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ABSTRACT
ROBBINS, S. E., A. M. HANNA, and G. J. GOUW. Overload
protection: avoidance response to heavy plantar surface loading. Med.
Sci. Sports Exerc., Vol. 20, No. I, pp. 85-92, 1988. Current footwear
which are designed for use in running are examples of intentional
biomechanical model integration into device design. The inadequacy
of this footwear in protecting against injury is postulated to be due to
fixation on inadequate models of locomotory biomechanics that do
not provide for feedback control; in particular, an hypothesized
plantar surface sensory-mediated feedback control system, which
imparts overload protection during locomotion.

A heuristic approach was used to identify the hypothesized system.
A random series ofloads (0 to 164 kg) was applied to the knee flexed
at 90·. In this testing system, plantar surface avoidance behavior was
the difference between the sum of the leg weight and the load applied
to the knee, and the load measured at the plantar surface; this was
produced by activation of hip flexors.

Significant avoidance behavior was found in all of the subjects (P
< 0.00 I). On all surfaces tested, including modern athletic footwear
(P < 0.001), its magnitude increased directly in relation to the load
applied to the knee (P < 0.001). There were significant differences in
avoidance behavior in relation to the weight-bearing surfaces tested
(P< 0.05).

With the identification of a feedback control system which would
serve to moderate loading during locomotion, an explanation is
provided as to why current athletic footwear do not protect and may
be injurious; thus allowing the design of footwear which may be truly
protective.

PROTECTIVE FOOTWEAR, RUNNING-RELATED INJURIES,
BIOMECHANICS, LOCOMOTION, PLANTAR SENSATION,
NEUROPATHIC INJURY

. the individuals of every species there are placed faculties
that preserve them for a certain time they received the form
of sensation, there are placed other faculties, which preserve and
safeguard them, as ... that of moving so as to direct themselves
toward that which agrees with them and so as to flee from that
which msazrees (15).

Moses Maimonides (1135-1204)

Lower extremity cub.ctructuree are frequently subject
to failure when individuals perform activities involving
high impact force" even if athletic footwear ic worn (5,
20). Impact is defined as "a collision between two bodies
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which occurs in a very small interval of time, and during
which the two bodies exert on each other relatively large
forces"; thus, impact is characterized by the duality of
high-load magnitude and temporal loading factors con-
sisting of a rapid rise to a high initial peak force (3)
(Fig. 1).

A number of similar models have been formulated
which attempt to identify the elements contributing to
impact forces during locomotion (2, 7, 9, 12, 18, 19,
24). All consider impact as being determined exclu-
sively by the mechanics of the activity; e.g., according
to one of the most detailed models, impact is deter-
mined by "boundary conditions," such as footwear,
weight-bearing surface, and anatomical variations, and
"dynamic factors" which are inherent in the form and
velocity oflocomotion (18).

Although these models have not been validated, they
have been used in the design of footwear with the aim
of reducing the incidence of injuries occurring in sports
involving impact, such as running. On the basis of these
models, it has been considered that one solution to
excessive impact is the inter-position of yielding mate-
rials between the foot and ground so that the rapid rise
to a high initial peak force is attenuated. Such materials
are currently used in all existing products. Moderation
of the load magnitude has not been attempted, primar-
ily because it has been considered that this is inherent
to the individual's mass, morphology, and the nature
of the activity.

Most physicians and biomechanists have become
imprinted with these models, particularly the morpho-
logical perspective (5; 9, 16). This thesis is essentially a
teleological explanation which assigns a function to a.
structure from its physical appearance. Historically, this
eimplistic and discredited line of reasoning h!l~had !l

strong influence on early medicine (c.z., carlv ostcona-
thy, cniropracnc, phrenology, etc.); tts use was avomeo
by the contemporary scientist, but was often retained
by the practitioners of nscudo-ecienccs, sometimes
being responsible for bizarre practices (e.g., chiropractic
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Figure I-Hypothesis of plantar sensory-mediated protective ~
behavior presented graphically. Both high-load magnitude a:
(LM) and brief time of load application (TLA) are required 0
for running-related injuries. Significant modification of either u..
factor (most probably both) yields force-time relations seen
in populations with low incidence of injuries. The solid curve
has been observed in shod populations wearing current ath-
letic footwear.

manipulation of "sub-luxations," many podiatric prac-
tices, etc.) continuing for long periods after being ob-
jectively discredited (4).

Following this morphological theory, it is common
in both the biomechanical and medical literature to
hear discussions about the presumed deficient pronated
foot, cavus foot, and leg malalignment; all morpholog-
ical (structural) variations hypothesized to produce run-
ning-related injury (functional) susceptibility (2, 5, 7,
9, 16). Designers of protective footwear have embraced
these concepts and produced footwear which are based
on the presumed inevitability of high impact and the
immutability of one's anatomy, as reflected in claims
of pronation correction, rearfoot control, arch support,
and cushioning.

There is good reason to suspect that these models are
inadequate, as there have been no data that directly
SUDDon their validity and various reports that are in-
consistent with their prediction", a" exemplified by the
following reports, Footwear that have been developed
based on these models do not provide enhanced pro-
tcction a" evidenced by the hish incidence of running-
related injurico ueeocictcd with their use (6, 20). Fur-
thermore, footwear designed for high-impact environ-
mente do not modify the injury-producing forces during
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locomotion, which throws into question the cushioning
solution which is predicted by all existing models and
incorporated into all current footwear (1, 7, 8, 9, 23).
Finally, the paradoxical low incidence of similar inju-
ries reported in barefoot populations implies that mod-
ern footwear may produce injuries that normally would
not be present without their use (21).

One deficiency in the proposed models may be that
they contain no provision for feedback control systems
influencing either the load magnitude nor temporal
loading factors during locomotion. Specifically, sen-
sory-induced behavior associated with the physical in-
ter-action of the plantar surface with the ground (in the
unshod), or the footwear and underlying surface (in the
shod), is considered unimportant to the traditional
thesis. This omission is astonishing because logically,
the plantar surface, being a highly sensible layer, would
produce sisnifioant sensations in either ctats, and it i~
common knowledge that noxious plantar skin sensatton
can easily induce avoidance behavior -the protective
phenomenon described by Msimonides (15). Further;
a reflex loop, which is elicited rehgtously by every
physician performing a physical examination, shows
how relatively mild mechanical precsure and movement
along the plantar surface produce a reliable and pro-
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nounced behavioral response involving withdrawal;
this, applied to running, could diminish plantar loading,
reducing the risk of damage from overloading during
locomotion.

In a previous report, Robbins and Hanna (21) iden-
tified an intrinsic foot shock absorption system which
became apparent in a normally shod population only
when significant barefoot activity was introduced. This
behavioral response could prevent injuries by decreas-
ing system rigidity, thereby diminishing the magnitude
of the peak force during locomotion (21). Data sug-
gested that this behavior was induced by the enhanced
plantar sensation when unshod; conversely, the lack of
protective behavior in shod populations was due to
diminished plantar sensory feedback when shod, com-
bined possibly with mechanical interference with arch
deflection due to shoe features such as lacing and arch
supports. Following this thesis, the causal sequence in
many running-related injuries is similar to the proven
neuropathic medical model; termed "pseudo-neuro-
pathic" by the authors (21). They suggested that the
same diminished sensory feedback could also cause
high-load magnitude by encouraging the runner to drop
from a greater height and possibly alter dynamic factors
that could elevate load magnitude. This was, in essence,
a statement of an hypothesis which predicted the exist-
ence of a load magnitude sensory feedback control
system which prevents overloading during locomotion.

Can this hypothesized load magnitude control system
be demonstrated? If identified, can evidence be pro-
vided that it is sensory mediated? Is it utilized signifi-
cantly during locomotion? Do athletic footwear impair
this mechanism following the "pseudo-neuropathic"
sequence which has been proposed? This report at-
tempts to answer these questions.
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MATERIALS AND METHODS

Equipment development. With the subject in a
seated position and with the knee flexed at 90°, a
variable load was rapidly applied to the knee (Figs. 2 to
4). The apparatus was designed to minimize cutaneous
sensations from the knee by utilizing a force application
platform with a large contact area and covered by a 4-
em-thick layer of elastomeric material. The weight-
bearing platform had a surface matrix for repeatable
positioning of the foot. A load cell was placed under
the weight-bearing platform. Load was applied using a
pneumatic cylinder; its magnitude controlled by a
pneumatic regulatory and cycled by a pneumatic con-
troller.

Leg positioning (Fig. 3). The leg was positioned
under the force application platform so that the exten-
sion of the shaft of the pneumatic cylinder intersected
the mid-line of the knee in the medial-lateral plane.
The anterior aspect of the knee was 2 em posterior to
the anterior margin of the force application platform.
The foot was positioned so that the malleoli intersected
a line which was the extension of the pneumatic cylin-
der shaft in the anterior-posterior plane. This position
was shown in a previous experiment to balance the load
across the arches (21). In the medial-lateral plane, the
mid-line of the foot was under the mid-line of the knee.
Latex tubing was wrapped around the force application
platform and the knee so that when the, load was
withdrawn, the leg was lifted passively, thereby elimi-
nating contact with the foot support surface.

Subjects. Thirty-three volunteers from a university
population, who ranged in height from 163 to 188 cm,
were tested. Their conseut was obtained following the
guidelines proposed in the Declaration of Helsinki. The
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Figure 3-Leg positioning in the testing position.

~ Fk

~ FI

r'" ~-tFf
Fk = Load Applied to Knee
FI = Passive Weight of Leg
Fav = Avoidance by Hip Flexion
Ff = Net Load at Skin-Surface Interface

(Load Cell Reading)

Fa.v = Fk + FI - Ff

Fi2ure 4- The determination of avoidance behavior. For purposes of
this paper, it is Mndd<lr<ld /I~ only n podtivC! value.

number of subjects tested on each support surface can
be obtained from Figure 6.

Surfaces tested:

1) Barefoot in contact with highly compacted gravel.
2) Barefoot on rigid smooth acrylic plastic. This was

the unaltered weight-bearing platform of the ap-
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paratus.
3) The individual's athletic footwear. This was the

subjects' running shoes or court shoes worn with
their socks.

Experiment 1. Avoidance behavior measurement
was performed while the subjects were participating in
a psychophysical experiment in which they quantified
the estimated perceived load on the plantar surface
from variable loads applied to the knee; the subjects
only being informed about the psychophysical experi-
ment. As part of the protocol of the psychophysical
experiment, the subjects were repeatedly instructed by
the technician to concentrate on the plantar surface.
Great care was taken to eliminate additional sensory
cues (e.g., visual, auditory, etc.). The order of presen-
tation of the surfaces was determined randomly.

For the three surfaces tested, three series of 15 loads
(0 to 164 kg) for men, and 12 loads (0 to 131 kg) for
women, were randomly applied to the right knee. Dif-
ferent load ranges were used for each sex in order to
produce a similar load range with respect to the mean
body weights.

When the load was applied using a rigid connection
between the load cell and cylinder, system stabilization
(as reflected by the load cell reading) was complete
within 200 ms. When load was applied to subjects, the
load cell readings reached maximum values within 150
ms, followed by a rapid decline which stabilized at
approximately 1 s. The load cell reading was taken
following the stabilization of this avoidance response;
withdrawal of load followed. Approximately five loads
were applied per minute.

Experiment 2. A load of 100 kg was applied to the
right knee of 17 subjects in the same position as exper-
iment 1. The subjects were then asked to maximally
avoid the surface by hip flexion. This was repeated five
times over a period of 90· to simulate the frequency of
loading in experiment 1.

Data recorded (Fig. 4):

Fk: Load applied to the knee; the independent
variable.

Fl: Passive weight of the leg determined prior to
the experiment by the load cell reading with
no applied load and with the leg in a relaxed
state.

Ff: Ground reaction force applied by the testing
surface to the plantar skin, which equals Fk .j-

Fl if the leg does not actively avoid contact
with the surface during loading.

Fav: Avoidance behavior due largely to hip flexion.
It is a quantifiable behavioral response to plan-
tar surface loading determined by the follow-
ing equation-

Fay = Fk: T FI - Ff
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Data normalization (Fig. 5). All values of applied
load and avoidance behavior were expressed in terms
of Fk:(kg)/foot plantar contact area (em"), Foot contact
area was calculated using an equation which relates
plantar surface contact on weight-bearing against a flat
and rigid surface with the height of the subject. This
equation was the linear regression from the plot of three
serial imprints taken on weight-bearing for each of 19
subjects utilizing tracing paper attached to a pivoting
platform, the details of which have been reported (21).
The applied load for the imprints was 55 kg for men
and 45 kg for women.

RESULTS

Experiment 1 (avoidance behavior) (Figs. 6, 7, and
9). Measurable avoidance behavior was present for all
subjects on each of the three surfaces tested. The avoid-
ance within two ranges of applied load (0.6 to 0.8 kg-
cm? and 1.4 to 1.6 kg-em"? was compared using
analysis of variance, with the difference being signifi-
cant (P < 0.001). This indicates a real rise in avoidance
behavior in relation to applied load. When inter-surface
relations were analyzed, the acrylic plastic surface was
significantly different (P < 0.05) from the gravel sur-
face; no other surface pairings produced differences of
significance.

Experiment 2 (maximum voluntary avoidance)
(Fig. 8). Thirteen subjects had a mean maximum avoid-

HEIGHT·CONTACT AREA
Weightbearing M 55 kg F 45 kg

89

ance through voluntary maximum hip flexion of 0.17
kg-ern>', with ka range of 0.1 10 0.26 kg.cm-2.

Curve-fitting. By visual inspection, the relation be-
tween applied load and avoidance behavior was non-
linear (Fig. 9). Linear regressions were obtained both
upscale and downscale at intervals of 9.1 kg (the incre-
ment in the applied load used experimentally) to deter-
mine the point of an apparent change in slope. The
sum of the upscale and downscale correlations were
maximized at the applied load of 0.9 kg-cm ". A two-
piece linear regression was chosen to characterize these
data, with a change of slope at 0.9 kg-cm ", Attempts
to fit these data to other functions did not improve
correlations.

DISCUSSION

The first objective of this investigation was accom-
plished by identifying the hypothesized lower extremity
load magnitude feedback control system in every sub-
ject.

The notion that tactile sensibility had a major influ-
ence on the avoidance response is supported by the
finding of a significant difference in this behavior when
comparing the response to two flat and rigid surfaces,
dissimilar only in surface texture. Only input from
plantar mechanoreceptors and nociceptors were capa-
ble of responding to such stimuli.

In experiment 1, the upper limit of the range of
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Avoidance during running may take a different form,
such as a reduction ofloading by dropping from a lower
height as a consequence of uncomfortable sensations
perceived on previous foot contacts with the surface or
re-distribution of load to regions on the plantar surface
with less tactile sensitivity, the sequence which is
thought to initiate intrinsic foot shock absorption (21).
Motor learning of this nature can be explained by the
phenomena of sensitization (augmentation of synaptic
transmission), or conditioning (activity-dependent aug-
mentation of pre-synaptic facilitation), acting inde-
pendently or together (14).

With this new information, support is provided for
the thesis that load experienced during locomotion
(particularly when running) is largely determined by
the degree of aversion, which is a consequence of plan-
tar surface-weight-bearing surface interaction.

Do athletic footwear diminish this avoidance re-
sponse? While intuitively one might expect this, sup-
porting data were elusive. The magnitude of the avoid-
ance behavior while wearing athletic footwear was pro-
nounced, but not significantly different from the other
two surfaces. This similarity may be deceptive as (evi-
denced by experiment 2) applied loads of greater than
a multiple of 1.75 of body weight saturated the hip
flexion response (Fig. 8). Since this experiment supports
the notion that plantar sensibility plays an important
role in this protective behavior, psychophysical testing
which quantifies perceived sensory magnitude (which
is not subject to saturation) rather than avoidance
behavior may better assess the protective value of plan-
tar surface-weight-bearing surface inter-actions, the
subject of a recem renon (22).

Was the avoidance behavior a voluntary response or
part of a reflex loop? When questioned at the conclusion
of the experiment. most subjects were unaware that
they were avoiding the surface; all were surprised by
the magnitude of the response. This implies that the



OVERLOAD PROTECTION

APPLIED LOAD· AVOIDANCE BEHAVIOR
(Linear Regressions)

0.28

E 0.26
o 0.24

= 0.22
6

0.2
a: 0.180
S; 0.16«:I: 0.14w
III 0.12
w 0.10z 0.08«c 0.06
0

0.04>«
0.02

0

91

+ 1 S.D

Mean Max
Avoidance

1 S.D Figure 9-Relation between applied load
and avoidance behavior. Regions labeled
"low range" and "high range" were statis-
tically compared. "Mean max" indicates
the mean maximum avoidance response
obtained in experiment 2.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6,
¥

/ '- • .-
LOW R~nge H;gh Ranoe

APPLIED LOAD (kg./cm2)

• Compacted • Rigid ~ Athletic
Gravel Plastic Shoes

avoidance was unconscious voluntary or reflexive, this
distinction being unimportant because in the intact
conscious animal, all complex behavior is thought to
utilize reflexes acted upon by a variety of modulating
inputs (12).

When avoidance was occurring, motor activity was
observed in the unloaded leg which appeared to involve
hip extension. This information combined with the
quantified motor response and the nature of the stim-
ulus indicates that what was observed was, in part, a
withdrawal reflex of the category of cutaneous extrem-
ity flexor reflexes to noxious stimuli, which are poly-
synaptic and have mainly myelinated group III and
unmyelinated group IV afferent innervation. Behavior-
ally, these reflexes consist of ipsilateral flexion, contra-
lateral extension, with a motor response of graded
magnitude and duration in relation to stimulus inten-
sity (efferent discharge may be sustained for greater
than 1 s) (17). These cutaneous tlexor reflexes are
modulated at various levels of the nervous system. The
cerebral cortex is known to exert a major influence,
this drawn from classical ablation experiments (11).
Mountcastle (17) points out that the elicitation of such
avoidance responses involving withdrawal does not re-
quire injurious stimuli, rather non-destructive stimuli
in various forms (e.g., heat, pressure, etc.) are sufficient.

A.~to !:! limitation of this investigation, only normal
load wsc ucsd in the tasting system. While this vector
is likely the most important cause of injuries during
locomotion, other forces must play some role in certain
injuries (such as of the ankle and knee) and likely affect

plantar surface sensibility and the magnitude of with-
drawal behavior elicited.

Another limitation is that the avoidance behavior
was measured when load was applied to a relatively
inactive lower extremity which is dissimilar to loco-
motion where motor activity is intensive. There is a
reduction of perceived sensation from the extremities
when motor pathways are active (10, 13). This may
explain the intense behavioral response at low magni-
tudes of applied load (consistent with walking), which
are well below the loads reached when running (7).
Perhaps during locomotion the avoidance response
shifts uprange due to motor activity.

A final limitation is the limited number of loadings
applied at a low frequency when compared to normal
locomotion. Either habituation or sensitization may
playa greater role during locomotion than was apparent
in this experiment

Modeling is useful in conceptualizing complex phe-
nomena in order to study them systematically. The risk
with its use is that rather than being seen as a "working"
collection of hypotheses logically ordered for nurnoses
of testing, the crystalline pattern which is inherent to
modeling becomes imprinted, or worse becomes seen
as a natural law not requiring validation, both interfer-
ing with the formulation of more appropriate concepts
once the earlier ones have been shown to explain data
poorly.

Clearly, the important issue regarding biomechanical
models which have made reference to impact during
locomotion is their influence on footwear designs which
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use the inter-position of yielding layers to moderate
impact and prevent injuries. Many years have passed
since the first of a series of reports consistently indicated
that there is no correlation between the amount of shoe
cushioning and impact absorption of footwear during
locomotion (8). Similarly, epidemiological studies over
the same period have provided no evidence of a trend
of enhanced protection with modern athletic footwear
(6,20). Rather than being dismissed as glaringly incom-
plete and inadequate, these concepts are still being
promoted by biomechanists, physicians, and manufac-
turers of footwear as an effective solution to the injury
problem in high impact environments.

There can also be other explanations of this current
situation. Investigators may have become too preoccu-
pied with sophisticated hardware rather than their prin-
cipal task of performing experiments which test hy-
potheses. Further, as much of this research is "in-house"
(performed by footwear company staff or as direct
contracts from footwear manufacturers), intellectual
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