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Perceived force in fatiguing
isometric contractions

LYNETTE A. JONES and IAN W. HUNTER
McGill University, Montreal, Canada

An integrative approach emphasizing both psychological and physiological components in
force perception has started to emerge in motor psychophysics. In this experiment, the relation
between isometric force (produced by the elbow flexors) and perceived force was examined over
a range of forces maintained until maximal endurance. A contralateral-limb matching procedure
in which subjects estimated the force of a sustained, constant force contraction by contracting
their unfatigued arm at regular intervals was employed. A linear increase in perceived force was
observed during the fatiguing contractions, the rate of which depended on the level of force
exerted. The sensation of force at maximal endurance was also found to vary with the force ex-
erted. Based on the similarity between these results and those derived from electromyographic
studies, we propose that observers use the efferent input to the muscle in preference to its af-
ferent responses in judging the force of muscular contractions.

The relation between the perceived force and the
physical force exerted in & muscular contraction has
frequently been reported to be a power function
(e.g., Eisler, 1965; J. C. Stevens & Mack, 1959). The
sensitivity of the perceived-force change to a change
in actual force is characterized by the power func-
tion’s exponent. Typically, experiments purporting
to have found a power relation have employed the
ratio scaling methods of magnitude estimation and
production, in which observers are required to use
numerical scales to estimate the magnitude of the
force exerted. It has been repeatedly found that the
apparent magnitude of force grows as the 1.7 power
of the force exerted (Eisler, 1962; J. C. Stevens &
Cain, 1970).

A recent methodological innovation in force-
perception research has been the use of contralateral-
limb matching procedures (McCloskey, Ebeling, &
Goodwin, 1974). In this paradigm, a muscle group in
one limb, termed the reference limb, is perturbed
(e.g., changed in length, fatigued, electrically stimu-
lated) and the subject is asked to make the corre-
sponding muscle group in the other limb, called the
indicator limb, perceptually the same as some vari-
able (e.g., the force or tension exerted, or the weight
supported). This is achieved either by manipulating the
variable directly, for example by contracting the
muscles in both arms until there is an equal force
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sensation, or by informing the experimenter of the
changes required to make the limbs the same (e.g.,
when matching the perceived heaviness of weights).
The matching forces or weights chosen by the subject
give an indication of the perceived force or heaviness
on the reference side. Provided that there is a control
matching condition in which an estimate of the ob-
server’s baseline accuracy is obtained, it is possible to
use this procedure to investigate the perceptual effect
of a range of stimuli on the motor system. Some of
the problems associated with subjects’ linear and
nonlinear use of numbers in estimating stimulus mag-
nitude (Poulton, 1981) are avoided with this tech-
nique.

When observers match the perceived forces of
isometric contractions exerted by the reference and
indicator arms, the forces produced by the two limbs
are approximately equal under nonfatigued condi-
tions (Cafarelli & Bigland-Ritchie, 1979; Jones &
Hunter, 1982a). When the length of one muscle is
changed and the capacity of that muscle to develop
tension is appreciably altered, the subsequent match-
ing function is approximately proportional to the
ratio of the indicator to reference muscle maximum
voluntary contraction (MVC) (Cafarelli & Bigland-
Ritchie, 1979). However, if a muscle supporting a
weight is partially paralyzed by the regional use of a
neuromuscular blocking agent or the antagonist
muscle tendon is vibrated during agonist contraction,
there is an increase in the perceived heaviness of the
weight, as indicated by the matching weights selected
by the subject (McCloskey & Gandevia, 1978). On
the basis of these findings from experiments in which
the normal relation between cortical and muscular
activity has been altered, it has been suggested that it
is the centrally generated motor (efferent) command
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sent to the muscle, rather than the afferent signals
from muscular, cutaneous, and joint receptors, that
is used in estimating the forces exerted by a muscle
(McCloskey, 1980).

When a weight is matched simultaneously with a
force exerted on a dynamometer, the results differ
from those obtained when the observer is matching
the force exerted by both arms. J. C. Stevens and
Mack (1959) named the former condition cross-
modal matching and reported that there was a power
function relation between weight and the force of
handgrip. The exponent of this function was equal to
the ratio of the exponents of the weight to heaviness
and muscle-force to perceived-force functions. How-
ever, a linear relation was found when the force of
foot pressure was matched to the force of handgrip
(Eisler, 1962), which indicates that the exponents for
these two scales are the same. Matching heaviness
with subjective force is not an instance of cross-
modal matching, since the sensory systems involved
in force and weight perception are essentially the
same. The difference in exponent values presumably
results from the isotonic nature of lifting weights as
compared with the isometric contractions involved in
handgrip and foot-pressure exertion. In the former
situation, subjects can use the sensory information
provided by changes in muscle length in estimating
the heaviness of weights.

Changes in perceived force or heaviness occur as a
function of the duration of a muscular contraction,
It is a frequently experienced phenomenon that the
longer one bears a load, the heavier it feels. The per-
ceptual changes that occur when a constant force is
maintained over time have been investigated by hav-
ing observers numerically estimate the magnitude of
perceived force after maintaining a contraction for
varying periods of time (J. C. Stevens & Cain, 1970).
For static handgrip contractions, it has been pro-
posed that the degree of perceived force (p) grows as
a power function of the force of an isometric con-
traction (f) and also as a power function of the dura-
tion (t) of the contraction:

p = kf"t7, 0))

where k is a constant (J. C. Stevens & Cain, 1970).
This equation indicates that for any constant period
of time the same exponent (1.7) describes the growth
in the perceived force of the contraction, and that the
growth of perceived force with duration does not
depend upon the force of contraction. Using a mag-
nitude estimation paradigm, Cafarelli, Cain, and
J. C. Stevens (1977) found support for this model as
applied to the dynamic tasks of cycling and cranking.
They noted (as implied by Equation 1) that effort in-
creased much more rapidly with load than with time.
Similar increases in perceived force over time were re-

ported by McCloskey et al. (1974), who had subjects
match with an unfatigued arm the heaviness of a
weight supported continuously by the other arm for
15 min. Over this period, the matching weights
chosen by the subject gradually increased, so that by
the end of the trial the reference weight was overes-
timated by as much as 70%. Unfortunately, no quan-
titative analyses of these data were carried out.

The effect of prior fatigue on the perceived force
of muscular contractions has also been investigated.
Cain and J. C. Stevens (1971) found that fatigue
caused a rather uniform increase in the perceived
magnitude of force, but exerted little influence on
the size of their power function exponent. This sug-
gests that fatigue does not have a differential effect
on the observer’s sensitivity to force; instead, its ef-
fect appears to be uniform across the range of per-
ceptible forces. However, using a cross-modal
matching task, Teghtsoonian, Teghtsoonian, and
Karlsson (1977) observed that there was a substantial
change in the exponent of the power function with
fatigue. The effect of fatigue was to make larger
forces feel more effortful and smaller forces seem
less effortful. They suggested that this latter result
may be due to a fatigue-induced elevation in force-
detection threshold, similar to that which occurs with
auditory fatigue (Riach, Elliot, & Reed, 1962).

It has been suggested by several authors, although
not experimentally verified, that for any isometric
contraction, the sensation of force at the point of
maximal endurance is independent of the level of
force being maintained (Cafarelli et al., 1977; J. C.
Stevens & Cain, 1970). The present experiment was
designed to investigate how perceived force changed
as a function of the duration of isometric contrac-
tions, and how force was perceived at the point of
maximal endurance over a range of forces. Also, the
relation between the physiological factors involved in
muscle fatigue and the change in perceived force was
of interest. A contralateral-limb matching procedure
was employed to assess the changes in perceived force
over the course of fatiguing isometric contractions.

Method

Subjects

Five male and five female university students and staff, from 22
to 31 years of age (mean = 28 years), participated in this experi-
ment. All gave their informed consent to the procedures described
below. All subjects were right-handed and had no known neuro-
muscular abnormalities of the upper extremities. The mean mass
for females and males was 52.1 kg (+4.0 kg) and 70.4 kg
(£9.2 kg), respectively.

Apparatus
The experimental sessions took place in a shielded room. The

" forces produced at the wrists (largely by the biceps brachii muscles)

were measured by two strain-gauge force transducers mounted on
a wooden and steel frame. A chain was attached to each force
transducer, and the distal end of each chain was fitted with a



leather band (3.6 cm wide) that was placed around the subject’s
wrists over the head of the ulna. The subject sat facing the ap-
paratus with vertical and parallel forearms spaced 30 cm apart,
holding a wooden handgrip in each hand and with each elbow joint
resting in a molded Sansplint support. The upper arm was hori-
zontal and the hand was in a semipronated position. The angle
between the left and right upper arm and forearm was 90 deg.

The output from the strain-gauge force transducers was
converted and amplified by a strain-gauge bridge (Tektronix
Type 3C66), low-pass filtered at 15 Hz (Grass dc driver ampli-
fier) and then recorded on an x-y plotter (Hewlett-Packard
7004B X-Y). The output from the right-arm force transducer was
also displayed on a digital voltmeter (Data Precision 935) affixed
to the frame directly in front of the subject. This meter served as a
monitor for the subject in maintaining reference forces.

Procedure

Prior to the experimental trials, the subject made a series of
MVCs with each arm consecutively. Isometric strength was as-
sessed as the strongest of two brief voluntary maximal contrac-
tions (<3 sec). Three minutes were allowed between contractions.
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The subject participated in four experimental conditions, which
were separated by at least 4 h and usually were conducted on
different days. This period of time was necessary for recovery of
the endurance capacity of the biceps brachii muscle (Stull &
Kearney, 1978).

The subject was required to maintain a constant force with the
right arm at a specified percentage of his or her MVC (30%, 45%,
60%, or 75% MVC). He or she was instructed to maintain a
numeric value [the force in newtons (N) of the right arm] on the
digital voltmeter. The order of presentation of the four experi-
mental sessions was random, At the start of each session and at 15-
sec intervals, a 2-sec tone was presented to the subject through
headphones. Each time the tone was heard, the subject produced a
force with the left arm that he or she perceived to be the same as
the force that was currently being exerted with the right arm. After
the forces in the arms were matched to the subject’s satisfaction
(this was accomplished within § sec), the subject relaxed the left
arm, but continued maintaining the designated force with the right
arm. When the subject was no longer able to maintain this force,
such that it was below the specified value for 5 sec, his or her
maximal endurance time was considered to have been reached and
the experimental session was terminated. This paradigm was
selected to avoid fatigue of the left (indicator) arm (Jones &
Hunter, 1982b). Prior to each experimental session, the im-
portance of maintaining a contraction for as long as possible was
emphasized to each subject. During practice trials before the first
session, the subject practiced maintaining small forces, using the
digital voltmeter as a reference.

RESULTS

Due to the sizable individual differences in iso-
metric strength (i.e., MVC) (range = 167-480 N), the
data were analyzed in both absolute and relative
forms. The arithmetic mean of the individual data
was calculated to give the group data. There was no
significant difference between the left- and right-arm
MVC of the subjects (p > .05). There was, however, a
significant difference between males and females in
the maximum strength of their left and right arms
[t(8)=5.5, t(8)=9.06, p < .001, respectively]. The
average strength of females was 54% that of the
males. . .

The isometric endurance function of the 10 sub-
jects is shown in Figure 1. The total time that a con-
traction could be maintained was found to vary in-

Force (%MVC)

Figure 1. The mean isometric endurance time (with standard
deviations) of the elbow flexor muscles of 10 subjects at forces
ranging from 30% to 75% MVC. The cubic spline function fitted
to these data is also shown,

versely with the degree of contraction, and there was
a correlation of —.75 between maximum strength and
the mean endurance time of the four contractions.
The greatest variability in endurance times for both
males and females occurred at the lowest force level.
When the isometric endurance data were plotted on
logarithmic coordinates, the slope of the linear
function that was fitted by least squares was —1.85.

Since there were large differences in the durations
of contractions for each subject at any one force, the
durations were expressed as percentages of the en-
durance time for each force level. Each subject’s
matching-force data were fitted by cubic splines
(Reinsch, 1971), and 100 equally spaced samples were
then taken from each spline function, This method
was selected to permit normalization of the results
from different subjects and forces, both of which
yielded different absolute durations. The last
matching trial was taken as the perceived force at
100% endurance time.

Figure 2 shows the change in the matching forces
exerted as the right arm maintained a constant force
until maximal endurance. The increase in the
matching force during maintained constant force
contractions was essentially linear, and the rate of in-
crease depended on the level of constant force ex-
erted, being greater with higher initial forces. How-
ever, as Figure 2 illustrates, the increase in matching
force within the first minute is considerable even for
the smaller forces. There was a significant difference
between the matching forces exerted in the four con-
ditions at maximal endurance time [F(3,27) =6.85,
p < .01].
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The matching force on the first trial (at zero time)
of each experimental session was taken as an estimate
of the accuracy of force matching in an unfatigued
muscle state, Since there was no significant differ-
ence between the left- and right-arm MVC, the
matching force exerted by the left arm was expressed
as a percentage of that arm’s MVC. For the four
forces examined (30%, 45%, 60%, and 75% MVC),
the perceived forces at zero time were 33%, 44%,
58%, and 71% MVC, respectively. The subjects were
able to maintain a constant force accurately during
each experimental session. However, their perfor-
mance became more variable and the task more dif-
ficult as the muscle’s endurance point approached.

The change in the forces matched to each constant
force (expressed as a percentage of each subject’s
MYVC) over the same relative time scale is shown in
Figure 3. At maximal endurance time, a force of 30%
MVC was matched with a mean force of 70% MVC,
and a force of 75% MVC, with a mean force of 90%
MVC. These matching forces exerted at endurance
time were significantly different [F(3,27)=8.44, p <
.01]. This result indicates that the perceived force at
maximal endurance depends on the level of force ex-
erted. The slopes of the linear functions, fitted by
least squares to the force matched as a function of
the percentage duration of the contraction, decreased
with higher constant forces. The diminishing slope
with higher initial forces presumably results from
some limitation on the amount the perceived force
associated with a force of greater magnitude can in-
crease.
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Figure 2. The matching force exerted by the left arm over time
for four constant forces (30%, 45%, 60%, and 75% MVC) main-
tained by the right arm until maximal endurance. The means of the
cubic spline functions fitted to the 10 subjects’ data are shown.
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Figure 3. Matching forces exerted by the left arm as a function
of the percentage duration of constant force contractions main-
tained at 30%, 45%, 60%, and 75% MVC. The means of the
cublic spline functions fitted to the 10 subjects’ dats are shown.

DISCUSSION

In previous studies, it has been shown that there is
an inverse relation between the force of muscular
contraction and isometric endurance (DeVries, 1968;
Petrofsky & Phillips, 1981) and between strength and
endurance (Petrofsky, Burse, & Lind, 1975). Our re-
sults confirm these findings. The slope (—1.85) of the
endurance function (plotted logarithmically) ap-
proximates those reported (-1.91, —1.85) in a num-
ber of experiments using different muscle groups
(Humphreys & Lind, 1963; Petrofsky, 1980). The
meaning of this relatively invariant feature of the iso-
metric endurance function is uncertain, since the
varying biochemical and contractile properties of
muscles result in differences in fatigability (Clamann
& Broecker, 1979). It is possible that the fiber com-
position of the muscle groups investigated has not
varied extensively enough for this difference to
emerge as a factor in isometric endurance. Most of
the isometric endurance functions reported have been
obtained from the biceps brachii and finger flexor
muscles.

When muscles are unfatigued, the perceived force
of an isometric contraction, as measured by a match-
ing contraction, is approximately equal to the force
exerted by the contralateral limb. This result con-
firms those previously reported over this range of

- forces (Cafarelli & Bigland-Ritchie, 1979; Jones &

Hunter, 1982a). We did observe a slight tendency
towards undermatching forces as the force increased,
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which may have been due to a small but insignificant
difference in strength between the arms or to a re-
gression effect (S. S. Stevens & Greenbaum, 1966).
The increase in perceived force that accompanies a
constant isometric contraction occurs at a steady
rate, with no marked deviations from linearity ap-
pearing as the muscle approaches its endurance
point, These results differ from those obtained using
ratio scaling procedures, with which it has been
found that the degree of perceived force grows as a
power function of both the isometric force and dura-
tion of the contraction (J. C. Stevens & Cain, 1970).
Methodological differences between these two
experiments, in particular, the use of the contralateral-
limb matching procedure to assess perceived force,
presumably account for the different results. In the
absence of numerical estimation that requires verbal
scaling of magnitude, a linear relation between
matching force, isometric force and time emerges.

The changes observed in perceived force are
similar to the increases seen in the electrical activity
(EMG) of a muscle producing a constant isometric
contraction (Petrofsky, 1980; Vredenbregt & Rau,
1973). The surface EMG is a measure of the excit-
atory input to a muscle and is an indirect estimate
of the magnitude of the descending motor command
(Cafarelli & Bigland-Ritchie, 1979). Petrofsky (1980)
observed a linear increase in EMG with sustained
contractions and noted that the rate of increase over
time depended on the level of force exerted. For
forces between 20% and 70% MVC, the relative in-
crease in EMG was constant across the same relative
time scale, but at forces greater than 70% MVC, the
magnitude of the increase in EMG was progressively
less. In the present experiment, the relative increase
in perceived force decreased with higher constant
forces. However, the marked similarity between the
increase in perceived force in this experiment and in
EMG under similar conditions provides some
support for a centrally mediated theory of force per-
ception. This theory proposes that perception
follows the excitatory input to the muscle and is rel-
atively independent of the force exerted. The rapidity
with which an increase in perceived force occurs
during maintained contractions at higher forces pro-
vides additional support for the theory. The biceps
brachii muscle has a relatively high percentage of
Type 11 fibers (fast twitch, fast fatiguing), which
have little power of endurance (Johnson, Polgar,
Weightman, & Appleton, 1973). At high force levels,
motor units composed of these fibers would be
brought into activity early during the contraction,
and therefore the EMG would increase rapidly.

There are alternative physiological responses that
observers could be using in their judgments of the
force exerted. Heart rate and mean blood pressure in-
crease during constant isometric contractions, but
they both increase nonlinearly over the duration of a
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contraction and the mean blood pressure increase is
independent of the force exerted (Funderburk,
Hipskind, Welton, & Lind, 1974). Muscle spindle af-
ferents are also more active when the efferent input
to a muscle increases (Vallbo, 1971), but they do not
appear to be responsible for the change in perceived
force, since, during muscle tendon vibration, their
discharge rate increases and yet the perceived force of
contraction is diminished (McCloskey et al., 1974).
Joint and cutaneous receptors have been shown to
contribute to the perception of force (Gandevia &
McCloskey, 1977), but following joint and skin an-
esthesia, Roland and Ladegaard-Pedersen (1977)
found that judgments of force did not differ from
those obtained under normal conditions. Although
the present experiment did not address the issue of
the relative importance of peripheral sensory recep-
tors in perceived force, it is of interest to establish the
physiological basis of force perception. The rate of
increase in perceived force during sustained isometric
contractions parallels the increase in EMG reported
under similar conditions more closely than it does the
changes reported in the discharge patterns of intra-
muscular receptors.

Contrary to the predictions of Cafarelli et al.
(1977) and J. C. Stevens and Cain (1970), the sensa-
tion of force at maximal endurance depends on the
level of force exerted. This suggests that, physio-
logically, the muscle state varies at the endurance
limit and that maximal muscle endurance time is not
determined by a perceptual state that is independent
of force. The matching forces exerted at maximal en-
durance ranged from 70% to 90% MVC, which is
significantly less than the maximum forces the sub-
jects were capable of exerting. This means that the
MYVC exerted by a fatigued limb is perceptually dif-
ferent from that exerted by an unfatigued one. The
EMG at maximal endurance time decreases with
smaller constant forces (DeVries, 1968; Petrofsky,
1980), in a manner similar to the perceived force.
Evidence that the biochemical state of a muscle at
maximal endurance time varies with the level of force
comes from the recovery-of-endurance literature. It
has been shown that there is a variable rate of re-
covery in the ability of muscles to sustain exertions
following constant force contractions maintained
until exhaustion. The recovery is fastest at higher
forces and slowest at lower forces (Funderburk et al.,
1974; Petrofsky & Phillips, 1981), and is assumed to
depend on the rate of removal of waste products,
some of which accumulate in higher concentrations
during low force (30% MVC) contractions (Karlsson,
Funderburk, Essen, & Lind, 1975).

Using a contralateral-limb matching paradigm,
we have shown that the perception of force during
constant isometric contractions increases approxi-
mately linearly until the muscle reaches its endurance
limit, at a rate that depends on the magnitude of
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force exerted. The perceived force at maximal en-
durance decreases with smaller constant forces,
which indicates that the perceived muscle state at
maximal endurance changes as a function of con-
traction duration. The precise relation between the
physiological and psychological mechanisms in-
volved in the perception of force remains unclear.
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