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Summary: In this study the torque output of intermittently stimulated para-
lyzed human knee extensor muscles during imposed isokinetic cyclical lower
leg movements was investigated in four paraplegic subjects. During prolonged
(10 min) experiments the influence of knee angular velocity and stimulation
parameters on fatigue-induced toique decline was studied. Pulse width and
amplitude were set to obtain maximal recruitment. The cycle time was main-
tained constant at 2 s, comparable to a walking cycle. The maximum torque
and averaged torque per cycle were estimated to determine the muscle’s per-
formance during sustained intermittent stimuiation. The overali ioss in time of
these parameters had a typical exponential decay reaching asymptotic values.
Additionally, larger knee velocities resulted in a significantly faster and rela-
tively larger decay of maximum and averaged torque. Also, the rate and rela-
tive decrement of torque output during concentric contractions increased with
increasing number of pulses in a cycle. Identification trials, determining the
(isometric) torque-angle and (isokinetic) torque-angular velocity relation, were
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be valuable in the design of optimal control systeris for functional electrical
stimulation which pursue minimization of muscle fatigue. They may contribute
to the derivation of a cost criterion, describing muscle fatigue as a function of
both joint movement and stimulation parameters. Key Words: Quadriceps mus-
cles—Functional electrical auluulauuu—ParaplCgia——lsﬁkiﬁeiicS-—}VL'CISCAC

fatigue.

pinal cord injury

P
U L.

Artificial muscle activation by electrical stimula- tion. This decay limits the time a function can be
tion is a promlsmg rehabilitation technique for the performed In order to sustain 2 FES-induced task,
restoration and enhancement Of locomotor func- such as walkii‘lg, as 1"1‘lg as pOSSiuu: muguc should

be minimized. This can be achieved by optlmlzatlon

" llC \,Ullll Ul

£1 11 1£\Y A ey lnn‘ ~ 4+l n,‘—.hﬂ\l ~F t‘..-.noi,“-.nl nnnnnn tare thot ~netailoiréa
\1,11,1U), & lllaJUl IdOUC 111 LIV LULILL VUL UL LUuliviiviiar O1 dll pdl AalllCLUl Yy Llial LUl Ivulc
electrical stimulation (FES) of paralyzed muscles is law, determinin

ltinmg Fram fo a1y

tha dAa af ™ cla fn 4100 "
tll\- ucuay vli 1uuo\,1\4 1Ul \/U 1»0u1uu$ 11V 1atiguse uir-

der sustained continuous or intermittent stimula-
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(12) found that the decay of isometric quadriceps
torque during prolonged continuous transcutaneous
stimulation, in paraplegics, is muscle length (or
knee angle)-dependent and is exponential in time.
The knee angle influenced the initial torque accord-
ing to the length—tension relation of the quadriceps.
The exponential decay had a steady-state asymp-
tote of approximately 20% of the initial torque. This
trend is also characteristic for isometric quadriceps
torque during submaximal continuous and intermit-
tent transcutaneous stimulation (3). During contin-
uous stimulation, the rate and relative torque de-
cline were independent of the recruitment level,
whereas intermittent stimulation exhibited signifi-
cantly lower rate and relative torque decline com-
pared with continuous stimulation (3). In addition,
Carroll et al. (6) showed that, using continuous per-
cutaneous stimulation of isometric quadriceps mus-
cle, higher stimulation frequencies resulted in faster
decay of the force output. The relative asymptote
also decreased with increasing frequency.

No information was found describing the influ-
ence of knee joint movement on quadriceps muscle
fatigue during prolonged intermittent stimulation.
Fatigue due to dynamic muscle contraction has not
been well studied.

The objective of the present study was to contrib-
ute to the understanding of the relation between the
occurrence of fatigue, the joint movement, and
stimulation characteristics. Fatigue was studied at a
functional level and was therefore defined as the
decrease of output (maximum torque (MT) or aver-
aged torque (AT)) under constant stimulation and
movement conditions. A protocol was designed to
compare the overall loss of tetanic torque at the
knee joint during sustained intermittent stimulation
at different isokinetic cyclical knee joint move-
ments. The influence of stimulation parameters was
also investigated. The quadriceps-lower leg system
was chosen as a convenient example to study fa-
tigue. The implications of the results of this study
with respect to the design of optimal control FES
systems for paralyzed lower extremity muscles are
discussed.

METHODS
Subjects

The four subjects who participated in this study
were complete T5-T6 level spinal cord injured pa-
tients (Table 1). All had normally excitable quadri-
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TABLE 1. Specific data about the four paraplegic
subjects who participated in this study®

Year Year FES
Subject Sex of birth of injury training
SS Male 1966 1980 6 months
M Female 1961 1981 3 years,
10 months
MD Male 1964 1983 6 months
TN Male 1974 1989 5 months

“ All subjects were complete T3-T6 level spinal cord-injured
patients. Their quadriceps were normally excitable without sig-
nificant occurrence of spasm.

ceps muscles (without significant occurrence of
spasm) and had been enrolled in the FES training
program of the Roessingh Rehabilitation Center
(Enschede, The Netherlands) for the restoration of
locomotor functions for a minimum of 5 months.
The program concentrated on lower limb weight
training (once a day, 30 min, 5-kg ankle load) and
standing with a reciprocating gait orthosis (RGQO)
and crutches (once a week, 30 min, not all patients
trained standing regularly) both with quadriceps
stimulation (15).

Experimental Set-up
Dynamometer

The subjects were seated on a KINCOM 125ES
(Kinetic Communicator Exercise System) dyna-
mometer bench (Chattecx Cooperation, Chatta-
nooga Group, Chattanooga, TN, U.S.A.) with the
lower leg securely attached to the rotating lever arm
just above ankle, as shown in Fig. 1. An electrical
motor moved this arm cyclically at various speeds
(Table 2). The knee angle range was centered
around a knee angle of 50°, at which a maximum in
the torque-angle relation was found (12). A con-
stant cycle time was maintained by increasing the
angle range at higher velocities (Table 2). The hip
angle was fixed at 100° using straps. A force sensor,
composed of a bridge of strain gauges on the lever
arm and a built-in bridge amplifier, measured the
torque just above the ankle tangentially to the mo-
tor axis (8). Knee angle and angular velocity were
measured at the motor axis. Testing with known
weights at static angles proved correct tangential
measurement and accuracy and linearity of the
force sensor (largest force error <3% applied load).
Angle measurements were verified with a leveling
instrument and external goniometer to measure rel-
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FIG. 1. Schematic of experimental set-up. The angular po-
sition and velocity, measured at the motor axis, are defined
positively during extension with zero as indicated. The pa-
tient is strapped at the hip and above the knee to measure
knee torque only and to ensure static position of the body. A
force sensor, composed of a bridge of strain gauges on the
lever arm and a buiit-in bridge amplifier, measured the knee
torque just above the ankle tangentially to the motor axis.

ative angles (largest angle error <0.1°). Velocity
measurements were confirmed successfully using
numerical differentiation of the angle signal. The
largest speed error appeared to be smaller than 1°/s
in the range where stimulation was applied. The
accuracy of the sensors agree with the results of an
extensive examination of the KINCOM dynamom-
eter by Farrell and Richards (8). The effect of these
small errors is negligible in comparison with the
possible errors made in estimating the physiological
knee angle.

Stimulation and Data Recording

The quadriceps of the strongest leg was stimu-
lated using two 5 X 9-cm adhesive surface elec-
trodes (Pals, Axelgaard Manufacturing Co., Fall-
brook, CA, U.S.A.). The cathode and anode were
placed over the motor points of rectus femoris/
vastus lateralis and vastus medialis, respectively.
This placement of electrodes for quadriceps con-
formed to clinical usage during paraplegic standing
(15). The stimulation was controlled by an IBM-AT-
compatible computer with AD facilities (Analog De-
vices, RTI-815, 12-bit) and a current stimulator,
generating monophasic rectangular pulses. Pulse
width and pulse amplitude were set to obtain max-
imal recruitment. In the control of FES-induced dy-
namic muscle contraction, complications arising by
the nonlinear relationship between these stimu-
lation parameters and torque (i.e., recruitment
curve), can often be avoided using maximal recruit-

ment (1,23). The interpulse intervals were 20 and 40
ms, both ensuring a fused contraction. Force, an-
gular position, and velocity were sampled at 100
Hz. These samples and the stimulus data were
stored on disk for off-line analysis.

The following nomenclature of stimulation pa-
rameters will be used in this study. The cycle time is
the period of repetition. The on-time is the burst-
length of a sequence of stimulation pulses during
one cycle. The duty cycle is the on-time divided by
the cycle time. During continuous stimulation the
duty cycle is 100%. Interpulse interval (IPI) is the
time between the onset of subsequent pulses and
thus, if constant, is equal to one divided by the
stimulation frequency. The number of pulses given
in one cycle is equal to the on-time divided by the
IPI, assuming IPI is constant. Thus, the number of
pulses depends on duty cycle and IPI. The ampli-
tude of the stimulation pulses is the pulse ampli-
tude. The pulse width is the duration of one stimu-
lation pulse.

Protocol

The measurement system for force, angle, and
velocity was calibrated at the beginning of the ex-
periment.

Quadriceps muscle behavior of each patient was
identified in short sessions at the beginning, middle,

TABLE 2. Parameter settings during
subsequent trials®

Number
cycle 1Pl of
Trigger (%) (ms) pulses

Angle Duty
Velocity  range
Trial (deg/s) (deg)

1 0 S50 2 s timing 32 20 32
2 20 41.5-59 42° 32 20 32
3 40 32-68 35° 32 20 32
4 40 32-68 3s5° 32 40 i6
S 40 32-68 42° 16 20 16
6 80 6.5-80.5 11° 32 20 32
7 —40 32-68 65° 32 20 32

¢ Amplitude of stimulation and pulse width were determined
before the experiment on the basis of a recruitment curve (max-
imal recruitment) and kept constant during the entire session.
The cycle time was 2 s. The angle movement was a cyclical
triangular pattern. Positive velocities correspond to concentric
contractions, negative velocities to eccentric contractions. The
influence of joint velocity on fatigue was determined from trials
1-3, 6, and 7. The influence of duty cycle, IPI, and the number
of pulses per cycle was determined in a concentric contraction at
40°s in trials 3-5.
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and end of the whole experiment. The active
torque-angle relation was measured at various
static knee angles. The active torque—angular veloc-
ity relation was measured isokinetically at a knee
angle of 50° (Fig. 1). Each muscle response was
elicited by a stimulation burst of 640 ms. The rela-
tions obtained at the beginning of the experiment
correspond to unfatigued muscle status.

Each patient participated in the seven fatigue tri-
als indicated in Table 2 during one day. Each trial
lasted 10 min followed by 45 min of rest, which was
assumed to be adequate for recovery between sub-
sequent trials (3,15,18). During the rest period, the
patient was moderately physically active, while sit-
ting in a wheelchair. Stimulation electrodes re-
mained on the sites during the entire session.

Table 2 also shows the order in which the fatigue
trials were performed, with the following remarks:
(a) A warm-up trial was performed in order to make
the first trial comparable to other trials. It consisted
of 5 min of intermittent isometric stimulation before
the beginning of the entire protocol, foilowed by 20
min of rest. The pulse amplitude was chosen to ob-
tain 80% recruitment (3). The remaining parameters
were identical to trial 1. (b) The onset of the stim-
ulation was triggered so that the muscular activity
occurred around the optimal knee angle (50°) with
constant velocity and during one phase of the
swing. The stimulation was time-triggered in the
isometric trials. (¢) Velocities higher than 80°/s were
avoided becauss the angle range was limited to 80°
(Fig. 1) and the cycle time was set to 2 s. (d) The
eccentric trial, no. 7, was performed last because it
was feared that it would cause spasm during subse-
quent trials. (€) The active torque generated by the
stimulated quadriceps was estimated by subtracting
the passive torque from the measured total torque.
The passive torque was estimated at the beginning
of each trial by measuring the torque due to gravi-
tation and elasticity in the joint, i.e., without stim-
ulating the quadriceps, while the lower leg was
moving according to the movement parameters of
the trial. Ten cycles were measured and subse-
quently averaged.

Before the commencement of each trial the mus-
cle was warmed up by passive joint movements at
80°/s for approximately 1 min and 10 isometric con-
tractions (knee angle = 50°, pulse width = 300 ps,
pulse amplitude = 100 mA, IPI = 20 ms, duty cycle
= 50%, cycle time = 2 s). The required pulse am-
plitude for maximal recruitment was determined
with an isometric recruitment curve (knee angle:
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50°, pulse width 300 or 500 us, pulse amplitude: 0 to
100 mA; 10 s up, 10 s down). This curve also served
to test the miuscle recovery following the rest period
after each trial (7). Each patient achieved sufficient
recovery from fatigue, since the torques generated
at maximal recruitment at the beginning of a trial
were comparable (deviation from mean <10%). The
pulse amplitude and pulse width appeared to be
constant during the entire experiment, since maxi-
mal recruitment was achieved in each recruitment
trial with the same pulse width and amplitude.

Off-Line Data Analysis

The active torque yielded the maximum torque
(MT) and the averaged torque (AT) per swing by
calculation. MT was determined after filtering the
active torque with a 100-ms moving average win-
dow. AT was determined by dividing the torque-
time integral by the duration of half a cycle (the
phase of the swing in which the elicited muscle ac-
tivity takes place). Fatigue parameters, describing
the decay of the MT and AT per cycle as a function
of time (one sample per cycle with each cycle being
2 s), were derived by curve-fitting the following
equation to the data:

&) = Emax [(1-&)- eXP(—t/Tg) + go] (1)

where ¢ is either MT or AT, ¢ is time, &, is the
maximum achieved in the considered trial, 7, is the
time constant of decay in £ due to fatigue, and £, is
the relative asymptotic value to which &(¢) de-
scends. These parameters are referred to as ‘‘fa-
tigue parameters’’ in the rest of this paper. The first
part of the data (approximately 10 cycles), in which
¢ increases to £,,,,, was ignored. Equation (1) was
fitted iteratively by minimizing the resulting root
mean square (RMS) deviation from the experimen-
tal data (see also (3)).

The RMS error of fitting Eq. (1) to the data was
small (RMS error <2% for trials 1-3, 6, and 7). A
larger RMS error was found for trials with a smaller
number of pulses per cycle (RMS error <10% for
trials 4 and 5).

RESULTS

Figure 2 shows typical results of the torque out-
put at the knee joint, knee angle, and angular ve-
locity during one swing with intermittent stimula-
tion of the quadriceps in the forward swing resulting
in a concentric contraction. From the active torque,
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FIG.2. Total knee torque, angular position, velocity, and the
applied stimulation burst, for one cycle with concentric con-
traction. The angular velocity is constant during the muscle
contraction.

estimated by subtracting the averaged passive
torque from the measured total torque at the knee,
MT and AT per swing were calculated (Fig. 3).

Muscle Behavior

Figure 4 depicts torque—angle and torque-angular
velocity relations, obtained in the muscle behavior
identification experiments in subject TN. The shape
of the depicted relations in Fig. 4 is representative
for all patients. The maximum values are different
for all patients. The torque-angle relation exhibits a
maximum at the optimal knee angle. The torque-
angular velocity relation conforms to Hill’s equa-
tion (10). The torque decrement with increasing
angular velocity is consistent with a hyperbolic re-
lation. Noteworthy, the first muscle behavior iden-
tification trial was performed before the first fatigue
trial, whereas the second and third muscle behavior
identification trials were performed directly follow-
ing fatigue trials 3 and 7, respectively. The tendency
of the output does not alter significantly due to fa-
tigue induced by the preceding trial. The position of
the curves is typical for all patients in that the iden-
tification at the end of the day resulted in the lowest
output.

Fatigue Trials

Figure 5 illustrates the typical results of MT de-
cay at different isokinetic velocities of patient SS.
The exponential decay to steady-state values is
characteristic for the decay in MT and AT for all
tests with all subjects.

Influence of Knee Angular Velocity

The influence of knee angular velocity was deter-
mined in trials 1-3, 6, and 7. In these trials the stim-

ulation parameters were unchanged whereas the
knee angular velocity and consequently the knee
angle range were varied, as shown in Table 2.

Figures 6a and b display the maximum of MT and
AT per cycle MT,,,, and AT, ,,) achieved in trials
1-3, 6, and 7. Each trial has a different knee angular
velocity (Table 2). The curves resemble the torque—
angular velocity relation in Fig. 4 (first muscle be-
havior identification trial), indicating comparable
condition of the quadriceps muscle before the trials
(sufficient recovery). Clearly, the magnitude of
torque generated by the stimulated quadriceps un-
der identical conditions significantly differs for all
patients (not tested statistically). This is of interest
in comparing other fatigue parameters such as time
constant and relative asymptotic value.

Figures 6¢c and d present the time constants (T
and T, 1) obtained by fitting Eq. (1) to the data. They
also appear to depend nonlinearly on the knee an-
gular velocity. This was found for all patients. The
correlation of the time constants with knee joint
velocity of the pooled data of all patients is signifi-
cantly negative (a < 0.01; Table 3). The time con-
stant of fatigue thus relates inversely to knee joint
velocity.

Figures 6e and f display the relative asymptotes
to which MT and AT per cycle descend (MT, and
AT,) during the trials. The correlation of the rela-
tive asymptote with velocity of the pooled data of
all patients is again negative but not significant (o <
0.1; Table 3). The dependency of time constant and
the relative asymptote of the decay in MT and AT
on knee angular velocity is similar. Figures 7a and b
depict the significant positive correlation (a < 0.01;

25
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s
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FIG. 3. The torque generated by the stimulated quadriceps
was estimated by subtracting the averaged passive torque,
measured during 10 passive swings before a trial, from the
measured torque during a trial. The maximum torque was
determined after filtering the active torque with a 100-ms
moving average window. The averaged torque was obtained
by dividing the integrated active torque (shaded area) by the
duration of half a cycle in which the contraction takes place.
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FIG. 4. Quadriceps muscle behavior
identification results of patient TN. 1:
Prior to fatigue trial 1. 2: After fatigue

A 100 B 100 trial 3. 3: After fatigue trial 7. Stimula-

tion parameters: IPl = 20 ms, pulse

T Tt e s -+= 1 gamplitude = 100 mA, and on-time =

Zz z f\LO 640 ms. a: Typical registration of the

o A2 g 50 ==z "X--t. -4 2 active torque—angle relation of the
3 -3 \S 3 e = f v

T . > ~-e T stimulated quadriceps muscle. The

IS 4 '\\ T35 ~<2z] -e- 3 stimulation was applied in isometric

Ny = conditions. The displayed torque is

N the averaged active torque over a 100-

0 0 ms window at the end of the burst. b:

0 20 40 60 B8O -40 40 80 Active torque—angular velocity rela-

Angle [deg]

Table 3) of the time constant with the relative as-
ymptote of the decay of the pooled data of all pa-
tients in MT and AT respectively.

Constant IPI, Varying Duty Cycle and Number
of Pulses

The influence of duty cycle (and consequently
number of pulses) at constant IPI and knee joint
velocity was determined in trials 3 and 5 (Fig. 8:
trials 3 and 5). The on-time chosen was 640 ms in
trial 3 and 320 ms in trial 5, resulting in a duty cycle
of 32 and 16%, respectively. Consequently, the
number of pulses is 32 in trial 3 and 16 in trial 5
(Table 2).

Figures 8a and b display MT,,,, and AT, for
the two duty cycles. Clearly, the magnitudes of
both MT,,,, and AT,., do not double with twice the
duty cycle. This could be expected for MT,,, be-
cause maximal torque will be obtained within 320
ms. Noteworthy is the slight increase in MT,, in

TIME [s]

600
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Velocity [deg/s]

VELOCITY [deg/s]

tion. Stimulation was applied during
isokinetic knee extension, identical to
a fatigue trial. The displayed active
torque is the average over a 100-ms
window measured around a knee an-
gle of 50°.

subjects SS, IM, and MD for trial 5 in comparison
with trial 3, whereas subject TN shows a slight de-
crease. The relative difference between AT, ob-
tained in the two trials can be explained by the knee
angle range in which contraction takes place. Be-
cause in both trials the contraction is centered
around the optimal angle in the torque—-angle rela-
tion, AT,,,, obtained with a duty cycle of 16% will
be larger than half of AT,,, obtained with a duty
cycle of 32%.

vt and 7,7 inversely relate to the duty cycle
(Figs. 8¢ and d). This was true for all patients ex-
cept SS, in which the decay in MT is faster for a
smaller duty cycle.

MT, and AT, for the different duty cycles is de-
picted in Figs. 8¢ and f. The relative asymptote for
a duty cycle of 16% is higher than for a duty cycle
of 32% for each patient. Thus, relative magnitude of
fatigued steady-state to the unfatigued condition
(for concentric contractions) inversely relates to
duty cycle.

FIG. 5. Decay of maximum torque per cycle
during several fatigue trials with patient SS. The
time axis refers to 300 consecutive cycles. The
different velocities refer to separate fatigue tri-
als with identical stimulation parameters (Table
2). The maximum torque per cycle is determined
as depicted in Fig. 3. The curve of unfatigued
maximum torque as a function of angular veloc-
ity (found by connecting the start values of the
trials) resembles the torque—angular velocity re-
lation depicted in Fig. 4.
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FIG. 6. Varying knee joint velocity: fatigue parameters obtained in trials 1-3, 6, and 7. The different velocities (measurement
points) refer to separate fatigue trials with identical stimulation parameters (Table 2). The patients SS, JM, MD, and TN are

indicated in the graph. a: Maximum of maximum torque per cycle (MT,,.,). b: Maximum of averaged torque per cycle (AT,

max)-

¢: Time constant for decay in maximum torque per cycle (tyy). d: Time constant for decay in averaged torque per cycle (ta7). €:
Relative asymptote for decay in maximum torque per cycle (MT,). f: Relative asymptote for decay in averaged torque per cycle

(AT,).

Constant Duty Cycle, Varying IPI and Number
of Pulses

The influence of IPI (and consequently number of
pulses) at constant duty cycle and knee joint veloc-
ity was investigated in trials 3 and 4 (Fig. 8, trials 3
and 4). The IPI was set to 20 ms in trial 3 and 40 ms
in trial 4, resulting in 32 and 16 pulses per cycle,
respectively (Table 2).

Clearly, MT,,,, and AT, increase with decreas-
ing 1PI (Figs. 8a and b). This has also been reported
for isometric contractions (6).

The rate of fatigue has been shown to be faster for
shorter IPI during continuous stimulation (6). The
rate of fatigne was also investigated for intermittent
stimulation in this study. Patients JM and TN sat-
isfied this expectation, SS and MD did not (see
Figs. 8c and d).

TABLE 3. Correlation coefficients for the relations =,
vs. velocity, &, vs. velocity, and €, vs. 7, where £ is
either MT or AT

T VS, &, vs.
3 velocity velocity & vs. T,
MT —0.6!1 —-0.15 0.55
AT —-0.54 -0.30 0.68

“ Data of all patients has been pooled. Thus n = 20 (4 patients,
trials 1-3, 6, and 7).

The relative value of fatigued steady-state to the
unfatigued condition for concentric contractions is
in direct relation to IPI. MT, and AT, with IPI = 40
ms are larger than with IPI = 20 ms for all patients.

Constant Number of Pulses, Varying IPI and
Duty Cycle

In trials 4 and 5, the duty cycle is 32 and 16% and
IPI is 40 and 20 ms, respectively (Fig. 8, trials 4 and
5). Thus, the number of pulses is 16 for these two
trials. For this case, the influence of both IPI and
duty cycle can be studied simultaneously at con-
stant knee joint velocity. Examining Figs. 8c-f
does not provide a conclusion as to any superior
influence of either IPI or duty cycle. This could
partly be due to the larger RMS error of the fit
(RMS error <10%).

The combined results of trials 3-5 indicate that,
for a given task, duty cycle and 1/IPI should be
minimized to postpone fatigue. Thus, the number of
pulses should be minimized.

DISCUSSION

The overall loss of MT and AT during sustained
intermittent stimulation under isokinetic condi-

J Electromyogr Kinesiol, Vol. 3, No. 1, 1993
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tions, as found in this study, corresponds to the
results from fatigue experiments under isometric
conditions published by other researchers (3,4,6,
12). The typical exponential decay of quadriceps
torque, reaching asymptotic values during transcu-
taneous (3,12), percutaneous (6), and direct (femo-
ral) nerve stimulation (4) is also a well-documented
finding. The effect of duty cycle for short cycle
times during isometric stimulation was reported by
Boom et al. (3). However, to the best of the au-
thors’ knowledge, the influence of knee angular ve-
locity and stimulation parameters (duty cycle, IPI,
and number of pulses) on the fatigue of intermittent
transcutaneously stimulated human quadriceps,
during imposed isokinetic cyclical lower leg move-
ments, was never documented.

Electrically stimulated muscle is a nonlinear dy-
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tients SS, JM, MD, and TN are
indicated in the graph.
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namic system, exhibiting nonlinear dependence of
its produced force on factors such as muscle length
and contraction velocity (or joint position and ve-
locity), joint load, fatigue, and temperature. These
characteristics complicate the control of the sys-
tem. The knee angular position dependence was al-
ready noted in paraplegic patients (9,12,20). The
Hill relation (10) is favored by many researchers for
curve-fitting the torque-angular velocity relation of
muscles (e.g., 2, 21, 22, 24). Our results conform to
this relation. Triolo et al. (20) have already docu-
mented the torque-angular velocity relation for in-
tramuscularly stimulated quadriceps muscles in two
teen-age spinal cord-injured subjects. To control
the system, the dependence of these relations on
fatigue for human quadriceps should be known, but
have not been documented before. Our results in-
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dicate that the torque-angular velocity relation al-
ters in shape due to fatigue. It derives from the
finding that the relative decrement of torque output
due to fatigue is larger during higher knee angular
velocity.

The change in the torque-angular velocity rela-
tion of animal muscles due to fatigue has been dis-
cussed in the literature. There are suggestions that a
dramatic metabolic down-regulation by low adeno-
sine triphosphate (ATP) or high inosine monophos-
phate (IMP) concentrations might be the cause of a
relatively higher reduction in torque output (in time)
at higher contraction velocities (5,13). In other
words, the biochemical process in the muscle may
be less efficient at higher contraction velocities.
Mizrahi et al. (14) have incorporated several meta-
bolic profiles during fatigue and recovery to model
muscle contraction in continuous and intermittent
stimulation. This may lead to a better understanding
of the metabolic processes during FES-induced
muscle contraction. Alternatively, it might be ex-
pected that the fast-twitch fibers become com-
pletely exhausted, as Salmons and Hendriksson
(19) have shown for cat muscles. This leaves a
torque—velocity relation which is completely deter-
mined by the slow twitch fibers. In principle, this
hypothesis could be tested experimentally since it
has been known for a long time that the curvature in
the torque-velocity relation for fast and slow twitch
fibers is significantly different (17). The angular ve-
locity range used in this study, however, was too
limited to investigate accurately this curvature
change. Another point worth considering is the
amount of mechanical work performed (mechanical
work = [([velocity] * [active torque])dr). The data
indicate that more mechanical work is performed at
higher velocities. No mechanical work is performed
during isometric contractions, whereas eccentric
contractions perform negative mechanical work.
Fatigue parameters can, therefore, only be partly
correlated to the mechanical work performed.

Precautions were taken to avoid effects of subject
movement during and repositioning at the beginning
of a trial. Subjects were asked to avoid extensive
activity for a few days before the experiment. Small
intersubject differences may, however, be ex-
plained by the above. Greater intersubject differ-
ences may be expected when the period and inten-
sity of training is significantly different (19) (Table
1). Other parameters of the subjects, such as sex,
age, and time after injury might also explain inter-
subject differences (Table 1). It is also noteworthy

that the error in the fit of trials 4 and 5 is relatively
large (RMS error <10%). This uncertainty must be
taken into account when directly interpreting small
variations in the fatigue parameters.

It can be argued that the chronological order of
the fatigue trials in this study might have been of
influence on the achieved results. To investigate
this, part of the protocol has been performed in re-
achieved fatigue parameters were reproducible
within 10%, indicating that the order was not of
significant influence on the results.

CONCLUSIONS

The relations between stimulation and movement
parameters and the occurrence of fatigue can be
used in the design of optimal control strategies for
FES-induced steady-state cyclical leg movements,
such as walking, which pursue minimization of
muscle fatigue. Our results may contribute to the
derivation of a cost criterion, describing muscle fa-
tigue as a function of both joint movement and stim-
ulation parameters. Summarizing, fatigue can be
characterized as a time dependency of functional
output of the muscle (e.g., MT, AT) during a fixed
stimulation protocol. Based on the presented re-
sults, the cost criterion should contain the following
relations. In the case of supramaximal stimulation
(i.e., pulse amplitude and pulse width set to obtain
maximal recruitment), the task should be performed
with a minimum number of stimulation pulses per
cycle. The pulses should be given in a phase of the
movement cycle with the smallest possible angular
velocity. As a first approach + could be used as a
measure of fatigue rate and the relative asymptote
as a measure of fatigue magnitude. For optimal con-
trol of a cyclical leg movement the stimulation
should then be chosen such that T and the relative
asymptote are maximized (i.e., postponing fatigue
as long as possible), while satisfying the boundary
conditions imposed by the task. The results, pre-
sented in this paper, indicate that t and the relative
asymptote are highly correlated. Thus, maximizing
7 is sufficient. If 7 is relatively large for a given task,
adaptation of the stimulation parameters in time to
compensate for fatigue will be small. If the relative
asymptote for the given task approaches 1, fatigue
is no limitation on performing this task as long as
necessary.
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