficient sensory
information about the state of the lower extremities to react
properly. [t was calculated that the maximal horizontal
distances from the joint centers to the center of mass of the
upper body during raising were approximately seven times
larger than during quiet standing. Thus, despite of being
strong enough to provide reliable standing, the stimulated
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muscles were not able

to

produce sufficient torque to

disburden the arms during the standing-up manoeuvre.

Figure 2: Standing-up phases detection.
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