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Ab." - We propose a knee instability detector for 
standing using two uni-axial accelerometers, tangentially 
placed on the upper leg. This detector may be used as a 
part of the finite state artificial reflex control strategy for 
paraplegic standing with minimal quadriceps stimulation, 
as proposed by Mulder et al. [l - 21. The detection 
strategy was experimentally tested in two healthy subjects. 
Detection on the basis of accelerometer data appeared to 
be faster than with knee goniometer data. Furthermore, 
accelerometers may be preferable because they are small 
and do not cross the knee joint, like in the case of 
conventional goniometers. 

INTRODUCTION 
Motor functions in paraplegics can be enhanced or restored 

by electrical stimulation of paralysed muscles (3 - 41 
(Functional Electrical Stimulation: FES). 

An important functional task to be restored in paraplegics 
is standing [I - 21. The time during which such a task can be 
performed may be limited because of fast fatigue of the 
artificially stimulated muscles [SI. In standing, especially the 
quadriceps are important for ensuring knee lock. Quadriceps 
fatigue can be minimized by minimizing quadriceps 
stimulation. Mulder et al. 11 - 21 proposed a finite state 
control strategy for this purpose. The states defined were 
locked and unlocked knees. In the case of knee lock, 
quadriceps stimulation is gradually reduced. When knee 
unlock is detected, stimulation is maximized to restore knee 
lock. When knee lock is restored, stimulation is reduced 
again. 

For this control strategy to perform satisfactory, it is 
essential to detect knee unlock as soon at it occurs, in order 
to be able to restore the stable locked situation with minimal 
effort. Mulder et al. [ I  - 21 used a conventional goniometer 
for the detection of knee lock and unlock. In this paper we 
propose an altemative detection method using two uni-axial 
seismic accelerometers placed on the upper leg. 

THEORY 
Uniaxial seismic accelerometers can be used to analyse 

body movements [6] .  They measure acceleration as well as a 

gravity component. If two uni-axial accelerometers are placed 
on two sites on the upper leg, one near the hip joint and one 
near the knee joint (Figure 1). with their sensitive axes in the 
same direction relative to the upper leg, the same gravity 
component is measured, but the acceleration components will 
be different when knee instability occurs during stance. The 
difference between the signals only display the acceleration 
components . 

Fipure I .  Schematic representation of 
the positions of the WO mi-axial 
accelerometers s ,  and s,, ako indicating 
the sensitive axes ofthe sensors. A knee 
goniometer G, is' aho indicated for 
comparison. 
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EXPERIMENTAL METHODS 
The knee instability detection on the basis of a knee 

goniometer and two accelerometers on the upper leg were 
compared experimentally in two healthy subjects. Two 
accelerometers (ICsensorsTM, 5g) were mounted on the upper 
leg (Figure 1). and a Penny & GilesrM goniometer was 
mounted over the knee joint. The subjects repeatedly forced 
knee instability, relaxing the muscles acting on the knee as 
much as possible, and subsequently restored knee extension 
voluntarily. The signals of the accelerometers and goniometer 
were sampled by an PC-AT compatible computer, equipped 
with a data acquisition card. 

Knee instability detection was evaluated off line: thresholds 
were applied to the difference of both accelerometer signals 
and to the goniometer signal. The goniometer signal was 
recalibrated after each restoration of knee lock. The critical 
values of the thresholds were determined, such that each knee 
unlock was detected as fast as possible, but no false knee 
unlocks were detected in a series of forced knee instabilities. 
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RESULTS 
Figure 2 displays typical recording of a few knee 

instability detections. The accelerometer-based detection 
appeared to be faster on average than the goniometer based 
detection: the time difference was 120 ms (s.d. = 30 ms) in 
the first subject (1 1 forced knee instabilities), and 22 ms (s.d. 
59 ms) for the second subject (9 forced knee instabilities. 

DISCUSSION 
Our experimental results indicate that knee unlock can be 

detected equally fast or faster with the accelerometer setup. 
The accelerometer setup might be preferable from a user 
standpoint, because the sensors are small and need only to be 
placed on the upper leg, in stead of crossing the knee joint as 
is the case for the goniometers. 
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Fipure 2. Typical example of knee unlock detection using 
accelerometers yigures a-c) or a knee goniometer figure d): 
Signals of the accelerometers tangentially placed on the upper 
(a.) and lower (b.) parts of the upper leg; difference between 
both accelerometer signals and corresponding defector output 
(c.): knee goniometer signal (the figure does not show 
recalibration of goniometer signal forfill knee ertension) and 
detector output (d.). 
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