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ABSTRACT

We measured the maximal isometric eversion moment

developed under full weightbearing in 20 healthy adult
men (age, 24.4 &plusmn; 3.4 years; mean &plusmn; SD) with their
ankles in 15&deg; of inversion. Tests were performed at
both 0&deg; and 32&deg; of ankle plantar flexion in low- and in
three-quarter-top shoes with and without adhesive ath-
letic tape or one of three proprietary ankle orthoses. At
0&deg; of ankle plantar flexion, the mean maximal voluntary
resistance of the unprotected ankle to an inversion
moment was 50 &plusmn; 8 N-m; this increased by an average
of 12% (or 6 N-m) when the subject wore a three-
quarter-top basketball shoe. The maximal voluntary
resistances to inversion moments developed with the
ankles further protected by athletic tape or any of three
orthoses were not significantly different. Biomechani-
cal calculations suggest that at 15&deg; of inversion the fully
active ankle evertor muscles isometrically developed a
moment up to six times larger than that developed
when an athlete wears a three-quarter-top shoe alone
and more than three times larger than that developed
passively when the athlete has tape or an orthosis
worn inside a three-quarter-top shoe. We conclude that
fully activated and strong ankle evertor muscles are the

best protection for a near-maximally inverted ankle at
footstrike.

Ankle injuries are common in sports, 44,50 accounting for
up to 25% of all time lost from competition.29 The domi-
nant limb is involved in ankle injuries more than twice as
often as the nondominant limb. 50 Most ankle injuries are
the inversion type and occur during landing,~ particularly
with the foot in plantar flexion and internally rotated, 12,13
a position in which the anterior talofibular ligament is
subject to the greatest amount of strain.’ Some of these
injuries can be debilitating and costly in terms of time lost
from training or competition. Several forms of ankle pro-
tection have been developed to reduce the risk of injury,
including high-top athletic shoes, athletic taping,’ and a
plethora of orthotic devices.3, 10
Athletic taping has long been a popular prophylaxis

because it is convenient to use and because of the tradi-
tional beliefs of athletes, trainers, and coaches that taping
is an effective form of ankle protection. The most basic
function of athletic tape is to restrict the range of ankle
motion to prevent extreme and injurious ankle mo-

tions 11,26,32,37,40 ; tape acts, in essence, as an external
ligament. 16,26 Some authors have proposed that tape can
shorten the reaction time of the peroneal muscles to an
inversion movement by augmenting sensory input.15, 22
Whether tape affects the active resistance to inversion
provided by the ankle evertor muscles is unknown.
With the advantages of taping, however, come several

disadvantages. The decrease in ankle passive range of
motion due to taping can affect functional performance in
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certain activities .3,20,21,29,3 For example, both taping
and orthoses have been found to significantly and ad-
versely affect postural control in tests of unipedal bal-
ance.2 In addition, the repeated daily application of tape
in an athletic setting can be costly because it requires
experienced personnel .39 The repeated removal of adhe-
sive tape can cause skin irritation. Finally, tape may lose
its effectiveness with prolonged athletic activity 31; up to a
40% decrease in the ability of tape to restrict ankle range
of motion has been noted after as little as 10 minutes of
exercise.11 15,16,26,40

Because of these problems, ankle orthoses have become
popular alternatives to athletic taping, with examples in-
cluding canvas lace-up stabilizers and semirigid molded-
plastic models. Orthoses are popular because they are
easy for the athlete to apply, they can be tightened as
needed during competition, and they cause little skin ir-
ritation. These devices can be as effective as tape in re-
stricting extreme ranges of passive ankle motion. 16, 18, 19
For example, Shapiro et a1.42 showed that high-top ath-
letic shoes significantly increased the passive resistance
provided by taping and bracing when they were compared
with low-top shoes, but they found no difference between
the increases provided by taping or bracing.
Most, but not all, epidemiologic studies suggest that

high-top shoes, athletic tape, and orthoses are effective in
reducing the incidence of ankle injuries, although the
benefits depend on the sport. Rovere et a1.41 reported that
football players who used low-top shoes with ankle stabi-
lizers had the fewest ankle injuries. Garrick and Requa,14
on the other hand, found the lowest ankle injury rates
among basketball players using high-top shoes and ath-
letic tape, and Barrett et al.’ found no significant differ-
ences between the use of low- and high-top basketball
shoes in preventing ankle sprains. Surprisingly, it is un-
known how much protection any of these devices offer
compared with the resistance developed by the eversion
ankle musculature at footstrike when the ankle is resist-

ing further inversion of an ankle actively placed in near-
maximal inversion. That question is the focus of this pa-
per. To avoid the risk of injuring study participants, we
approached this question by using quasistatic, rather than
dynamic, experimental testing with a simple biomechani-
cal analysis.
The first goal of this research was to measure the max-

imal isometric eversion moment that young male adults
can develop volitionally with the weightbearing foot in 15°
of inversion. The next goal was to test the null hypothesis
that no difference would be found in the maximal overall
eversion moment developed whether athletic taping or one
of three different ankle orthoses was worn inside a low-top
or a three-quarter-top basketball shoe. Tests were con-
ducted at near-maximal inversion (15° of inversion) with
0° or 32° of ankle plantar flexion, thus encompassing a
range of foot orientations existing just before an ankle
inversion injury and at angles in which these prophylactic
devices should be effective. The final goal was to use a
simple biomechanical model, together with published re-
sults of ankle stiffness during weightbearing, to test the
hypothesis that the evertor muscles may provide greater

resistance to large external inversion moments than

three-quarter-top basketball shoes, athletic taping, or an-
kle orthoses at near-maximal inversion.

MATERIALS AND METHODS

Subjects

We recruited 20 healthy, young adult men aged 24.4 ± 3.4
years (mean ± SD) with no ankle injuries in the 6 months
before testing. All subjects wore size 10 athletic shoes. Leg
dominance (19 of 20 subjects preferred to kick a ball with
their right foot), weight (827 ± 110 N), and ankle height
(medial and lateral malleoli) from the floor were recorded.

Unipedal Strength Test

We tested the functional eversion ankle strength of each
subject under full weightbearing conditions with the ankle
in near-maximal inversion (15° inversion) and in 0° or 32°
of plantar flexion using a specially designed testing appa-
ratus (Fig. 1). The testing apparatus and methods are
described elsewhere and have been used by us to measure
young adult ankle inversion and eversion strengths in the
neutral ankle position.38 Briefly, the apparatus consisted
of a size 10 shoe securely fastened to a 1.5-cm thick, 36 X

Figure 1. Schematic diagram of how the maximal volitional
resistance to inversion was measured at near-maximal inver-
sion. The ground-reaction force of 1 BW (R) acted with a
lever arm (d) medially about the subtalar joint center, through
which the vertical reference line (C) passes. The maximal
value of the lever arm was found at the point at which

subjects could balance full body weight for 2 seconds.
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20 cm footplate. Eight metal clamps distributed around
the perimeter of the shoe gripped the edge of the shoe’s
sole and heel. Under the footplate was a track accommo-
dating a 40-cm long, 5 X 10 mm steel bar positioned in the
frontal plane under the fifth metatarsophalangeal joint. A
centimeter scale was located on top of the steel bar, and
midway along it the bottom of the bar had a 13-mm diam-
eter circular recess drilled at a 15° angle to accommodate
the top end of a 15-mm high, 12-mm diameter, vertical,
fixed steel peg screwed firmly into a large steel plate at its
base.

After the bar was positioned under the fifth metatarso-
phalangeal joint, each participant placed his right foot in
the shoe of the apparatus. The laces were then tightened
in a controlled manner to 45 N of tension. The steel peg
was initially positioned 7 cm medial to the subtalar ankle
axis in the frontal plane. With their ankles in 15° of
inversion, the participants were asked to balance unipe-
dally on the device for a minimum of 2 seconds. Initially,
use of a support bar was allowed. Once balance was
achieved, finger support was removed and participants
attempted to maintain the initial 15° of inversion (±5°) for
2 seconds. The peg height was set so that once the initial
15° of inversion was established, deviation by more than
5° would cause the testing device to touch the ground to
prevent injury and to electronically signal a loss of
balance.
The test began when the participant released the sup-

port bar and ended if either the testing device or any part
of the subject touched the ground or support bar. Balanc-
ing for 2 seconds with less than 5° of deviation from the
starting position was considered a successful test; failure
to do so was noted as an unsuccessful test. Three attempts
were allowed. If all attempts were unsuccessful, the steel
peg was moved in 1-cm increments toward the center of
the ankle until a successful trial was completed. After the
first successful trial, adjustments of 0.25 cm were made
toward the medial peg until the authors identified the
most medial test position successfully tolerated. All tests
of eversion strength were repeated with a 32° wedge under
the posterior two-thirds of the foot to determine the effect
of ankle plantar flexion on ankle strength.
To quantify the effect of shoe height, testing was per-

formed with a low-top basketball shoe (Nike Air Force I;
Nike Inc., Beaverton, Oregon) and a three-quarter-top
basketball shoe (Nike Air Force Max) while the ankle was
unprotected. To quantify the effect of tape, these tests
were repeated after the ankle was taped in a standard
manner. The 1.5-inch wide cloth tape (Zonas tape; John-
son & Johnson, Inc., Skillman, New Jersey) was applied
using adhesive spray, foam prewrap, and a closed basket
weave with four stirrups reinforced with two figure-of-8
and two &dquo;heel-lock&dquo; patterns. Finally, to quantify the effect
of selected orthoses, tests were repeated with a Swede-O
ankle brace (Swede-O-Universal, North Branch, Minneso-
ta), Air-Stirrup, and Sport-Stirrup (each from AirCast,
Inc., Summit, New Jersey). The individual braces were
fitted according to the manufacturer’s directions. The se-
quence for testing in the low- and three-quarter-top shoes,
in the different orthotic states, at the two positions (0° and

32° of ankle plantar flexion) was randomized and ran-
domly varied between subjects.
Because the low-top shoe does not extend above the

ankle joint, that particular shoe design can offer no pas-
sive resistance to ankle inversion. The maximal voluntary
resistance to inversion moments actively developed by the
evertor muscles with the low-top shoe was therefore used
as the &dquo;unprotected&dquo; basis for comparison with the resis-
tance developed when using the three-quarter-top shoe
with and without athletic tape or with one of the three
orthoses.
To determine the external moment applied by body

weight (BW) about the subtalar ankle joint, it was neces-
sary to determine the distance (d) of the center of gravity
of the whole body, acting through the peg centerline, from
the subtalar joint &dquo;center&dquo; when the participant is bal-
anced unipedally on the peg. If L is the distance measured
from the centimeter scale, d can be found from the follow-
ing formula:

d = [L*cos(15°)] +

{(ICR height + footplate thickness)*sin(15°)}

where d equals distance and ICR equals instantaneous
center of rotation.
The height of the midpoint of the functional subtalar

joint was assumed for simplicity to coincide with its in-
stantaneous center of rotation in inversion. This was de-
termined using three posteroanterior radiographs taken
of five healthy young men while standing on a surface in
one of three orientations: horizontal and at 10° and 20° of
inversion. Lead markers were placed on each maleollous,
the anterior tibial surface, the distal portion of the calca-
neous, and the medial sustentaculum tali and the lateral

peroneal trochlea of the foot. On each radiograph the
perpendicular bisector to the two latter points was drawn.
After superimposing the supratalar marker images, the
location for the subtalar instantaneous center of rotation
was found midway between the intersections of the three
perpendicular bisectors. The distance of the subtalar in-
stantaneous center of rotation below the medial malleolus
was then determined and scaled to compensate for radio-
graphic magnification. The mean relative height of the
subtalar instantaneous center of rotation above the sup-
port surface was 19% less than that of the average bimal-
leolar height. Although we recognize that the instanta-
neous center of rotation does not necessarily reflect the
equivalent point of load transmission in the subtalar joint,
it does provide a reasonable approximation for the center
of an equivalent hinge joint in the frontal plane. Because
the sine function is evaluated at 15° and the mean instan-
taneous center of rotation height was only 8.8 ± 0.7 cm,
any reasonable errors in estimation of this equivalent
&dquo;joint&dquo; height have a minor effect on the magnitude of d.

Estimation of Baseline Ankle Resistance to an Inversion
Moment at 15° of Inversion

The baseline resistance of the ankle joint to inversion was
not measured in this investigation because it has already
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been measured during full weightbearing in a group of
nine young healthy men (mean weight, 76.8 ± 9.8 kgf;
mean height, 1.78 ± 0.79 m) while they stood unipedally,
without shoes, tape, or orthoses, with the foot clamped
firmly into a servo-driven test apparatus.2’ The joint stiff-
ness in forced inversion measured in that study, using the
subject instructions &dquo;do not voluntarily intervene&dquo; by us-
ing your muscles to prevent the ankle rotation of up to 9°
of inversion, had a mean value of 0.97 --!- 0.23 N-m/deg.
This value is consistent with the average joint stiffness of
0.9 N-m/deg also measured during full weightbearing in
six young healthy adults during 35° of forced dynamic
inversion.36 Assuming linear stiffness behavior up to 15°
of inversion rotation, which is not an unreasonable as-
sumption given the results of Chen et a1.,5 one can use
these values to calculate that the average eversion mo-
ment developed by the combination of passive tissue

stretch on the lateral aspect of the leg and postural muscle
activity in the peroneal muscle group during full weight-
bearing at 15° inversion in young men is approximately 14
N-m (13.5 N-m derived from reference 36; 14.6 N-m de-
rived from reference 27). For the purpose of this study, we
termed 14 N-m the &dquo;baseline&dquo; moment developed while
weightbearing at 15° inversion because it involves princi-
pally the passive resistance caused by inverting the ankle
from 0° to 15° as well as the resistance provided by any
postural ankle muscle activity required to simply balance
on one foot.

Estimation of Passive Device and Active Muscular
Resistance to Inversion

The external and muscular moments acting at the ankle
joint during gait have been analyzed in biomechanical
terms.49 Using simplifying assumptions, the additional
maximal volitional moment that was actively developed
about the ankle by the evertor muscles in the present tests
can be estimated (See &dquo;Appendix&dquo;). The percentage in-
crease in moment supplied by evertor muscle activity can
then be compared with that developed passively at 15° of
inversion using the three-quarter-top shoe alone or that
shoe in combination with tape or an orthosis. We assumed
that the maximal active isometric muscular moment de-

veloped about the ankle at 15° of inversion remained

unchanged under the different test conditions and that
the maximal active isometric muscular moment was not
affected by practice or fatigue because of the randomized
testing sequences and the ample rest periods.

Resolution and Repeatability

The resolution of the measurement of strength was deter-
mined by the smallest increment in distance (d), 2.5 mm.
This value is approximately 6% of the average maximal
value of d. Tests of measurement repeatability were per-
formed on three subjects for the ankle strength tests.
Eversion strengths were measured to establish test vari-
ation between measurements made within the same day
and also between measurements on 3 different days. The
magnitude of the expected measurement variability was
expressed by computing 95% confidence limits, and sys-
tematic variability was examined by a repeated-measures
analysis of variance test (rm-ANOVA).

Statistical Analyses

Descriptive statistics were calculated for all variables. An
rm-ANOVA was used to test the null hypothesis that shoe
height (low-top versus three-quarter-top) had no effect on
the magnitude of the external ankle moment that could be
resisted in inversion at two different angles of ankle plan-
tar flexion (0°, 32°). An rm-ANOVA was also used to
examine the effects of tape and orthoses relative to the
unsupported states. Post hoc, two-sided, paired t-tests
were used to test the magnitude and direction of any main
effects using a P value of 0.05. Paired t-tests were also
used to examine intrasubject differences between mo-
ments developed at the different ankle plantar flexion
angles.

RESULTS

Repeatability

The 95% confidence levels for the measured unipedal ever-
sion strengths were ± 1.51 and ± 1.91 N-m in 0° and 32°
ankle plantar flexion, respectively.

Low-Top Shoe

The data obtained with the low-top shoe without tape or
any of the three orthoses indicate that the mean total

(active + baseline) isometric moment that can maximally
be developed by young adult men in resisting an inversion
moment with the ankle in 15° of inversion was 49.8 ± 8.1
N-m (Table 1). This means that the normative values
corresponding to ±3 SD values for healthy young adult

TABLE 1

Comparison of Mean (SD) Maximal Isometric Moments (in newton-meters) Resisted by Athletic Shoes at 15° of Ankle Inversion’

a Repeated-ANOVA tests demonstrated significant differences with respect to the low-top, no-support control state (P = 0.001).
b For comparison, baseline resistance of the unsupported, weightbearing ankle was calculated as support 14 N-m.
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men of this body size range from 25.5 to 74.0 N-m. As
noted in the &dquo;Discussion,&dquo; greater moments will immedi-
ately be developed if the evertor muscles contract under
plyometric (forced lengthening) conditions because of

short-range muscle stiffness.
Both the athletic tape and the ankle orthoses used in

this study allowed participants to actively resist signifi-
cantly greater inversion moments when compared with
the low-top, no-tape control state at both 0° and 32° of
ankle plantar flexion (rm-ANOVA, P = 0.001) (Table 1).
Paired t-tests revealed no significant differences between
taping and any of the orthoses. At 0° of ankle plantar
flexion, the mean measured intraindividual increase in
total resistance afforded passively by the different types of
ankle support ranged from 3.4 to 4.9 N-m (Table 2). At 32°
of ankle plantar flexion, the measured increases in total
resistance ranged from 2.0 to 3.5 N-m. There was a trend
that the Swede-O ankle brace provided the greatest in-
crease in total resistance to an inversion moment at both
0° and 32° of ankle plantar flexion (Table 2). Larger total
eversion moments were developed at 32° than at 0° of
ankle plantar flexion with these devices (rm-ANOVA, P <
0.001) (Table 1).

Three-Quarter-Top Shoe

When we compared the unsupported ankle with the ankle
of a subject wearing a three-quarter-top shoe combined
with taping or wearing one of three orthoses, the Swede-O
ankle, Air-Stirrup, or the Sport-Stirrup, participants de-
veloped modestly greater total moments at both 0° and 32°
ankle plantar flexion (rm-ANOVA, P < 0.001 ) (Table 1).
Paired t-tests revealed no significant differences between
taping and any of the orthoses, however. At 0° of ankle
plantar flexion, the increase in active resistance as a re-
sult of wearing tape or a brace with the three-quarter-top
shoe ranged from 4.3 to 5.1 N-m (Table 2). At 0° of ankle
plantar flexion, athletic taping was associated with a
greater increase in resistance to an inversion moment
than any of the orthoses. At 32° of ankle plantar flexion,
however, the increases ranged from 4.5% (2.8 N-m) to
6.0% (3.7 N-m), with use of the Swede-O ankle brace
leading to the greatest increase in total inversion resis-
tance (Table 2). Again, larger moment values tended to
be developed at 32° than at 0° of ankle plantar flexion
(rm-ANOVA, P < 0.001).

Maximal Allowable Distance of the Ground-Reaction Force
from the Midline of the Foot

A simple static analysis of foot equilibrium predicts that
the more medial a ground-reaction force is located relative
to the midline of the foot, the larger the inversion moment
it exerts about the ankle. Because of physiologic con-
straints, however, maximal isometric evertor strength
limits the maximal distance that a given vertical static
ground-reaction force can be located medial to the ankle.
At 15° of inversion, the present data demonstrated that
the mean maximal permissible distances these young
adult men could equilibrate the vertical ground-reaction
force of 1 BW medial to the midline of their shoe were
3.4 ± 1.1 cm in a low-top shoe, 4.1 ± 1.3 cm in a three-
quarter-top shoe, and 4.7 ± 1.3 cm in a three-quarter-top
shoe with a tape or brace.

Effects of Shoe Height

Wearing the three-quarter-top shoe significantly in-

creased the maximal total moment resisted over that de-

veloped in the low-top shoe (rm-ANOVA, P = 0.012). The
increases were 5.9 N-m (P = 0.004) at 0° of ankle plantar
flexion and 3.3 N-m (P = 0.077) at 32° of ankle plantar
flexion (Tables 3 and 4). The average increases in resis-
tance to moments obtained using tape or orthoses were
similar in the low-top and three-quarter-top shoes: 4.1 and
4.8 N-m, respectively, at 0° of ankle plantar flexion and
2.6 and 3.2 N-m, respectively, at 32° of ankle plantar
flexion. When results for both shoe types were averaged,
the use of tape and orthoses resulted in a 7.8% increase in
resistance to moments at 0° of ankle plantar flexion and a
4.6% increase in total moment at 32° of ankle plantar
flexion. No significant interactions were found between
the effects of shoe height and tape or type of brace
(rm-ANOVA).

Calculated Passive and Active Resistance to Inversion
Moments

The results of our calculations suggest that the active
evertor muscle group can provide 35.8 N-m of moment
resistance, or 6.1 times the passive resistance that a
three-quarter-top shoe can provide (5.9 N-m) and up to 3.3
times the resistance that an orthosis or athlete tape worn

TABLE 2

Comparison of Mean Paired Differences (in newton-meters) between the Maximal Eversion Moments Developed Wearing Ankle
Supports Versus No Supports

~ Significantly different from the unsupported control state (P <_ 0.001).
b Significantly different from the unsupported control state (P <_ 0.01).
C Significantly different from the unsupported control state (P z 0.05).



805

TABLE 3

Comparison of Mean Paired Differences (in newton-meters) between Low- and Three-quarter-Top Shoes
in Maximally Resisting Ankle Inversiona

a Calculated as intraindividual value of three-quarter-top shoe result minus low-top shoe result.
b Significantly different from the unsupported ankle (P <_ 0.001). 

’

C Significantly different from the unsupported ankle (P ::; 0.01).
d Significantly different from the unsupported ankle (P ::; 0.05).

TABLE 4
Effects of Active Evertor Muscles in the Isometric Protection of the Ankle at 15° of Inversion&dquo;

a Values expressed as ratios of moments (nondimensional units). All results for tests at 0° plantar flexion.
b Calculated as (Mb + MP)/Mb.
C Calculated as Mt/(Mb).

inside a three-quarter-top shoe can provide (5.9 + 5.1

N-m) at 15° of inversion. If the assumptions underlying
the calculations are valid, then the average calculated
increases in the baseline resistance of the unsupported
ankle to an external inversion moment at 15° of inversion
and neutral ankle plantar flexion provided passively by
the three-quarter-top shoe alone, the three-quarter-top
shoe and tape, or the three-quarter-top shoe and orthosis
were factors of 1.42, 1.78, and 1.77, respectively (Table 4).

DISCUSSION

Despite the fact that ankle injuries are common from an
epidemiologic point of view, and that they do recur in 70%
to 80% of athletes, in any one athlete they usually only
occur once every few years.44,50 For example, ankle

sprains are the most common injury among competitive
gymnasts, but that group, which trains about 20 hr/week,
incurred approximately 0.1 injuries per 1000 hours of
practice.28 One might ask why do sprains occur so seldom?
Indeed, given the number of times that a single limb is
called on to resist supra-body weight ground-reaction
forces during an hour of vigorous athletic activity,
whether on level court surfaces or when running or turn-
ing on an uneven surface like a soccer field or trail, it is
remarkable that more ankle injuries do not occur, espe-
cially in athletes wearing low-top shoes. This study ad-
dressed that question in the hope that it may lead to
useful insights on the prevention of ankle injuries.
We will argue that the answer to the question of why

there are not more ankle injuries is that under most
circumstances the ankle is naturally protected from inver-
sion injury by preplanned evertor muscle activity when
landing. Indirect support for this hypothesis comes from
our results, which show that at 15° of inversion the evertor
muscles can develop roughly three times larger moments
than any of the present combinations of three-quarter-top

shoe and tape or orthosis (Table 4), and up to six times
more resistance to moments than the baseline resistance

developed by the unprotected ankle in a low-top shoe
(Table 1). However, on the occasions when the evertor
muscles are either not recruited or are recruited too late to

be of benefit in resisting ankle inversion injury, we calcu-
late that these passive devices may help protect the ankle
at 15° of inversion by almost doubling its baseline resis-
tance to further inversion. Because of the importance of
active evertor muscles, athletes might be advised to

strengthen the evertor muscles for sports that place them
at risk for ankle inversion sprains.
There are several explanations for the failure of the

evertor muscles to prevent an ankle inversion injury. Af-
ter the delay due to neural latencies, which typically range
from 85 to 90 msec until myoelectric activity is first ob-
served,2o,25 there is an additional delay because muscle
contractile mechanics dictate that an additional 90 msec is

required by a muscle to develop contractile force to even
half-maximal levels.38,45 How do these times compare
with the range of times required to sprain an ankle in
inversion?
Because the vertical ground-reaction force peaks at

about 40 msec when landing from a jump/ one can esti-
mate the worst-case scenario to be about 40 msec 36 to
invert the ankle to about 10°, 2° the time of the first ob-
servable myoelectric activity in response to ankle inver-
sion. Depending on the magnitude and rate of application
of the inversion moment and the range of ankle motion

involved, inversion times may therefore range from 40 to
several hundred milliseconds. In the case that ankle in-
version rotation occurs in less than 100 msec, it is clear
from the two consecutive time delays previously noted (85
and 90 msec) that the evertor muscles must be activated

before the onset of the external forces during footstrike.
This preactivation is needed so that an ankle muscle co-
contraction can develop sufficient force in the evertor mus-
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cle to prevent injury 40 msec after footstrike. Such preac-
tivation is usual, for example, before foot contact when
walking down stairs 17,34 and when landing after a jump.8
In both activities, the calf muscle activity started approx-
imately 150 msec before landing and activity increased up
to footstrike. Landing with a single limb on an unseen
object, such as an opponent’s basketball shoe, a stray
tennis ball, or a large pebble will lead to ground recontact
earlier than anticipated, yielding inadequate time for the
development of sufficient evertor muscle tension to pre-
vent forced inversion.
A germane observation about premature ground contact

was made by Melville-Jones and Watt.34,35 These inves-
tigators found that when subjects were suspended by a
harness above the ground and dropped without warning
through heights of less than 9 cm without being able to see
the floor, they landed with higher peak ground impact
reaction forces than when landing from greater heights.
They found the first detectable calf muscle myoelectric
activity occurred 74 msec after the start of the drop (be-
cause of vestibular reflexes), and the first appreciable
ankle muscle tension occurred some 102 msec after the

subject was released and had fallen approximately 5 cm.
In other words, it may be more difficult to actively prevent
an inversion sprain when the foot drops less than 10 cm
compared with more than 10 cm because there simply is
not adequate time for the ankle evertor muscle co-contrac-
tion to develop sufficient tension, particularly when land-
ing with an extended knee, which tends to increase the
ground-reaction force.7 This fact might be used in educa-
tional interventions aimed at reducing ankle injuries from
landing on foreign objects by teaching players when they
are off the ground to co-contract their ankle muscles and
flex their knees when they anticipate that the instant of
retouching the ground will be unpredictable.
Muscle stiffness in the co-contracted dorsiflexors, a

muscle group with anatomic similarities to the evertors,
has been shown to increase fivefold, from 0.5 N-m/deg at
rest to approximately 2.5 N-m/deg at a half-maximal con-
traction level. 43 One final advantage of a fully established
evertor co-contraction is that in a plyometric contraction,
until the crossbridges are broken, the short-range evertor
muscle stiffness will provide considerable muscular resis-
tance to rapid inversion without any time delay.’

If maximal eversion strength is developed, then when
the ground-reaction force exceeds 1 BW our results show
the maximal distance that a vertical ground-reaction force
of 1 BW magnitude can be located medially relative to the
midline of the foot will decrease in proportion to the
amount that the ground-reaction force exceeds body
weight. For example, we found that under static condi-
tions in a low-top shoe, the maximal distance a vertical
ground-reaction force of 1 BW can be located medial to the
midline of the near-maximally inverted foot averages 3.4
cm. If that ground-reaction force should lie medial to that
3.4 cm margin, then forced inversion will result despite
maximal evertor muscle contraction. It will certainly oc-
cur if the establishment of that maximal contraction is

tardy. If the magnitude of the ground-reaction force is
increased by 50%, such as it is while carrying a heavy load

or during running,50 this quasistatic analysis shows that
the mean allowable distance in young men is reduced by
two-thirds, to 2.3 cm. Moreover, peak ground-reaction
forces of four times body weight are not unusual when
landing from a jump7°8; therefore, from the results pre-
sented in this paper, the maximal allowable distance of
the 4 BW ground-reaction force medial to the foot midline
would be as little as 0.85 cm in a low-top shoe and 1.2 cm
in a three-quarter-top shoe when wearing tape or a brace.
Because of such small margins, it should not be surprising
that landing unexpectedly on someone else’s foot or an-
other hard object under the medial border of one’s shoe
can lead to an ankle inversion injury, particularly with a
straightened knee.’

In this study, we provide the estimates of the degree to
which the fully activated evertor muscle group can aug-
ment the passive resistance of the fully loaded ankle at an
inversion angle of 15° without the benefit of high-top
shoes, ankle orthoses, athletic tape, or combinations of the
three. The 15° angle was selected because it is within 2° of
the average active range of ankle inversion (17°) meas-
ured in the young adult male population.38 The position of
the ankle in the athlete while airborne usually reflects the
ankle’s position on leaving the ground, so it is the maximal
active angle of inversion achieved in the air that is the
worst-case initial scenario on initial ground recontact.
This paper addressed that scenario at footstrike by quan-
tifying the passive and active factors acting to arrest fur-
ther (forced) ankle inversion at 15° of inversion. It is

likely, however, that extrapolation of the present results
beyond 15° of inversion may underestimate the increase in
the passive resistance of molded ankle orthoses because
their stiffnesses likely increase nonlinearly because of the
semirigid plastic shells. Exactly how much moment the
orthoses can develop to protect a weightbearing inverted
ankle from injury is presently unknown. In the case of
tape, the linear extrapolation may be better because the
stiffness of the taped ankle does not appear to change
appreciably beyond 15° of inversion.39
This study provides data on the maximal voluntary

isometric strength of the evertor muscles in healthy young
men with the ankles in 15° of inversion. Those experimen-
tal data are reliable and independent of any of the later
modeling assumptions. The measured strengths were
markedly more than those measured using the same
methods with the ankle in the neutral position, a strength
difference that reflects the length-tension relationship of
the evertor muscles.38 In our earlier study, the evertor
muscles developed an average maximal moment of 21.9
N-m at 0° of ankle plantar flexion in the neutral ankle
position, or only 43.9% of the total resistance to inversion
(49.8 N-m) we measured in the present study at 15° of
inversion.39 Because we have estimated that 14.0 N-m of
the resistance measured at 15° of inversion was mostly
due to passive tissue elongation, the remaining 35.8 N-m
(calculated from 49.8 minus 14.0 N-m) is most likely due
to the maximally active evertor muscles (Table 1). Thus,
the muscular contribution to the moment resistance has
increased 63% from 21.9 to 35.8 N-m from the neutral

position to the 15° inversion position. At 32° of ankle
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plantar flexion, the corresponding increase is estimated
from Table 1 to be 73% at a moment of 44.5 N-m (calcu-
lated by subtracting 14.0 N-m from 58.5 N-m). These
increases are consistent with the 45% increase observed
due to lengthening dorsiflexors of young adults.46
We can use the present results to estimate muscle force-

velocity effects occurring in dynamic forced inversion in
the following manner. We again assumed the ankle is
forcibly rotated from neutral to 15° of inversion, and we
subtracted the 14.0 N-m baseline resistance developed.
During further inversion, active evertor muscles will un-
dergo a plyometric contraction. From the aforementioned
argument at 0° of ankle plantar flexion and 15° of inver-
sion, we estimated that the isometric muscle contribution
amounted to 35.8 N-m. From this quantity, we can esti-
mate the increase in evertor moment contribution in a

plyometric evertor muscle contraction because in small
rodents, for example, electrically stimulated muscle force
has been reported to increase from between 38% to 80%
above the measured isometric values, depending on mus-
cle architecture, operating length, and strain rates.33,47,48
Thus, a conservative estimate of a 50% increase in evertor
force due to rapid lengthening would result in a total
active and passive resistance of 35.8 + 35.8 X 0.5 + 14.0
or 68.0 N-m, a value not very different from the maximal
total resistance found in the present study when the men
wore the combination of devices that afforded the best
ankle protection. Given the results of a recent study24
showing that at 15° of inversion the peroneus longus and
brevis muscles have an average lever arm of 21 mm (and
ignoring the possible 5 mm lever arm of the triceps surae
muscle), one can estimate maximal total equivalent mus-
cle force for the evertor muscles as 53.7 N-m/0.0212 m, or
2533 N. The fact that the peroneal tendon can rupture
during a sprain is additional evidence that the rapid plyo-
metric contraction associated with forced inversion can

generate substantial tension in a fully contracted evertor
muscles
The measurements of total resistance to inversion un-

der the various experimental conditions would appear re;
liable because we found adequate test-retest reliability
and consistency with previous results (Tables 1 through
3).38 The tape results only hold for similar wrapping meth-
ods using tape of similar tensile stiffness to that used in
this study-tape stiffness can vary fourfold.39 Our method
for partitioning resistance to inversion into baseline, pas-
sive, and active quantities has its limitations (Table 4).
The first is that the measurement of &dquo;passive&dquo; ankle stiff-
ness was not made in the same young male subject group
as were the present ankle strength measures. However,
because the subject populations were similar and mean
values of ankle passive stiffness (0.9 to 1.0 N-m/deg) found
in two independent studies were consistent to within
7.5%, those stiffness values seem reliable. 27,36 A +2 SD
value of stiffness would increase this value by less than
50% and not alter the main findings of the study. From
those values, we estimated ankle joint baseline stiffness at
15° of inversion by assuming linear elastic behavior be-
tween 0° and 15° of inversion; this is not an unreasonable
assumption and probably involves an error of not more

than 20%. The assumption that the maximal active ever-
sion moment generated by muscles is similar for tests
conducted with and without tape or orthoses seems rea-
sonable. It is unlikely to exceed the 29% difference be-
tween low- and three-quarter-top shoes already observed
at 0° of inversion 38; and a difference of this magnitude
would not alter the study conclusions.

In this study, we chose to analyze the state of affairs
just before full inversion is reached because, if injury is to
be avoided with certainty, further inversion must be ar-
rested by muscle, shoe, tape, or orthosis within the normal
range of motion. It should be noted that our meas-

urements of total resistance to inversion were quasistatic,
in contrast to the dynamic nature of most ankle injuries,
but we have discussed the magnitude of the potential
increase in evertor muscle moment under plyometric con-
ditions. Lastly, the fact that we only used freshly applied
tape means that the results are the best that can be hoped
for with standard taping techniques. The decrement in the
external support offered the weightbearing ankle by ad-
hesive athletic tape with increasing exercise duration is
the focus of a companion study.3°
The results suggest that the greatest effect of tape or

ankle orthoses is to improve resistance to inversion mo-
ments whenever the evertor muscles are inactive (Table
4). These findings are consistent with the findings of Sha-
piro et al.,42 who showed a twofold reduction of passive
movement for a taped or braced ankle with a high-top shoe
as compared with an unprotected ankle in a low-top shoe.

CONCLUSIONS

1. For an adult male ankle at 15° of inversion, the fully
active evertor muscles, acting isometrically, can provide
more than three times greater protection against an ankle
inversion injury than tape or an orthosis worn inside a
three-quarter-top shoe.

2. At 15° of inversion no meaningful differences were
found in the total eversion moments developed in the
taped or braced ankle in the low-top shoe; similar results
were obtained for the three-quarter-top shoe.

3. When the evertor muscles are inactive, calculations
show a three-quarter-top shoe will increase the baseline
resistance to inversion by a factor of 1.42 (or 6 N-m); when
the shoe is worn with the orthoses or tape used in this
investigation, the support will increase the baseline ankle
resistance by a factor of 1.77 (or 11 N-m). The choice
between the type of support can therefore be made on the
basis of comfort, convenience, and cost.

4. Precontracted and strong evertor muscles appear to
be the most effective form of ankle protection at footstrike.
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APPENDIX

Using a quasistatic biomechanical analysis, the maximal vol-
untary total isometric eversion moment (Mt) measured in this
experiment at 15° of inversion can be partitioned into three
components. The first component is the baseline moment

(Mb) developed by all internal passive tissues placed under
tensile strain and crossing the ankle joint during quiet unipe-
dal stance, as well as any evertor postural muscle tone
during weightbearing. The second component is the moment
(Ma) developed by maximally contracting muscles crossing
the joint. The third component is the passive moment (Mp),
developed by any external devices (three-quarter-top shoe,
tape, or one of the three orthoses) crossing the ankle. We
assume in this simplified quasistatic analysis that any ankle
moment due to the lateral acceleration of the ankle joint is
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negligible. The relationship between the various moments
during these maximal strength tests is given by:

Mt=Mb+Mp+Ma

where Mp = 0 when no external device is worn.
Thus, the moment component contributed by the active

evertor muscles is given by:

Ma=Mt-Mp-Mb

We shall assume Mb, the baseline resistance of the isolated
weightbearing ankle joint at 15° of inversion in the

low-top shoe, has a constant value of 14 N-m under all the
present test conditions (see &dquo;Materials and Methods&dquo;).
Hence, the contribution of a particular external device (Mp)
can be estimated from the difference in Mt measured with
and without the device, if one assumes Ma remains un-
changed during each maximal strength test. The increase in
passive resistance offered by the three-quarter-top shoe,
three-quarter-top shoe and tape, or three-quarter-top shoe
and orthosis over that in the low-top shoe is calculated from
the ratio MJMb’ This increase in passive resistance to inver-
sion can be directly compared with that developed by the
evertor muscles when they are isometrically maximally ac-
tive, and is calculated from the ratio Ma/Mb.


