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Abstract

Background: Repetitive trauma and overuse of the
plantar aponeurosis are believed to be causal factors
of plantar fasciitis. Therefore, it is important to know
how an orthosis influences loading of the plantar apo-
neurosis. The aim of this study was to quantify strain
in the plantar aponeurosis in cadaveric feet with the
use of various combinations of orthotic wedges.

Methods: An in vitro test that simulated static
stance was used to determine the loading characteris-
tics of the plantar aponeurosis. A differential variable
reluctance transducer was operatively implanted into
the plantar aponeurosis of nine fresh-frozen cadaveric
lower limbs. Each specimen was mounted in an elec-
tromechanical testing machine that applied an axial
load of as much as 900 newtons to the tibia. Eight
different combinations of test conditions, in which
wedges (each with a 6-degree incline) were or were not
positioned under the medial and lateral aspects of the
forefoot and hindfoot, were evaluated, with the planti-
grade foot used as a neutral control.

Results: Each of the test conditions that involved a
wedge under the forefoot resulted in strain that was
significantly different from that in the neutral control.
A wedge under the lateral aspect of the forefoot de-
creased strain in the plantar aponeurosis, and a wedge
under the medial aspect increased strain (p <0.05). The
test conditions that involved a wedge under the hind-
foot but not under the forefoot resulted in strains that
were not significantly different from those in the neu-
tral control (p > 0.05).

Conclusions: A wedge under the lateral aspect of
the forefoot transmits loads through the lateral support
structures of the foot, locking the calcaneocuboid joint
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and decreasing strain in the plantar aponeurosis. A
wedge under the medial aspect of the forefoot trans-
mits loads through the medial support structures of the
foot, which produces a truss-like action that increases
strain in the plantar aponeurosis.

Clinical Relevance: Orthotic wedges seem to be
effective in controlling the load-path pattern in the
foot. The results of the tests involving a wedge under
the lateral aspect of the forefoot were noteworthy, as
the potential of such a wedge for reducing strain in the
plantar aponeurosis was not previously known. The
data suggest that an orthotic wedge under the lateral
aspect of the forefoot thus may be effective for the
treatment of plantar fasciitis.

Biomechanical control of the foot with orthotic
wedges has broad applications in the treatment of a
variety of disorders. Different combinations of wedges
or posts have been used to treat a multitude of anoma-
lies, such as varus deformity of the hindfoot alone3702"3
or with varus® or valgus® deformity of the forefoot,
varus deformity of the forefoot®, valgus deformity of the
forefoot®*, and abnormal pronation®**. When used to
treat these deformities, the function of the wedges is
primarily to improve skeletal alignment in order to nor-
malize standing posture and walking. Orthotic wedges
have also been advocated for the treatment of pain in
the heel®##2,

Plantar fasciitis is among the most common disor-
ders of the foot and ankle. The most frequent site of pain
and inflammation at clinical presentation is the attach-
ment of the plantar aponeurosis to the medial promi-
nence of the calcaneal tuberosity; however, pain can
occur anywhere along the structure®. Repetitive trauma
and stress have been implicated as causal factors of
plantar fasciitis®®*#3*. Nonoperative modalities are the
preferred form of management for most patients®. The
primary goal of orthotic treatment of plantar fasciitis
is to relieve strain in the plantar aponeurosis during
weight-bearing®. Marr and Pod* stated that this objec-
tive can be achieved by placing a wedge under the
medial aspect of the foot, and several authors have rec-
ommended a medial wedge or post with such an ob-
jective in mind®***%; however, as far as we know, no
scientific studies have been done to validate the premise
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Illustration of the nine test conditions for a right foot. P = plantigrade (neutral control), 1 = wedge under the medial aspect of the hindfoot,
2 = wedge under the lateral aspect of the hindfoot, 3 = wedge under the medial aspect of the forefoot, 4 = wedge under the lateral aspect of
the forefoot, 5 = wedges under the medial aspects of the hindfoot and forefoot, 6 = wedges under the lateral aspects of the hindfoot and
forefoot, 7 = wedges under the medial aspect of the hindfoot and the lateral aspect of the forefoot, and 8 = wedges under the lateral aspect of
the hindfoot and the medial aspect of the forefoot. All wedges had a 6-degree incline. The triangles indicate the location of the inclination.

that such devices decrease strain in the plantar aponeu-
rosis. Without an understanding of the change in tensile
load that may occur with the use of an orthotic wedge,
it is difficult to predict the outcome of such treatment
or to determine its efficacy.

Because of this void in the literature, many types
of orthoses were proposed for the treatment of plan-
tar fasciitis without knowledge of their strain-shielding
effect on the plantar aponeurosis. Furthermore, the mul-
titude of antithetical design principles makes it diffi-
cult to judge which orthosis will most effectively relieve
the pain associated with plantar fasciitis. We™*" intro-
duced an in vitro measurement technique to quantify
the strain-shielding capabilities of the medial longitu-
dinal arch-support mechanisms in foot orthoses. We
showed that an orthosis that supports the apical osseous
structure of the arch can significantly decrease strain in
the plantar aponeurosis (p < 0.05)". The University
of California Biomechanics Laboratory shoe insert®
produced a similar reduction in strain by restricting ab-
duction of the forefoot relative to the hindfoot”. While
there are now two known strain-shielding mechanisms
for the plantar aponeurosis, different foot shapes, in-
dividual variation, and deformity may predetermine
their protective capabilities. Therefore, as some devices
may provide a greater degree of control for a particular
type of foot, it is important that other orthotic mecha-
nisms be evaluated to determine their potential strain-
shielding effects on the plantar aponeurosis.

The plantar aponeurosis is a major component of
the static and dynamic structural support mechanisms
of the foot**%. In neutral stance, both compressive and
tensile loads, which provide intrinsic stability to the
pedal unit, are produced during load transmission. A
truss-like action occurs™®, with skeletal segments serv-
ing as the compressive members and the plantar liga-
ments and soft-tissue structures serving as the tensile
elements. The plantar aponeurosis, which spans the
length of the foot, receives a large portion of the tensile
load as the arch of the foot tends to depress and elon-
gate?**#%_0On the basis of this fundamental principle of
foot biomechanics, we developed the hypothesis that, if
the support surface of the foot is inclined with wedges,
the alteration in the method of load transmission will be

exhibited as strain in the plantar aponeurosis.

The specific objective of the present study was to
guantify strain in the plantar aponeurosis with differ-
ent combinations of orthotic wedges in simulated static
stance, in order to determine which wedge positions
may contribute to the reduction of strain for the treat-
ment of plantar fasciitis. Eight different wedge condi-
tions were tested, with the plantigrade foot serving as
the neutral control.

Materials and Methods

Nine fresh-frozen cadaveric lower limbs from five men and four
women were disarticulated at the knee. The individuals had ranged in
age from forty-five to seventy-three years (mean, fifty-eight years) at
the time of death. The mean mass of the six right and three left legs
was 3.1 kilograms (range, 2.0 to 4.0 kilograms). All tissue was pre-
served by freezing at —20 degrees Celsius.

Test Conditions

Eight combinations of wedges with a 6-degree incline and the
plantigrade foot, which served as the neutral control, were evaluated,
for a total of nine test conditions (Fig. 1). A wedge was placed under
the medial aspect of the hindfoot, under the lateral aspect of the
hindfoot, under the medial aspect of the forefoot, or under the lateral
aspect of the forefoot, or wedges were placed under the medial aspects
of the hindfoot and forefoot, under the lateral aspects of the hindfoot
and forefoot, under the medial aspect of the hindfoot and the lateral
aspect of the forefoot, or under the lateral aspect of the hindfoot and
the medial aspect of the forefoot. For the ninth test condition, no
wedges were placed at all (the plantigrade foot). Together, the number
of specimens and the number of test conditions formed a balanced
(nine-by-nine) Latin square testing sequence. This served as the sched-
ule by which to vary the order of the tests.

Orthotic Test Wedges

A 6-degree inclined plane was used to simulate the orthotic
wedge condition. This closely approximates the most common wedge
used clinically, which is five, six, or seven millimeters high at its thick-
est region. Four wedges that had been fabricated from Plexiglas were
milled to the designated 6-degree angle. A slip-resistant material
(Cat’s Paw SoleGuard; Biltrite, Ripley, Mississippi) was applied to
the top surface to resist slippage of the foot during testing. In addi-
tion, the load platform of the testing machine also had a layer of
slip-resistant material to ensure that the wedges did not shift dur-
ing loading. One wedge sufficed as either the forefoot or hindfoot
wedge, while all four positioned next to each other made a complete
wedged surface for the entire foot. The size and versatility of this
system made it simple to use and convenient for the multiple tests that
were conducted.
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Illustration of the in vitro test setup. DVRT = differential variable reluctance transducer.

Apparatus

The loading system consisted of a Scott electromechanical testing
machine (model CRE/500; GCA Precision Scientific, Chicago, Illinois)
that was equipped with a strain-gauge-type compression-strain load-
cell (Fig. 2). Data were collected on a microcomputer through an
amplifier-signal conditioner and an analog-to-digital conversion card
(Real Time Devices, State College, Pennsylvania). A data-acquisition
software package (DataGauge; MicroStrain, Burlington, Vermont)
was used to collect load data from the load-cell and strain readings
from the differential variable reluctance transducer (MicroStrain).
Subchondral bone was removed from the proximal surface of the tibia
with an orthopaedic handsaw to produce a flat surface for attachment
of the fixture. A specially designed circular tibial compression plate
was fixed to the surface with 7.2-centimeter cancellous-bone screws.
A flange bearing attached to the plate permitted free rotation of the
tibia while an axial load was applied. The collar of the bearing mated
with a post that was connected to the load-cell. A self-centering fea-
ture of the flange bearing allowed subtle adjustment of malalignment
of the cut surface of the tibia in order to orient the leg perpendicular
to the base of the machine.

Specimen-Loading Parameters

For each test, an axial load was applied in a vertical direction
through the crosshead of the testing machine. The limb was constrained
proximally with the fixture that attached to the testing machine and
distally with the slip-resistant material beneath the plantar surface of
the foot. The fixture attached to the limb and the testing machine
permitted free rotation of the tibia and did not restrain subtalar motion
and motion of the foot, which were actively observed during testing.
The slip-resistant material increased the friction between the skin on
the plantar surface of the foot and the surface of the testing machine
and wedges, but it did not interfere with movements of the foot. The
self-centering component of the flange bearing of the proximal attach-
ment permitted the transmission of load in three directions: perpendic-
ular to the base of the machine, anteroposterior, and mediolateral. The
excursion of the flange bearing, which did not reach the maximum of
10 degrees during any test, ranged from 0 to 3 degrees. Translation of
the limb was not observed during any test after the cyclical loading
or preconditioning of the specimen that was conducted just before
each set of test runs. The slip-resistant surface resisted translation of
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the foot in two directions and rotation of the foot about an axis
perpendicular to the loading platform. The foot was placed so that the
center of the ankle joint was on the load line of the testing machine.
Vertical alignment of the specimen was determined with a plumb line
from the center of the point of load application on the flange bearing
to the axis of the talocrural joint in the sagittal plane and through the
bisection of the calcaneus in the coronal plane. Delineation lines for
placement of the foot were marked on the loading platform to maintain
a consistent position for the foot between the changes in wedges. Four
lines were drawn: (1) the longitudinal axis of the foot, which was a
line bisecting the calcaneus and extending through the second toe; (2)
a line from the medial border of the calcaneus to the medial border of
the head of the first metatarsal; (3) a line from the lateral border of the
calcaneus to the lateral border of the head of the fifth metatarsal; and
(4) a line indicating the posterior border of the calcaneus. As the
wedges were introduced, the lines were transposed to the new un-
marked surface to maintain the same perimeter of foot position.

Technique for Implantation
of the Transducer

Each limb was removed from the freezer approximately eight
hours before testing and was thawed to room temperature in a cold-
water bath. A differential variable reluctance transducer was im-
planted into the plantar aponeurosis of all specimens (Fig. 3). A
three-centimeter-long longitudinal incision was made medially; it ex-
tended distally from a point 2.5 centimeters from the posterior aspect
of the calcaneus and one centimeter dorsally from the plantar surface
of the heel. Blunt dissection was used to expose the plantar aponeu-
rosis. The transducer was implanted into the central band of the apo-
neurosis with a specially designed tool¢, and two barbed prongs (three
millimeters long) affixed to each end of the transducer secured the
transducer to the tissue. There was no extraneous off-axis loading of
the transducer when an axial load was applied to the limb. Careful
attention was given to the placement of the transducer to ensure that
it was situated in the tautest segment (the focal load path) and was
parallel to the major orientation of the fibers. The focal load path was
located by close examination of the plantar aponeurosis through the
incision during dorsiflexion of the foot and toes. The connector lead
exited from the dorsal surface of the foot just proximal to the medial
malleolus through a subcutaneous tunnel.
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TABLE |
PERCENT STRAIN*

Test Conditiont

L(ol\?)d HL/FL HM/FL HO/FL HL/FO HM/FO HO/FO HL/FM HO/FM HM/FM
225 089+166 144+147 161+152 197+119 206+194 214+169 272+163 288+138 3.05+190
450 238+186 291+178 3.04+198 343+142 349+213 357+199 414+198 431%+169 454+218
675 344 £203 398+199 413+222 447+160 454229 461+217 522+219 540x189 5.66=*2.36
900 431+218 488+214 502+241 534+176 543+242 549+231 613+233 631+203 658+251

*The values are given as the mean percentage and the standard deviation. Any two means that are not underscored by the same line are
significantly different (p < 0.05) and any two means that are underscored by the same line are not significantly different (p > 0.05), according to

the results of Duncan’s multiple-range test®®.

tH = hindfoot, F = forefoot, L = lateral wedge, M = medial wedge, and 0 = no wedge.

Test Procedures

The specimens were preconditioned with cyclical loading just
before testing. Fifty cycles were performed at the selected test param-
eters, which consisted of movement of the crosshead at a speed of 508
millimeters per minute to apply a load of zero to 900 newtons. Af-
ter the specimens had been preconditioned, the reference length and
the zero position of the strain transducer were determined. The refer-
ence length corresponded to a condition of simulated partial weight-
bearing, with the plantar aponeurosis undergoing slight strain as it
initially became load-bearing. The specimen was placed on the surface
of the machine in the plantigrade position without constraint at the
top, and the zero position of the transducer and its reference length
were initialized. This permitted a proportional calibration of each
limb. Percent strain was calculated with the formula ([L — LoJ/Lo) X
100, where L was the length at any instant and L, was the initial length.

The protocol for all tests was the same for each specimen. The
cadaveric limb was mounted in the testing machine. Each limb was
subjected to eight different wedge conditions and the neutral condi-
tion. The foot was raised slightly to allow the appropriate wedge or
wedges to be introduced and, after the specimen had been placed on
the wedge or wedges, it was subjected to an additional ten cycles of
loading to eliminate so-called first-time behavior represented by an
initial settling of the limb on the wedge or wedges. The load and the
strain were recorded continuously until maximum load was reached.
The data recorded at zero load and at 25 percent (225 newtons), 50
percent (450 newtons), 75 percent (675 newtons), and 100 percent (900
newtons) of the maximum load are presented. The mounting fixture
ensured that the placement of the limb was the same for each treat-
ment condition, with only the position of the foot changing. The leg
was covered in plastic throughout the test procedures to maintain a
moist environment. The voltage outputs from the strain transducer
and load-cell were transferred through an amplifier-signal conditioner

to a data-acquisition board for analog-to-digital conversion sampled
at 750 hertz for a 1.5-second test. As data were sampled, they were
simultaneously stored in the computer.

Statistical Analysis

Statistical analysis consisted of separate examination of the de-
pendent variables of percent strain and time to load for each of
the four load conditions. As described earlier, this analysis was con-
ducted as a Latin square analysis of variance that consisted of subject,
treatment, and order for each of the four loads separately. Duncan’s
multiple-range test was used for follow-up comparisons®®. Descriptive
information was also collected, and significance was set at the 5 per-
cent level. Statistical tests were conducted with the SAS software
program (SAS/STAT, version 6; SAS Institute, Cary, North Carolina).

Results

Overview of the Test Model

The results of the Latin square, performed at each
load separately, indicated a nonsignificant effect of or-
der for both percent strain and time to load at each
of the four load levels (p > 0.05). The effect of order
is presented as a decrease in percent strain over or-
der, even though it accounted for only approximately
2 percent of the variability in the full model. Further
examination of the means suggests that the use of a
testing-sequence schedule that is designed to control for
order would probably be beneficial, with regard to per-
cent strain, in future studies of this type. In addition, the
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TABLE 11
TIME TO PRESCRIBED LOAD*
Test Conditiont

Load HO/FM HO/FO HO/FL HM/FM HM/FO HL/FO HL/FM HM/FL HL/FL

(N)

225 038+003 038+002 039+003 042+0.03 043+0.02 044+005 045+004 045+0.04 0.46+0.03

<

450 050+004 051+003 052+004 056+005 056+0.03 058+006 059+£005 059+£005 0.61+0.04
< >

675 058+004 059+003 061+005 064+005 065+0.03 067006 068+£005 068+£006 0.71+0.04
< >

900 065+005 065+004 067+004 071+006 071+0.04 074+007 075+£006 075+006 0.78+0.05
- >

*The values are given as the mean and the standard deviation in seconds. Any two means that are not underscored by the same line are
significantly different (p < 0.05) and any two means that are underscored by the same line are not significantly different (p > 0.05), according to

the results of Duncan’s multiple-range test®®.

tH = hindfoot, F = forefoot, L = lateral wedge, M = medial wedge, and 0 = no wedge.

effect of subject for percent strain was significant for
all loads (p < 0.001) and accounted for approximately
74 percent of the variability in the model. Most im-
portantly, the effect of treatment (orthosis) for percent
strain was significant for each load separately (p <
0.001) and accounted for about 12 percent of the vari-
ability. In general, the results indicate that placement of
a wedge under the lateral aspect of the forefoot resulted
in significantly less strain in the plantar aponeurosis
than did placement of a wedge under the medial aspect
of the forefoot (Table 1). We did not account for the
remaining 11 percent of the variability.

The results for time to load were, in general, very
similar to those for percent strain, with the effects of
both subject and treatment contributing significantly to
the model (p < 0.001). The effect of subject accounted
for approximately 42 percent of the variability, while the
effect of treatment accounted for almost 45 percent of
the variability. Order accounted for 2 percent of the
variability, and the remaining 10 percent was not ac-
counted for.

Measurements of Strain in
the Plantar Aponeurosis

It was remarkable that the relative ordering of the
treatments remained the same across all four load lev-
els. In general, the control (neutral) condition remained
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in the sixth position — that is, three test conditions
showed more strain and five showed less strain in the
plantar aponeurosis (Table I). A complex interrelation-
ship of Duncan groupings was produced from the re-
spective multiple-range follow-up tests. The groupings
tended to tighten as the load increased, with five differ-
entiated sets noted at loads of 225 and 450 newtons; only
four differentiated sets were found at the higher loads
of 675 and 900 newtons (Table 1).

A nine-by-nine Latin square design and analysis was
employed to evaluate the effect, if any, of test condition
on individual differences and experimental order. In
general, the results indicated a significant (p < 0.001)
effect of subject and treatment, but not of order, for
each of the four load levels performed separately.

Time to Load

Test conditions involving a wedge generally in-
creased the time to load compared with that for the
neutral control (Table II). The times to load were short-
est under the test conditions in which the hindfoot
was in neutral, including the control condition. Use of
wedges under the lateral aspects of the hindfoot and
forefoot resulted in a time to load that, at higher loads
(450, 675, and 900 newtons), was at least one-tenth of a
second longer than that for the neutral control and was
significantly different from that under all other test con-
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Radiograph of a right foot, showing the differential variable reluc-
tance transducer (DVRT) implanted in the plantar aponeurosis (ar-
row). The terminal connector end of the DVRT lead is pictured
above the foot.

ditions (p < 0.05). Two test conditions, a wedge under
the medial aspect of the hindfoot with a neutral fore-
foot and wedges under the medial aspects of the hind-
foot and forefoot, demonstrated, at higher loads, times
to load that fell mid-range between the time under the
control condition and that with the wedges under the
lateral aspects of the hindfoot and forefoot. Compared
with the mid-range times to load, the times to load with
a wedge under the lateral aspect of the hindfoot with
a neutral forefoot, wedges under the lateral aspect of
the hindfoot and the medial aspect of the forefoot,
and wedges under the medial aspect of the hindfoot
and the lateral aspect of the forefoot were increased
slightly so that those conditions formed another statis-
tical grouping.

Discussion

Since wedges are now used as an orthotic treatment
for plantar fasciitis, it is important to know how they
contribute to changes in the strain in the plantar apo-
neurosis. The aim of the present study was to quantify
the strain in the plantar aponeurosis under test condi-
tions involving different combinations of wedges. The
wedges produced noteworthy shifts in the pattern of
load transmission of the foot compared with that for the
neutral control.

Wedge Under the Medial
Aspect of the Forefoot

The test conditions that included a wedge under the
medial aspect of the forefoot significantly increased the
strain in the plantar aponeurosis compared with that
for the neutral control or that recorded with a wedge
under the lateral aspect of the forefoot (p < 0.05). These
results indicate that the medial support structures of the
foot sustain a greater portion of the load with elevation
of the medial (first, second, and third) metatarsals rela-
tive to the lateral (fourth and fifth) metatarsals. It can
be concluded from these data that the use of a wedge
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under the medial aspect of the forefoot for the treat-
ment of plantar fasciitis would not provide the desired
biomechanical effect of reducing strain in the plantar
aponeurosis. This finding is not in agreement with that
of Riddle and Freeman®, who observed a decrease in
symptoms with the use of a wedge under the medial
aspect of the foot. In their case report of one patient,
they indicated that use of a medial-post orthosis (with
an inclination of 4 degrees in the hindfoot and 3 degrees
in the forefoot) was responsible for the reduction of
pain in the heel due to plantar fasciitis. It is difficult
to determine the contribution of the orthosis, however,
because several treatments were implemented during
the orthotic therapy.

The resultant conformations of the foot with a
wedge under the medial aspect of the forefoot suggest
that a greater portion of the load was directed through
the plantar aponeurosis. The use of such a wedge, which
was a controlled variable in our experiments, appears to
be the primary cause of the increased strain in the plan-
tar aponeurosis, as the addition of a wedge under the
medial or lateral aspect of the hindfoot did not signifi-
cantly affect the resultant strain.

Wedge Under the Lateral
Aspect of the Forefoot

A wedge under the lateral aspect of the forefoot
decreased strain in the plantar aponeurosis compared
with that for the neutral control and that under the test
condition involving a wedge under the medial aspect of
the forefoot. The data suggest that loads are transferred
to the lateral support structures of the foot when the
lateral metatarsals are raised higher than the medial
metatarsals, thus decreasing strain in the plantar apo-
neurosis. The support structures engaged by this orthotic
position may simulate the calcaneocuboid locking ac-
tion’. While a close examination of the mechanics of the
foot would reveal this mechanism, it is surprising that,
as far as we know, the association between placement of
a wedge under the lateral aspect of the forefoot and the
midfoot locking mechanism has not been described in
the literature.

Our findings revealed a new type of strain-relief
effect in the plantar aponeurosis. The placement of
a wedge under the lateral aspect of the forefoot ap-
pears to be a promising orthotic control mechanism for
shielding the plantar aponeurosis from strain during
standing and, most likely, during midstance in walking.
While a wedge under the lateral aspect of the forefoot
did not reduce strain as much as the medial longitudinal
arch-support mechanism or the University of California
Biomechanics Laboratory shoe insert did”, feet that do
not respond to treatment with the latter two devices
may respond more favorably to placement of a wedge
under the lateral aspect of the forefoot. Since individ-
ual variation is a determinant of load transmission char-
acteristics, multiple strain-shielding mechanisms offer
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the clinician alternatives for orthotic treatment when a
condition does not respond satisfactorily to a particu-
lar orthosis.

Wedge Under the Hindfoot

In the tests in which there was a wedge under only
the hindfoot, there was no significant difference be-
tween the strain associated with the wedge under the
medial aspect and that associated with the wedge under
the lateral aspect (p > 0.05). There was a slight decrease
in the strain for both of those conditions compared
with that for the neutral control; however, the trend
was not significant (p < 0.05). It is of interest that,
although we did not find that placement of a wedge
under the hindfoot reduced strain significantly, clini-
cal resolution of symptoms has been reported with the
use of a wedge under the medial aspect of the hind-
foot**#%, The hindfoot medial-post technique devel-
oped by Marr and Pod* was designed to “reduce the
pull on the medial band of the plantar aponeurosis.”
Those authors reported relief of symptoms with that

...
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orthosis. Clancy® stated that a three-millimeter-high
wedge under the medial aspect of the heel decreased
loading of the plantar fascia in runners who had plantar
fasciitis. He implied that the symptoms were reduced
with that treatment method.

While our tests did not show a significant decrease
in strain in the plantar aponeurosis, it is not known how
much of a reduction may vyield clinical relief of pain. A
wedge under the lateral aspect of the forefoot may pro-
vide more reliable clinical results; in the present study;,
it significantly decreased strain in the plantar aponeuro-
sis compared with that associated with a wedge under
the hindfoot.

Time to Load

Comparison of the means for percent strain and
time to load suggest that there are some parallels be-
tween these values and the loading behavior of the
specimen (Tables I and Il and Fig. 4). Two of the test
conditions in which a wedge was placed under the lat-
eral aspect of the forefoot (with another wedge under

900

675 7

450

LOAD (N)

225

4
/// // Forefoot Medial
4 Wedges

2 3 4 5 6

STRAIN %

FiG. 4

Typical load-versus-strain curves for all nine test conditions in one specimen. A wedge under the medial aspect of the forefoot (conditions
3, 5, and 8) significantly increased strain in the plantar aponeurosis (p < 0.05). A wedge under the lateral aspect of the forefoot (conditions 4,
6, and 7) significantly decreased strain in the plantar aponeurosis compared with that in the neutral control (P) (p < 0.05). P = plantigrade
(neutral control), 1 = wedge under the medial aspect of the hindfoot, 2 = wedge under the lateral aspect of the hindfoot, 3 = wedge under the
medial aspect of the forefoot, 4 = wedge under the lateral aspect of the forefoot, 5 = wedges under the medial aspects of the hindfoot and
forefoot, 6 = wedges under the lateral aspects of the hindfoot and forefoot, 7 = wedges under the medial aspect of the hindfoot and the lateral
aspect of the forefoot, and 8 = wedges under the lateral aspect of the hindfoot and the medial aspect of the forefoot.
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either the medial or the lateral aspect of the hindfoot)
produced the longest time to load and the lowest strains
compared with those for the neutral control. Of the
three test conditions in which a wedge was placed un-
der the medial aspect of the forefoot, only one — a
neutral hindfoot with a wedge under the medial aspect
of the forefoot — had a notable countertype perfor-
mance: it produced one of the highest values for per-
cent strain and, simultaneously, the fastest time to load.
The two test conditions in which the forefoot was in
neutral and a wedge was placed under either the medial
or the lateral aspect of the hindfoot had counterpart
performance in that they both were generally in the
mid-range of order for both percent strain and time to
load. While it appears that there may be a relationship
between time to load and tensile loading properties of
the plantar aponeurosis, the nonparallel performances
of some of the other test conditions limit any defini-
tive conclusions from being drawn in this regard.

Although the quantification of strain was the focus
of this study, various aspects of the time-to-load data
offer new information on the structural stiffness proper-
ties of the foot in quasi-static stance. If the foot is con-
sidered a structural spring, as has been suggested-**, a
stiff structural system takes less time to load than a
flexible one. The Duncan groupings (Table Il) can be
used to characterize the stiffness properties of the re-
dundancies in the load path created by the wedge test
conditions. The present study showed that the foot that
had wedges under the lateral aspects of the hindfoot
and forefoot was more flexible than the neutral control,
which had one of the fastest times to load. Five other
test conditions — wedges under the medial aspects of
the hindfoot and forefoot, a wedge under the medial
aspect of the hindfoot alone, a wedge under the lateral
aspect of the hindfoot alone, wedges under the lateral as-
pect of the hindfoot and the medial aspect of the fore-
foot, and wedges under the medial aspect of the hindfoot
and the lateral aspect of the forefoot — also produced a
more flexible foot compared with the neutral control. In
contrast, under the three test conditions that did not
involve a wedge under the hindfoot, the foot was rela-
tively stiff structurally.

No definitive statements could be made, with use
of the time-to-load data, about the differences between
the structural properties produced by the truss-like ac-
tion and those produced by the lateral midtarsal lock-
ing mechanism. Close examination of the means for
time to load show that the truss-like action of the me-
dial arch appears to produce slightly greater structural
stiffness than the lateral midtarsal locking mechanism.
The truss-like action, which is activated by dorsiflex-
ion of the tarsometatarsal joints, is simulated by a
wedge placed under the medial aspect of the forefoot.
This test condition produced the fastest times to load,
whereas two of the loading conditions involving a
wedge under the lateral aspect of the forefoot (in ad-
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TABLE 111

PEARSON CORRELATIONS FOR PERCENT STRAIN
VERsSUS TIME TO LOAD

Test Load Levelf
Condition* 225N 450N 675N 900 N
HL/FL 0.64 0.79 0.84 0.86
HO/FO 0.75 0.81 0.82 0.83
HO/FL 0.61 0.79 0.74 0.75
HM/FO 0.51 0.65 0.71 0.73
HM/FM 0.66 0.66 0.65 0.66
HM/FL 0.36 0.52 0.60 0.65
HL/FO 0.16 0.45 0.54 0.60
HO/FM 0.26 0.44 0.51 0.57
HL/FM 0.46 0.50 0.48 0.48

*H = hindfoot, F = forefoot, L = lateral wedge, M = medial wedge,
and 0 = no wedge.

tThe values in boldface are clinically relevant and significant
(p <0.05).

dition to a wedge under the medial or lateral aspect
of the hindfoot) had the longest times to load. One
explanation for the increased time to load with a wedge
under the lateral aspect of the forefoot may be that
the wedge increased the range of subtalar pronation.
If the subtalar joint allows additional pronation to oc-
cur during loading, it is possible that time to load could
also be increased®.

Pearson’s correlations between strain and time to
load show that certain load-path patterns created by
an inclined surface produce a more predictable per-
formance than others (Table I11). This is of clinical rel-
evance because it is important to know how the foot
will respond to a particular orthotic interface, such as a
wedge, and the control potential of the orthosis.

As expected, the degree of correlation increased
with an increase in load. At 225 newtons, there was a
significant correlation between strain and time to load
under only two test conditions, the neutral control and
wedges under the medial aspects of the hindfoot and
forefoot (r = 0.75 and 0.66, respectively). At the higher
loads (450, 675, and 900 newtons), significant correla-
tions were found under four and five test conditions.
The two test conditions with the highest correlations
were wedges under the lateral aspects of the hindfoot
and forefoot and the neutral control, followed by a
wedge under the lateral aspect of the forefoot alone, a
wedge under the medial aspect of the hindfoot alone,
and wedges under the medial aspects of the hindfoot
and forefoot. There were significant correlations under
all of these test conditions (p < 0.05). The correlations
between strain and time to load under the test condi-
tions that involved wedges placed in opposite positions
at the hindfoot and forefoot (the medial aspect of the
hindfoot and the lateral aspect of the forefoot or the
lateral aspect of the hindfoot and the medial aspect of
the forefoot) were not significant (p > 0.05). The test
conditions that involved a wedge under the medial as-
pect of the forefoot alone or the lateral aspect of the
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hindfoot alone also did not demonstrate a significant
correlation between strain and time to load. The Pear-
son correlations are important because they represent
another aspect of the control capabilities of orthotic
wedges. The countertype response of strain versus time
to load may denote a so-called stability factor of a load
pathway since a higher correlation tends to be more
predictable.

Biomechanical Control
Mechanisms of Orthotic Wedges

The rationale for the loading behavior of the foot
with various orthotic wedges can be interpreted from
fundamental biomechanical concepts of foot function.
The work of Bojsen-Mgller* provides a plausible ex-
planation for the distinct performances of the forefoot
wedge tests. Through the use of a high-speed camera
and an illuminated glass plate on a walkway, that au-
thor was able to visualize contact of the foot and the
strain in the plantar aponeurosis. During high-gear
push-off, when the area of contact shifts from the heel
to the medial aspect of the ball of the foot, tension was
observed in the plantar aponeurosis through the skin.
During low-gear push-off, when the area of contact
shifts from the heel to the lateral part of the ball of
the foot, tension in the plantar aponeurosis dissipated.
Comparable observations were noted during our bio-
mechanical tests that involved wedges under the fore-
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foot. Conformations of the foot created by a wedge
under the medial aspect of the forefoot emulated the
initial loading parameters of high-gear push-off, while
those created by a wedge under the lateral aspect of the
forefoot emulated low-gear push-off. The consequential
reorientation of the load produced by a wedge under
the lateral aspect of the forefoot simulated pronation
of the calcaneocuboid joint, which moved into the close-
packed position, thereby decreasing strain in the plan-
tar aponeurosis. While this osseous locking mechanism
requires restraint from plantar ligaments”, it appears
that either the lateral component of the plantar fascia
or, more likely, other support structures must be load-
bearing, since the transducer showed a reduction in
strain. Placement of a wedge under the medial aspect
of the forefoot closely resembles inversion of the foot,
which moves the calcaneocuboid joint into the loose-
packed position, thereby increasing strain in the plantar
aponeurosis.

Because an orthotic wedge produces an alternative
load path in the foot, the present study inherently dealt
with two accepted structural components, the medial
truss-like action and the lateral midtarsal locking mech-
anism. The medial column of the foot relies on a truss
mechanism to transmit loads*®. According to Sarraf-
ian®, internal rotation of the leg, dorsiflexion of the foot,
and hyperextension of the toes at the metatarsopha-
langeal joints activate this loading mechanism. When

Fic. 5-A

Fic. 5-B

Figs. 5-A and 5-B: Photographs of the plantar aspect of the foot. The arrowheads indicate the region where changes in the tension in the

plantar aponeurosis can be observed or palpated.

Fig. 5-A: The plantar aponeurosis becomes taut when the forefoot is positioned in varus relative to the hindfoot. The dotted line indicates

the region of increased tension.

Fig. 5-B: The plantar aponeurosis becomes slack when the forefoot is positioned in valgus with respect to the hindfoot.
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ground-reaction forces to the medial (first, second, and
third) metatarsals are increased, this region of the foot
is dorsiflexed with respect to the tibia, actuating the
truss mechanism to a greater extent than contact with a
planar surface. In the present study, the test conditions
in which a wedge was placed under the medial aspect
of the forefoot produced the truss action by increasing
the dorsiflexion moment in the medial tarsometatarsal
joints. In line with the theory of this action, the strain
in the plantar aponeurosis increased significantly com-
pared with that for the neutral control. This confirms
that the analogy of the truss for the medial structure of
the foot is reasonable. Additional evidence for the truss
action was apparent under the test conditions in which
a wedge was placed under the lateral aspect of the fore-
foot. The decreased strain in the plantar aponeurosis
observed under these conditions suggests that the truss
action was lessened as the lateral midtarsal locking
mechanism was engaged to transmit loads through the
foot. The results of the present study clearly support
these accepted biomechanical principles of foot func-
tion and further define their role.

Clinical Observations

The changes in tensile load measured in the plantar
aponeurosis during the various test conditions that in-
volved a wedge under the forefoot can also be observed
with clinical examination. With the subject seated on
an examination table, the toes are passively extended to
make the plantar aponeurosis taut. With the toes main-
tained in extension, the forefoot is passively positioned
in varus to reproduce the condition of a wedge under
the medial aspect of the forefoot, and then it is posi-
tioned in valgus to reproduce that of a wedge under
the lateral aspect of the forefoot. While the forefoot is
moved through the range in this manner, the modula-
tion of tension can often be visualized through the skin
and can also be palpated readily when the thumb of the
other hand is pressed firmly into the medial aspect of
the plantar aponeurosis at the level of the midfoot (Figs.
5-A and 5-B). Tension decreases dramatically as the
forefoot is passively positioned in valgus (Fig. 5-B), and
the aponeurosis becomes taut when the forefoot is po-
sitioned in varus (Fig. 5-A). This assessment is of value
clinically to determine the responsiveness of the foot to
this type of positioning and to approximate the reduc-
tion in tension that an orthosis might produce in the
plantar aponeurosis.

Patients who have plantar fasciitis often adopt an
antalgic gait pattern in an effort to avoid pain. This
compensatory response is usually characterized by walk-
ing on the lateral border or the ball of the foot. Al-
though the mechanics of these gait deviations and the
mechanisms responsible for the partial pain relief asso-
ciated with them are still uncertain, the data from this
study provide some support for a theoretical explana-
tion. The forefoot and hindfoot varus attitude assumed
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by patients who walk on the lateral aspect of the foot
diverts the load-transmission pathway to lateral skeletal
and ligamentous support structures. Since the medial
load-bearing structures of the foot are not in contact
with the ground, the truss-like mechanism normally
present during stance is not activated. Thus, strain in the
plantar aponeurosis, and the resultant pain, are compar-
atively less than when the medial part of the ball of the
foot is in contact with the ground. This concept is sup-
ported by the work of Bojsen-Mgller’, who observed
a decrease in strain in the plantar aponeurosis during
low-gear push-off in walking, when the area in contact
with the ground moves from the heel to the lateral
portion of the ball of the foot. Therefore, misconcep-
tions may have developed with regard to the use of a
wedge under the medial aspect of the foot for the treat-
ment of plantar fasciitis through clinical observations
that pain was temporarily relieved when the medial as-
pect of the foot was raised. However, the findings of
the present study do not support the assumption that a
wedge under the medial aspect of the foot decreases
strain in the plantar aponeurosis.

Irregular surfaces and slopes of different grades
are encountered during the course of daily activities.
The foot is capable of adapting to most of these situa-
tions through an individualized loading mechanism for
each foot-ground interface encountered. The present
study revealed some of the possible load-pattern char-
acteristics that the foot may assume during standing on
various inclines. The load-redundancy path appears to
be regulated in part by the surface with which the foot
reacts and the resultant conformation of the foot. Fur-
thermore, an orthotic wedge appears to be a reliable
control mechanism for the alteration of the load trans-
mission pattern in the foot, particularly if strain in the
plantar aponeurosis is to be modified.

Limitations of the Experimental Model

Consideration should be given to our method of
establishing the zero position of the strain transducer
when the strain values reported in the present study
are compared with those in other studies. Also, the
measurements of local strain quantified during the tests
may differ from strain values in other regions of the
plantar aponeurosis. The test design attempted to simu-
late static stance in vitro, and therefore it is only a lim-
ited representation of what may occur during standing
or midstance. Orthotic wedges or posts configured to a
custom foot orthosis may affect strain in the plantar
aponeurosis differently than the conditions tested in the
present study. The tests emulated standing on an in-
clined plane with primary interactions to the forefoot
and hindfoot. A custom orthosis with a wedge that in-
teracts with the midfoot may provide additional changes
in strain in the plantar aponeurosis.

In summary, this investigation offers new insight into
the loading behavior of the plantar aponeurosis and the
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foot when the latter is in contact with various inclines.
It appears that the load-transmission path of the foot
adapts to a change in surface through the use of dif-
ferent structural support mechanisms. The medial sup-
port structures of the foot seem to act like a truss, as
Lapidus®?® suggested. A wedge under the medial aspect
of the forefoot accentuated this action, while a wedge
under the lateral aspect of the forefoot minimized the
supportive function of the truss. In the latter case, the
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calcaneocuboid joint locks to accept a greater portion
of the load. For the foot to accommodate to a medially
or laterally sloped surface, the two structural mecha-
nisms must work in synergy, alternating their supportive
role from a primary to a secondary support system as
the situation demands.

Note: The authors thank Dr. Steven Verhuist, Division of Statistics and Consulting,
Southern Illinois University School of Medicine, for assistance with the statistical analysis of
the data, and Professor Don Leone, University of Hartford, Hartford, Connecticut, for his
constructive comments.
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