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Differential thresholds for limb movement
measured using adaptive techniques

L. A. JONES and I. W. HUNTER
McGill University, Montreal, Quebec, Canada

and

R. J. IRWIN
University of Auckland, Auckland, New Zealand

Differential thresholds for limb movement were measured in 10 subjects, using the transformed
up-down procedure. Subjects were required to indicate which of two random displacement per-
turbations delivered to their forearms had the larger standard deviation (SD). The SD of the ref-
erence signal was fixed for each experimental condition at one of seven values ranging from 0.05
to 3.2 mm. The SD of the other signal varied depending on the subject’s response. Using this
procedure, the differential threshold for limb movement was calculated to be 8%, which is very
similar to the thresholds estimated previously for changes in limb position (9%) and force (7%).
The sensitivity of the human proprioceptive system to changes in limb displacement was much
greater than anticipated, with subjects being able to resolve a 5-um difference between two per-

turbations delivered to their arms.

The sensitivity of the human proprioceptive system to
changes in joint angle or muscle force has usually been
defined in terms of difference thresholds, which are mea-
sured by using some type of contralateral limb-matching
procedure (Clark, Burgess, Chapin, & Lipscomb, 1985;
Gandevia & McCloskey, 1977; Jones, 1989). The differ-
ence threshold divided by the reference stimulus inten-
sity, known as Weber’s fraction, is a useful index of sen-
sory discrimination and has been used to compare the
sensitivity of human observers to changes in force, limb
position, and stiffness (Jones & Hunter, 1990).

Many of these psychophysical studies have been devoted
to the elucidation of the nature of the peripheral recep-
tors that give rise to sensations of limb movement and
position, by measuring the changes in sensory thresholds
that occur following the temporary loss of input from one
of these receptor populations (e.g., following anaesthe-
sia of the skin or joints, or disengagement of the mus-
cles). The results from these studies indicate that muscle
receptors provide the principal source of proprioceptive
sensations (Goodwin, McCloskey, & Matthews, 1972;
Matthews, 1988), but that input from joint and cutaneous
receptors also contributes to our awareness of position
and movement, particularly for the hand (Clark, Burgess,
& Chapin, 1986; Clark, Grigg, & Chapin, 1989; Ferrell
& Smith, 1988).
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Limb movement has generally been studied in terms
of detection (i.e., absolute thresholds) rather than discrim-
ination (i.e., difference thresholds), with the result that
relatively little is known about the capacity of human sub-
jects to discriminate between limb movements of vary-
ing amplitude or frequency. Studies of absolute thresholds
have demonstrated that the ability to detect movements
imposed on a joint depends on the velocity of the move-
ment and the joint being moved. As the angular velocity
of a movement increases, the absolute threshold for de-
tecting the movement decreases (Ferrell, Gandevia, &
McCloskey, 1987; Gandevia, Hall, McCloskey, & Pot-
ter, 1983; Goldscheider, 1889; Kokmen, Bossemeyer, &
Williams, 1977). When expressed in terms of angular ro-
tations of the joint, these thresholds are smaller for more
proximal joints, such as the shoulder and elbow, than for
the more distal joints. However, if performance is defined
in terms of linear displacements of the endpoint (i.e., the
fingertip for the arm), the distal joints are superior to the
proximal joints (Hall & McCloskey, 1983). In these
studies, subjects are required to indicate when they de-
tect a movement and its direction. This condition gener-
ally results in higher thresholds than would be obtained
if subjects only indicated the presence of a movement,
because this appears to be detected prior to the move-
ment’s direction (Hall & McCloskey, 1983).

Although a change in the position of a limb is usually
experienced as a consequence of limb movement, it has
been possible to dissociate these two aspects of propri-
oception experimentally by imposing extremely slow
movements (i.e., 0.004°/sec) on a joint. Using this pro-
cedure, Clark et al. (1985) have demonstrated that hu-
man subjects can make independent judgments of the static
position and movement of a limb, and that the sense of
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limb position, unlike the sense of movement, is not in-
fluenced by the rate of joint rotation. These findings are
supported by observations on the perceptual effects of
muscle tendon vibration during which subjects can dis-
sociate sensations of movement from those of position
(McCloskey, 1973).

The sensitivity of human subjects to changes in limb
position depends on the absolute position of the limb
(Lloyd & Caldwell, 1965), on whether the joint is prox-
imal or distal (De Domenico & McCloskey, 1987), on
the spatial frame of reference adopted by the subject
(Soechting, 1982; Worringham, Stelmach, & Martin,
1987), and on the forces developed to maintain that posi-
tion (Rymer & D’Almeida, 1980; Worringham & Stel-
mach, 1985). In addition, limb position is coded more
accurately if the limb moves actively to a location rather
than being passively positioned (Monster, Herman, & Al-
tand, 1973; Paillard & Brouchon, 1968).

In most psychophysical studies of the proprioceptive
system, researchers have used classical techniques such
as the method of average error (Jones, 1989; Worringham
et al., 1987) to determine sensory thresholds. Adaptive
techniques (Levitt, 1971; Shelton, Picardi, & Green,
1982) and signal detection analyses (Green & Swets,
1989) have not been used as extensively as in other areas
of perception, with some exceptions (e.g., Durlach et al.,
1989; Kokmen ¢t al., 1977; Pang, Tan, & Durlach, 1991;
Ross & Brodie, 1987), in part because of problems as-
sociated with automating stimulus delivery and rapidly
adjusting stimulus intensity. In previous studies, absolute
thresholds for limb movement have been determined
(Ferrell et al., 1987; Gandevia et al., 1983) and the dif-
ferential threshold for limb position has been estimated
(Erickson, 1974).

The objective of the present experiment was to apply
criterion-free methods to determine differential thresholds
for limb movement, using a two-alternative forced-choice
method (2AFC) that involved a relatively fast adaptive
procedure (Levitt, 1971). To our knowledge, this is the
first use of Gaussian waveforms with the proprioceptive
sensory modality, and once the effectiveness of the tech-
nique has been established, it will be possible to exam-
ine the influence of stimulus parameters such as band-
width and probability density on the perception of limb
movement.

METHOD

Subjects

Ten normal healthy adult subjects (5 women and 5 men) partici-
pated in the experiment. They had no known abnormalities of the
neuromuscular system. They ranged in age from 25 to 54 years
(mean: 35 years).

Apparatus

An experimental rig, measuring 1 m? at the base and 2 m high,
was constructed from solid square-bar aluminum struts (40 X40 mm
in section). Mounted in the center of the rig was a four-axis elec-
trically adjustable seat, and in front of this chair was a horizontal
beam on which aluminum elbow supports were bolted. A photo-
graph of the apparatus is shown in Figure 1.

Figure 1. Photograph of a subject sitting in the apparatus used
in the experiment. During the experiment, subjects were blindfolded
and wore headphones.

Two electromagnetic linear motors (Sperry-Univac, 100-mm max-
imum linear displacement) were bolted to the rig and powered by
500-W power amplifiers (Techron Model 5530). The motors were
servocontrolled by analog PID (proportional, integrative, and deriva-
tive) controllers with a high loop gain to achieve a stiffness of
10 kN/m. Connected to the translation stage of each motor were
an aluminum rod and cuff that were used with a velcro band to clamp
the motor to the subject’s wrist. An LVDT (linear variable differ-
ential transformer) displacement transducer (EMI Model SE 373,
100-mm linear range) was mounted on each motor, with its mova-
ble core mechanically coupled to the translation stage. The displace-
ment signals were passed through a signal conditioning module
(modulator-demodulator) prior to being filtered by a second-order
Butterworth filter (300 Hz low-pass).

Strain-gauge (full-bridge, temperature-compensated) force trans-
ducers were mounted on the translation stage of the motor. The
force signals were amplified (140 dB CMRR) prior to being re-
corded. These signals were used to monitor whether there was any
change in the voluntary forces produced by the subjects (and hence
the stiffness of the limb) during the experiment.

The motors delivered a randomly varying displacement to each
wrist simultaneously for 6 sec. The displacement signals, shown
in Figure 2, were generated according to the following procedure:
5 sec of Gaussian white noise (mean of 0) were generated numeri-
cally and then convolved by a +0.5-sec length, symmetric, two-
sided (0 phase) digital low-pass (cutoff 15 Hz) filter. This resulted
in a 6-sec signal conveniently tapered for 0.5-sec at either end as
illustrated in Figure 2. The standard deviation (SD} of the Gauss-
ian white noise was specified as either the reference SD (SDref) or
the signal SD (SDsiy). In this experiment, SD is equivalent to the
rms amplitude. The power spectrum of the displacement perturba-
tions is shown in Figure 3. The maximum displacement delivered
to the arms was limited to +10 mm. The random displacement sig-
nals delivered by the two motors were the same except for their
SDs and that one was a time-reversed version of the other.

Force and displacement signals were recorded during the displace-
ment perturbations via 12-bit A/Ds (with digitally programmable
gains) at 100 Hz, and the motors were controlled via 16-bit D/As
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clocked at 100 Hz. The subject’s response on each trial was re-
corded. The A/Ds and D/As formed part of a single board I/0 sys-
tem (Burr Brown Model PCI-602W) residing on an IBM R6000/320
computer. This computer was used for experimental control, data
acquisition, digital servocontrol, and subsequent data analysis. Mat-
lab (Math Works Inc., South Natick, MA), an interactive software
package for scientific and numeric computation, was used to generate
the signals. The experimental procedures and servocontrols were
all written in the C programming language.

The digital I/O on the computer was used to control a function
generator that produced a 750-Hz tone, via headphones, during the
displacements. This auditory signal served to obscure any auditory
cues arising from the motors and indicated to the subject the ob-
servation interval. This was particularly important for the smallest
amplitude movements, whose onset and termination were often dif-
ficult to detect.

Differences in the inertias of the subjects’ forearms and trial-to-
trial variation in the stiffness of the subjects’ elbow joints (due to
muscle contraction or co-contraction of the biceps and triceps mus-
cles) resulted in a discrepancy between the programmed SD s and
the measured SDef (and also SDs;g and the measured SDy;5). A digital
servocontrol algorithm was therefore implemented to make the mea-
sured value as close as possible to the desired value. The proce-
dure multiplied SD..r (measured on the current trial) by a correc-
tion factor associated with each motor. A similar procedure was
implemented for SDs;g. In order to maximize utilization of the avail-
able dynamic range of the A/Ds the gain of both A/Ds was increased
by a factor of 10 when SD s was less than 1 mm.

Procedure

The subjects sat in the chair with each elbow joint resting in a
molded plastic cast (Aquaplast) that was in turn encased in an el-
bow support. The position of these supports was adjusted until the
angle between the upper arm and forearm was 90°. During the ex-
periment, the subjects were blindfolded to prevent them from using
visual cues to facilitate the perception of movement, and they wore
headphones delivering a 750-Hz tone that masked any auditory cues
arising from the motors.

A single-interval forced-choice paradigm was used, with trial-
by-trial feedback giving the correct answer. On each trial, a ran-
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Figure 2. A Gaussian displacement perturbation with a mean of
zero and a standard deviation (SD) of 1 mm. This signal was multi-
plied by the required SD to achieve the actual signal used in any trial.

531

g
5

Log Displacement Power

0 .
-20 T T T T

Frequency (Hz)

Figure 3. Power spectrum of the displacement perturbation. The
dashed line indicates the low-pass filter cutoff at 15 Hz.

dom displacement perturbation was delivered simultaneously to each
arm for 6 sec. The subjects were instructed to relax their arms during
the perturbation. At the end of the perturbation, they were required
to indicate within 20 sec which displacement had the larger stan-
dard deviation by pulling the appropriate arm towards them (a force
of 10 N had to be generated for the response to be recorded). After
a 0.5-sec pause, the correct response (i.e., the arm that had ex-
perienced the larger amplitude displacement) was indicated to the
subject by a 2-mm 100-msec pulse delivered to the correct arm.

SD:.r was fixed for each block of 50 trials (experimental condi-
tion) at one of seven values: 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, and
3.2 mm. The order in which these seven conditions was presented
was randomized across subjects. There was a rest period of 3-5
min between each block of 50 trials, during which the subject’s
arms were released from the apparatus. At the start of each ex-
perimental condition, SDi; was set to twice that of SDer; there-
after, the difference between SD..¢ and SD i decreased or increased,
depending on the subject’s responses. A transformed up-down pro-
cedure was used (Levitt, 1971) to track the subject’s threshold, with
the absolute difference between SDr and SD;; being halved after
two successive correct responses and doubled after one incorrect
response. These rules seek a stimulus level that corresponds to 71%
correct performance. This procedure was selected on the basis of
extensive numerical simulations, and the algorithm chosen was based
on a tradeoff between converging too quickly to a value not close
to the actual threshold and converging too slowly and therefore re-
quiring long experimental durations. Because it was the difference
between SDr and SDg;q that was relevant, it was randomly deter-
mined on each trial whether the difference was added to or sub-
tracted from SD s to create SDy;g. In order to control for the space
error—that is, errors in measurement that can arise when stimuli
are presented to different receptive areas, such as the left and right
arms (Gescheider, 1985)—SD.s and SD;;; were randomly assigned
to the left and right motor on each trial.

RESULTS

The high stiffness of the motors, coupled with the im-
plementation of digital servocontrol algorithms, resulted
in the difference between the measured and programmed
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SD ¢ values being less than 2% by the third stimulus pre-
sentation. This indicates that any voluntary movements
made by subjects were compensated for by the servocon-
trol systems.

The subjects were not given any explicit instructions
regarding the cues to use to determine the relative varia-
tion of the two displacements, and they did not receive
any practice trials. Nevertheless, they did not report any
difficulties in performing the task. They typically made
responses within 5 sec of the termination of the displace-
ment perturbations. They did comment, however, on
difficulties in perceiving the onset and termination of the
smallest amplitude signal (i.e., SDr¢ of 0.05 mm) and
indicated that they used the onset and offset of the tone
for this purpose.

The decrease in the amplitude of the absolute differ-
ence between SD e and SDs;; during a typical experimen-
tal run is shown in Figure 4. As can be seen in the fig-
ure, after approximately 15-20 trials, the subject’s
responses were hovering around the threshold level, de-
fined as the level at which 71 % correct performance was
attainable. The differential threshold was defined as the
geometric mean of the absolute difference between the
measured SD¢ and the measured SDgj; for the last 30
trials and was calculated for each subject at each displace-
ment amplitude.

The mean differential thresholds estimated from the
group data are shown in Figure 5, together with the rela-
tion between the differential threshold and stimulus in-
tensity predicted by Weber’s law. These data are plotted
logarithmically, because of the geometric spacing of the
reference signal amplitudes. The thresholds increase
monotonically and essentially linearly with the amplitude
of the reference stimulus. The data illustrated in Figure 5
reveal that, at the smallest amplitude (SDrf = 0.05 mm),
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Figure 5. Mean differential thresholds estimated from the data
from 10 subjects. The bars represent one standard deviation on either
side of the mean. The dashed line with a unit slope represents the
relationship between the differential threshold and stimulus inten-
sity predicted by Weber’s law. The solid line is the least squares re-
gression line fitted to the data on logarithmic coordinates (i.e., a
power function).

the subjects were able to distinguish a 0.005-mm (i.e.,
5-pm) difference between the two signals. The linear re-
gression line fitted to these data (i.e., the linear values)
accounted for 83 % of the variance, and the slope of this
line, which is the Weber fraction for limb movement, is
0.076. The intercept is 0.0258 with a 95% confidence in-
terval of 0.0258 + 0.0578. Since zero is within the con-
fidence interval of the intercept, these data are in accord
with the original version of Weber’s law, which does not
involve an added constant (see Laming, 1986). For the
individual data, the Weber fractions ranged from 0.04 to
0.19. A comparison between the Weber fractions obtained
from this small group of female and male subjects revealed
that there was a significant difference between the sexes,
with men obtaining lower thresholds than women [M =
0.058 and 0.092, respectively; 1(8) = 4.25, p < .01].

Force was measured from each arm during the experi-
ment in order to see whether there were any systematic
variations associated with different displacement ampli-
tudes. It was hypothesized that subjects might increase
the stiffness of the elbow joint during the very small dis-
placements in order to facilitate perception of the limbs’
movements. Analysis of the mean variation (i.e., SD) in
force during the displacements indicated that the forces
produced by subjects were very small, as is illustrated
in Table 1 where the mean variation in the forces recorded
from the left and right arms during the smallest, median,
and largest displacement perturbations are shown.

A two-way analysis of variance of the forces shown in
Table 1 with arm and reference signal amplitude as fac-
tors revealed a main effect of amplitude [F(2,54) =
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Table 1
Mean Standard Deviation (SD) in Force (in N)
Recorded From the Left and Right Arms
During Three Experimental Conditions

Reference Signal SD (mm)

0.05 0.4 3.2

Subject Left Right Left Right Left Right
1 0.46 0.21 0.71 1.06 3.75 8.10
2 0.74 0.73 0.41 1.07 3.30 2.54
3 1.01 1.47 1.46 1.93 4.35 6.64
4 0.42 0.64 0.67 0.84 4.68 6.34
5 0.31 0.23 0.49 0.43 4.03 2.25
6 1.04 2.00 1.04 1.45 3.99 3.34
7 0.26 0.32 0.47 0.77 5.09 221
8 0.32 0.31 0.50 0.80 4.09 2.52
9 0.28 0.25 0.62 0.69 4.48 5.41
10 0.44 0.52 0.55 0.79 4.05 3.72

86.66, p < .001], but not of arm [F(1,2) = 18.51,
p > .05], and no significant interaction between arm and
amplitude {[F(2,54) = 0.04, p > .05]. Post hoc analysis
(Tukey test) of the main effect of reference signal ampli-
tude revealed that the forces produced during the largest
perturbation (3.2 mm) were significantly greater (p < .05)
than those produced during the other two perturbations
(0.4 and 0.05 mm).

DISCUSSION

The resuits from this experiment indicate that subjects
can reliably detect an 8% difference in the amplitude of
random displacements delivered to their forearms over
a stimulus range of 64:1 and that the perceptual resolu-
tion of the forearm appears to be much greater than re-
ported previously (Hall & McCloskey, 1983). Using quite
a different experimental procedure, Durlach et al. (1989)
reported that the just noticeable difference in length that
could be discriminated by the hand was 1 mm for refer-
ence lengths in the range of 10-20 mm. The task in their
experiment involved perceiving a change in the static po-
sition (i.e., finger span) of the fingers, which is very dif-
ferent from the present situation, and the apparatus that
they used was limited to a minimum length of 10 mm.

The Weber fraction is a useful index of sensory dis-
crimination that can be used to compare the relative sen-
sitivities of different sensory modalities and of different
aspects of the same sensory system. Comparison of the
Weber fractions estimated for the three components of
the proprioceptive system—namely, the perception of limb
movement, position (Jones & Hunter, 1990, from data
in Erickson 1974), and force (Jones, 1989)—reveal a
remarkable consistency in the values obtained (0.08, 0.09,
and 0.07, respectively). The similarity in these values is
surprising, given the considerable variation in the proce-
dures used to determine them and in the sources of affer-
ent information upon which the judgments are based. In
this context, it is interesting that the Weber fraction for
elastic stiffness (i.e., force/displacement) is 0.23 (Jones
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& Hunter, 1990), which indicates that subjects are much
less consistent in discriminating changes in stiffness as
opposed to force and movement.

The perception of limb movement depends primarily
on sensory signals originating in the muscle spindle recep-
tors (Clark et al., 1985; Goodwin et al., 1972). The rel-
ative contribution of joint and cutaneous receptors to
proprioception is still subject to debate (see reviews by
Clark & Horch, 1986; Matthews, 1988), although recent
studies suggest that cutaneous mechanoreceptors play a
facilitatory role, in that loss of cutaneous input results in
increased thresholds for detecting movements of the
fingers, even when skin surfaces not involved in the move-
ment are anesthetized (Clark et al., 1986; Clark et al.,
1985).

In the present investigation, subjects probably relied on
both proprioceptive and cutaneous signals to determine
the relative variation of the two displacement signals. The
remarkable resolution obtained at extremely small dis-
placement amplitudes (i.e., discriminating a difference of
5 pm in a reference signal of 0.05 mm) probably reflects
the perception of skin indentation—that is, vibrotactile
stimulation—rather than movement of the forearm, which
in this situation would have averaged less than 0.02°. Hall
and McCloskey (1983) reported that the absolute thresh-
old for detecting movements through the midrange of el-
bow joint excursion (i.e., around a joint angle of 90°)
is approximately 0.08°, and that this remains constant with
movement velocities between 1.25° and 80°/sec (the peak
velocities experienced by subjects in the present study
were around 360°/sec). These absolute thresholds were
calculated from single unidirectional movements imposed
on the forearm, and it is possible that the difference thresh-
old for movement could be much less (negative masking),
as has been shown for the detection and discrimination
of vibrotactile stimuli. Craig (1974) reported that the ab-
solute threshold for detecting a 160-Hz sinusoidal vibra-
tion applied to the finger tip is 0.1 um, but that subjects
can discriminate a difference as small as 0.04 um at a stan-
dard amplitude of 0.1 um.

The sensitivity of human subjects to changes in the in-
tensity of vibrotactile stimuli varies as a function of the
size of the stimulated area, the frequency of vibration,
the body site tested, skin temperature, and the presence
of a static surround (see review by Sherrick & Cholewiak,
1986). In particular, the absolute threshold for detecting
sinusoidal vibratory movements of a small probe on the
skin is highly dependent on the frequency of the stimu-
lus. For the thenar eminence of the hand, the peak-to-
peak amplitude of the absolute threshold is typically less
than 1 um at frequencies between 100 and 300 Hz,
whereas it is 70 um at 5 Hz (Mountcastle, LaMotte, &
Carli, 1972). For the hairy skin of the forearm, the pat-
tern of results is similar but the thresholds are higher, with
the minimum absolute threshold at 100 Hz being approx-
imately 6 um (Merzenich & Harrington, 1969). These
studies have all focused on the measurement of absolute
thresholds with the use of sinusoidal stimuli, and there
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do not appear to be any data available with regard to the
detection of Gaussian noise waveforms.

In the present experiment, the area of contact around
the wrist was typically 0.01 m?, and frequencies up to
15 Hz were delivered. The differential threshold for
vibrotactile intensity is usually around 20%-25% (Craig,
1974), and it is 17% for pressure applied to the skin of
the forearm (Kiesow, and Gatti & Dodge, cited in Lam-
ing, 1986), both of which are considerably higher than
the threshold measured here. It seems unlikely, therefore,
that cutaneous cues were the sole source of information
used by subjects to discriminate between the perturbations
applied to their arms.

Comparisons between the findings from the present in-
vestigation and other studies must be made cautiously,
however, in that fixed (usually sinusoidal) stimuli have
typically been used in earlier work. One could argue that
the findings described here are in fact *‘stimulus
limited’’—that is, the Weber fractions reported are a re-
sult of using Gaussian noise waveforms. At present, it
is not known what effect the stimulus waveform has on
the Weber fraction for limb movement, but from consider-
ations of the physiology of the proprioceptive system
(Matthews, 1988), it seems probable that the Weber frac-
tion would be similar for other classes of stimuli such as
sinusoidal or rectangular waveforms. It also seems likely
that the Weber fraction would change for signals of dif-
ferent bandwidths. These are empirical questions that
await further investigation.

It had been anticipated that the Weber fraction for limb
movement would increase as the reference signal became
very small, because this is a common feature of many sen-
sory modalities and reflects the operation of sensory sys-
tems near absolute threshold levels (Gescheider, 1985).
The lack of any change in the Weber fraction at low stim-
ulus intensities and the relative invariance of Weber frac-
tions at higher amplitudes (see Figure 5) do, however,
accord with Laming’s (1986) analysis of Weber’s law,
which he maintains is valid right down to the absolute
threshold for difference discrimination (i.e., discriminat-
ing between two separate stimuli of magnitudes X and
X+ AX), as opposed to increment detection (i.e., detect-
ing a single increment added to a continuous background
stimulus of level X), where the departure from Weber’s
law at low levels is usually seen. In the present study,
subjects were clearly required to discriminate between two
distinct stimuli, and in this task, the data are in accord
with the original version of Weber’s law (see Figure 5).
It is interesting that Weber’s law also holds for discrimi-
nating the level (i.e., rms amplitude) of Gaussian noise
but not for the amplitude of a pure tone (Laming, 1986).
The absence of any change in the Weber fraction is also
interesting in that it suggests a continuity in perceptual
processes with the relative contributions of the cutane-
ous and proprioceptive systems changing as the stimulus
amplitude increases.

Discontinuities in psychophysical functions for absolute
sensitivity have been described previously for transitions
between the operation of one type of sensory receptor and

another. For example, Verrillo (1963) found that the ab-
solute threshold for detecting vibration is independent of
stimulus frequency at low frequencies and is a U-shaped
function of frequency at higher frequencies, and this break
in the psychophysical function appeared to be related to
the operation of two classes of cutaneous mechanorecep-
tor. Similarly, the recovery of sensitivity after exposure
of the eye to intense light, which is known as the dark
adaptation curve, is a biphasic process, with a relatively
rapid reduction in the absolute threshold during the first
phase and then a more gradual decrease in threshold. The
biphasic curve is caused by the differing rates of recov-
ery of the rods and cones in the retina from the intense
stimulation, with the first phase reflecting the operation
of the cones and the latter part the rods (Gescheider,
1985). Similar changes in psychophysical functions have
not been reported for difference thresholds, and there is
no reason to assume that these functions should in fact
be similar. The lack of any marked change in the psycho-
physical function described in this experiment may be due
to the fact that both receptor systems contribute to the per-
ception of limb movement under normal conditions, and
that there is not an abrupt change in the relative contri-
butions of the two types of sensory input.

In summary, the differential threshold for limb move-
ment was calculated with the use of the transformed up-
down procedure and was found to be 8%, which is very
similar in magnitude to the Weber fraction calculated for
limb position and force. The sensitivity of the proprio-
ceptive system to changes in limb displacement was much
smaller than anticipated, with subjects being able to re-
solve a 5-um difference between two perturbations de-
livered to their arms. It remains to be tested whether these
thresholds will change as a function of the frequency con-
tent of the displacement signals presented to subjects.
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