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ABSTRACT: Disorders that impair sensory perception can cause seri-
ous injury. It has been proposed that many running-related injuries
may result from wearing athletic footwear which induces changes in the
perception of loads encountered during running. To test this hypothesis
a psychophysical investigation was performed in which subjects were
required to give numerical estimates of the perceived magnitude of a
load experienced on the plantar surface. The loads were applied to the
flexed knee, and the foot was supported on one of three different
weight-bearing surfaces.

The results indicated that there was a linear relation between the size
of applied load and the perceived magnitude of this load on all three
surfaces tested. Subjects consistently underestimated the magnitude of
the loads applied, with the greatest underestimation occurring when the
foot was either on a rigid plastic surface or wearing athletic footwear.
The exponents of power functions fitted to these data were all close to
one which is similar to the values obtained in studies of the perception
of skin indentation on the palmar surface.

The results from this study support the hypothesis that athletic foot-
wear can attenuate the perceived magnitude of loads experienced on the
plantar surface. This change in the perception of load may be a factor in
running-related injuries for which the term pseudo-neuropathic is pro-
posed, since there are no pre-existing neurological deficits.

This experiment alerts one to the need for product safety standards,
particularly for athletic footwear, so that the public can be protected
from the dangers that may be inherent in their design, since these de-
vices are promoted for use in high-impact environments.

KEY WORDS: protective footwear, running-related injuries, biome-
chanics of running, locomotion, neuropathic injury

Injuries to the lower extremity that are associated with impact
loading, such as in running, continue to be a major problem in
traditionally shod populations despite the general use of modern
athletic footwear [1-4]. This suggests that the standards used in
the development of this type of footwear are inadequate.

Modern athletic footwear are clearly embodiments of current
biomechanical concepts. A number of very similar biomechanical
models have been proposed to predict the forces involved in run-
ning and, from these, footwear have been designed with the aim of
preventing injury [5-9]. In shod populations, it has been shown
that there is a sharp rise in force to a high initial peak value when
the unyielding lower extremity makes contact with the weight-
bearing surface. The magnitude of this force is determined by a
number of factors including body mass, the height from which the
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body descends against gravity, and possibly muscular dynamic fac-
tors as well. Without modulation of both the magnitude and dura-
tion of this force, an "impact wave" is transmitted vertically, and
this has been shown to be destructive to articulations in a number
of mammals [10-13]. Following from the notion that the lower ex-
tremity is both fragile and rigid, yielding material has been inter-
posed between the plantar skin and weight-bearing surface in ath-
letic footwear with the goal of reducing impact forces during
running, thereby preventing injury; the incidence of running-re-
lated injuries suggests that this has not been a successful solution
[14-16].

Looking at running-related injuries from a different perspective,
Robbins and Hanna [17] have reported that injuries similar to
those seen in shod populations are uncommon among the unshod,
which suggests that knowledge of the adaptations used by the un-
shod during running may reveal the cause of injuries in people
wearing athletic footwear (Fig. 1). They proposed that wearing ath-
letic footwear results in elevated loads during impact and causes
system rigidity because sensory feedback from the plantar surface
is diminished. Injuries that occur during running could therefore
be considered as "pseudo-neuropathic" following the well-proven
neuropathic medical model [18]. To explain the paradoxical low
frequency of injury in barefoot populations, Robbins and Hanna
[19] examined the role of sensory feedback from the plantar sur-
face when the lower extremity was loaded, an area neglected in bio-
mechanics. Three different weight-bearing surfaces (gravel, plas-
tic, athletic footwear) were used, and the relation between the type
of surface and the magnitude of the avoidance response (hip flex-
ion) at high loads was studied.

The results showed that the magnitude of the protective avoid-
ance behavior varied as a function of the surface that the foot was
in contact with. This implied that there was a control system that
could modulate the magnitude of a load experienced on the plantar
surface and was influenced by factors affecting perceptual pro-
cesses. In particular, these findings suggested that the perceived
magnitude of an applied load may be an important factor in deter-
mining when various protective mechanisms become evident dur-
ing running (Fig. 1) [19].

In contrast to the wealth of information about the perception of
properties of hand-held objects [20], there have been very few p~y-
chophysical studies of the plantar surface. Such studies are impor-
tant for determining the relation between the physical intensity of
stimuli delivered to the cutaneous surface of the foot and the per-
ceived magnitude of these stimuli (e.g., perceived depth of skin in-
dentation) under a variety of conditions (e.g., different weight-
bearing surfaces). Because of the fundamental difference between
the hand and foot in terms of the specialization of the hand for
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FIG. I-Feedback control system for impact moderation.

object manipulation, it seems unwise to extrapolate from sensory
data obtained on the hand to the foot.

A number of psychophysical procedures have been used for mea-
suring sensory attributes such as warmth, touch, and applied
force; most commonly, however, subjects are required to assign
numbers in proportion to sensation magnitude, and from these
judgements a psychophysical function is calculated [21). This
method of scaling sensory intensity is known as magnitude estima-
tion and was devised by Stevens [22]. The results from a number of
experiments indicate that magnitude estimations for a variety of
sensory dimensions increase in proportion to the stimulus intensity
raised to a power. The size of the exponent of the power function
relating stimulus intensity to perceived magnitude changes as a
function of the sensory modality and stimulus conditions.

The form of the psychophysical function also tells us something
about the transmission of information through the sensory system
and has been used for practical purposes such as setting safety and
comfort levels. For example, in designing auditory communica-
tions systems, it has been important to know that the sound energy
must be increased ten times in order to double the loudness of a
sound [23]. Similarly, light intensity must be increased eight times
for an observer to perceive that brightness has doubled [21].

On the basis of psychophysical studies of the cutaneous sensory
system on the plantar surface, comparable statements could be
made about the perceptual consequences of changing the compli-
ance or texture of the foot-support surface in a shoe. Such studies
seem to be particularly important in view of the preference of run-
ners for more compliant surfaces [24], and anecdotal reports that
the rate of running-related injuries is reduced on such surfaces
[25]. In the present study the relation between the load applied to
the lower extremity and the perceived magnitude of this load as

experienced on the plantar surface was examined on three different
weight-bearing surfaces.

Materials and Methods

Equipment Development

With the subject in a seated position and with the knee flexed at
90 deg, the testing system rapidly applied a variable load to the
knee (Figs. 2 and 3). The testing system was designed to minimize
the cutaneous sensations from the knee by utilizing a force applica-
tion platform with a large contact area which was covered by a 4-
em-thick layer of elastomeric material. The weight-bearing plat-
form had a surface matrix which facilitated reliable repositioning
of the foot. A load cell was placed under the weight-bearing plat-
form and was standardized to zero prior to the experiment. Load
was applied using a pneumatic cylinder, and its magnitude was
controlled by a pneumatic regulator.

Leg Positioning

The leg was positioned under the force application platform so
that the extension of the shaft of the pneumatic cylinder inter-
sected the midline of the knee in the anterior-posterior (A-P) plane
(Fig. 3). The anterior aspect of the knee was 2 em posterior to the
anterior margin of the force application platform. The foot was po-
sitioned in the A-P plane, so that the malleoli intersected a line
which was the extension of the pneumatic cylinder shaft. This posi-
tion was shown in previous experiments to distribute the load
evenly across the arch in the A-P plane. In the medial-lateral
plane, the midline of the foot was under the midline of the knee.
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FIG. 2-Details of testing apparatus.
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Latex tubing was wrapped around the force application platform
and the knee so that when the load was withdrawn, the leg was
lifted passively to break contact with the foot support surface.

Subjects

The subjects were male volunteers from a university population.
Their consent was obtained according to guidelines consistent with
the Declaration of Helsinki. A total of 29 subjects were tested; they
ranged in height from 160 em to 188 ern.

Surfaces Tested

Three foot support systems were used in this experiment:

1. Barefoot on rigid acrylic plastic.
2. Barefoot on highly compacted coarse gravel.
3. A selection of athletic footwear ("training," "racing," and

"court" models from major manufacturers).

8.5 em

Latex Tubing

1-4'- < Lateral Maleolus

Center Line --+'
I
I

FIG. 3-Leg positioning in the apparatus.

Experimental Protocol

All subjects were tested using two surfaces. One was rigid acrylic
plastic, the other was determined randomly at the beginning of the
testing session. Fifteen subjects were tested on the gravel surface,
14 were tested while wearing athletic footwear. Only the right foot
of each subject was tested.

For each weight-bearing surface tested, a trial load which was
the median of the loads used in the experiment was applied to the
knee twice in order to familiarize the subjects with the apparatus.
Subjects were informed of the magnitude of this load. Following
the practice trials, a series of 45 loads ranging in amplitude from
20 to 300 Ib (9 to 135 kg) in 20 Ib increments was applied to the
knee. These 45 loads corresponded to 15 different loads repeated
three times, in a random order within each block of 15. Approxi-
mately four loads were applied per minute.

The subjects were instructed prior to the experiment that the ap-
plied load could vary from 0 to 500 Ib (227 kg), a load range nor-
mally experienced in running, but that the whole range mayor may
not be used. The upper limit of 227 kg was chosen on the basis of a
pilot study where it was found that subjects were unable to distin-
guish among loads beyond this value when the foot was supported
by the gravel surface.

Each load was applied for approximately 1 s and then with-
drawn. To simulate more closely the changes on the plantar sur-
face during locomotion, where the foot is unloaded during the
swing phase [26], contact between the sole of the foot and the
weight-bearing surface was eliminated by lifting the lower extrem-
ity as the load was removed using the latex tubing. Following with-
drawal of the load, subjects were asked to estimate perceived load
on a scale of 20-lb increments. They were frequently reminded to
concentrate on the sensation from the plantar surface during appli-
cation of the load. Considerable care was taken to eliminate any
other sensory cues (e.g., visual or auditory) that may have provided
information about the load.

Results

The mean of the three estimates of applied load given by each
subject was calculated for each of the 15 loads on the two surfaces
tested, and the group means were then estimated from these data.
For the three surfaces used in this experiment (i.e., gravel, athletic
footwear, and plastic) there was a linear relation between the size
of the load applied to the knee and the perceived magnitude of this
load. Figure 4 shows this relation over the load range tested (9 to
135 kg). The variance accounted for by the least-squares regression
lines fitted to the group data (Fig. 4) were all greater than 990/0,
which demonstrates that a linear function provides an excellent fit
to these data. Linear regression lines were also fitted to each sub-
ject's data, and the mean variance accounted for by these functions
was 96% for gravel (range: 93 to 99%),94% for plastic (range: 87
to 98%) and 95% for athletic footwear (range: 86 to 99%).

The slopes of the regression lines fitted to the group data were
0.94 for gravel, 0.80 for plastic, and 0.83 for athletic footwear, in-
dicating that on all three surfaces subjects underestimated the
magnitude of the applied load. Although there was no statistically
significant difference between these slopes (F(2,40) = 1.64; p >
0.05), there was a trend at higher loads for the amplitude of the
applied load to be perceived to be greater if the weight-bearing sur-
face was gravel as compared to plastic or athletic footwear. In con-
trast to the gravel, the latter two surfaces produced very similar
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FIG. 4-Plantar perception (applied versus perceived load).

changes in the perceived magnitude of the load as its amplitude
increased. Power functions were fitted to the group data; these
yielded exponents of 0.97 for gravel, 0.98 for athletic footwear, and
0.93 for plastic, all of which are close to unity.

By extrapolation from these data to the load range encountered
during running, which is usually between 2.5 and 3.5 times body
weight but may exceed 5 times body weight when the runner's foot
strikes a hard surface [25], a load of 180 kg applied to the knee
would be perceived to be 170 kg if the foot was on a gravel surface,
but only 150kg if athletic footwear were worn. This indicates that
athletic footwear does attenuate the perception of loads applied to
the lower extremity.

Discussion

This experiment examined how the perceived magnitude of a
load applied to the knee changed as a function of both the ampli-
tude of the load and of the weight-bearing surface. The results in-
dicated that on the three surfaces tested there was a linear relation
between the actual load applied and the perceived magnitude of
this load. In judging the amplitude of the loads, subjects presum-
ably used sensory cues related to the depth of skin indentation on
the sole of the foot and not sensory signals arising from muscle re-
ceptors, since it has been shown that during static weight-bearing
the tibialis anterior, peroneus longus, and the intrinsic muscles of
the foot are inactive and continue to be inactive when loads up to
100 kg are applied to the leg [27]. It is only when the weight is in
excess of 200 kg that the tibialis anterior and posterior muscles are
active [28]. This interpretation is supported by the similarity of the
psychophysical functions obtained in this experiment and those
obtained from studies of tactile sensibility of the glabrous skin of
the human hand. Knibestol and Vallbo [29] reported that the psy-
chophysical function for indentation of the glabrous skin was ap-
proximately linear (i.e., the exponent was close to unity), whereas a
decelerating relation has been found for the hairy skin [30). In con-
trast, psychophysical studies of the perception of force have dem-
onstrated that when subjects judge the magnitude of weights at-
tached to their limbs or of voluntarily generated forces, their
estimates increase as a power function of the corresponding stimu-
lus intensities [31]. For example, Eisler [32) has shown that the
perceived magnitude of plantar flexion forces grows as the 1.6
power of the force exerted.

The depth of skin indentation is signalled by slowly adapting
mechanoreceptors in the glabrous skin. and their discharge rate

ROBBINS ET AL. ON SENSORY ATIENUATION 415

increases with indentation amplitude [29.33). Studies of the rela-
tion between changes in the discharge rates of mechanoreceptors
and the perceived magnitude of mechanical stimuli delivered to the
glabrous skin indicate that sensation increases more rapidly with
stimulus intensity than does the activity in single afferent units
[29]. This discrepancy between the neural and psychophysical
functions can probably be accounted for in terms of recruitment of
additional tactile units with increasing stimulus intensity, and the
central processing of peripheral afferent signals.

Tactile sensibility varies across the plantar surface with the low-
est threshold for two-point discrimination [34] and point localiza-
tion [35] being obtained on the tip of the great toe. These threshold
values are approximately half of those measured on other regions
of the sole of the foot. By analogy to the hand, the density of me-
chanoreceptors must vary over the plantar surface, but in the ab-
sence of detailed neurophysiological studies of the human foot, we
are unable to speculate as to the areas primarily involved in signal-
ling pressure.

Although there was no significant difference between the slopes
of the functions relating applied to perceived load as a function of
the weight-bearing surface, at the higher load levels loads were
clearly perceived to be greater if the foot was resting on gravel as
compared to a plastic surface or athletic footwear. It was surpris-
ing to note that there was obviously no difference between the plas-
tic surface and athletic footwear in terms of attenuating the load
(Fig. 4). This change in perception at higher load magnitudes as a
function of the weight-bearing surface suggests that if a more ex-
tensive range of loads is tested the effects of the surface on percep-
tion will become quite apparent. Future studies will address this
issue.

Looking at this experiment in the context of models of running
injuries. this investigation tested the hypothesis proposed by Rob-
bins and Hanna [17] that current athletic footwear attenuates sen-
sory feedback from the plantar surface and that this may be a
causal factor in running-related injuries. This hypothesis receives
support from these data. The use of the term pseudo-neuropathic
for this category of injury appears to be appropriate in describing
the causal sequence.

These data may offer an explanation for two related paradoxes
that exist in this niche of biomechanics: first, the lack of correla-
tion between impact measures. when comparing results obtained
from footwear evaluated using in vitro testing (not worn by sub-
jects) and in vivo testing (worn by subjects); and second, the poor
correlation obtained between the amount of footwear midsole
cushioning and impact forces in vivo [16.36]. Biomechanists have
conjectured that these paradoxes can be explained in terms of run-
ners perceiving an optimal level of "hardness" and making adjust-
ments to it [36). The fact that there was no difference in the present
experiment in the perceived magnitude of loads experienced while
wearing athletic footwear (yielding surface) or barefoot on a rigid
plastic surface suggests that the above hypothesis is incorrect. An
explanation of these paradoxes which is consistent with the data is
that increased midsole thickness diminishes the transmission of
mechanical transients which are adequate stimuli to plantar me-
chanoreceptors and nociceptors, and that this may induce thc run-
ner to run with greater impact. A more detailed presentation of
this argument is presented elsewhere [17J.

One limitation of this investigation is that only normal load was
used in the testing system. While this force vector is probably an
important factor in causing injuries during locomotion, other
forces must play some role in tissue damage. It has been estab-



416 JOURNAL OF TESTING AND EVALUATION

Iished that shear is considerable during locomotion in both the
shod and unshod [37]. Experiments are in progress which add this
force vector to normal loading so as to simulate more closely the
forces involved in running.

Although this inquiry has dealt mainly with athletic footwear,
there is no reason to suspect dissimilar results from normal foot-
wear. It has been reported that populations in underdeveloped
countries (mainly unshod) have a lower incidence of degenerative
arthritis than those in developed countries (shod) [38,39]. This
suggests that chronic exposure to elevated impact forces when
wearing footwear may play an important role in causing osteoar-
thritis along the vertical axis, such as in the hip and lumbar spine.

Highly specialized footwear could be yet another example of how
poorly conceived technology can become a major hazard in daily
life. The highest risk group is certainly the wearer of athletic foot-
wear who is performing activities involving high impact. As these,
devices are promoted specifically for situations where there is ex-
treme impact, their inadequacy in protecting the wearer and their
inherent design flaws may be a major public health issue. The time
has come for the manufacturers of such footwear to consider test-
ing their products in terms of the sensory consequences for the
user. The authors are engaged in the development of standardized
testing systems with the goal of setting product safety standards for
footwear.
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