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ABSTRACT

WRIGHT, I. C., R. R. NEPTUNE, A. J VAN DEN BOGERT, and B. M. NIGG. The effects of ankle compliance and flexibility on
ankle sprains.Med. Sci. Sports Exerc.,Vol. 32, No. 3, pp. 260–265, 2000.Purpose:The goal of this study was to examine the influence
of changes in subtalar joint flexibility and compliance on ankle sprain occurrence.Methods: Muscle model driven simulations of 10
subjects performing the landing phase of a side-shuffle movement were performed. The passive flexibility or compliance of the subtalar
joint was varied, and each subject-specific simulation was exposed to a set of perturbed floor conditions.Results:Increases in flexibility
and compliance both led to an increase in the occurrence of excessive supination, while changes in flexibility had a greater influence.
Changes in flexibility or compliance caused only small changes in the occurrence of excessive supination torques.Conclusion: These
results suggest that increased mechanical laxity does not directly cause an increase in sprain occurrence during side-shuffle movements.
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Ankle sprains are a common injury in sports. It is
estimated that between 13.9% and 17% of all sports
injuries are ankle sprains (6,14). Ankle sprains are

associated with increased susceptibility to subsequent
sprains, or chronic ankle instability in between 20% and
50% of all sprain sufferers (5,21). To help prevent reinjury,
the cause of this increased susceptibility to sprains should be
determined. Many factors have been thought to contribute to
chronic instability, including increased mechanical laxity of
the ankle joint complex (10,13). This increased laxity can be
caused by stretching or rupture of the ligaments and capsule
that span the talocrural and subtalar joints. However, it has
not been shown whether increased mechanical laxity of the
ankle joint complex contributes to increased ankle sprain
susceptibility or whether the mechanical laxity is a benign
consequence of the ankle sprains.

Joint laxity may be associated with changes in either
flexibility or compliance (11). Flexibility is defined as an
angular displacement for a given torque. Compliance is
defined as torque for a given angular displacement. How-
ever it has not been studied yet whether the flexibility or the
compliance influence the susceptibility for injuries in a
similar or different way from one another and whether one
or the other is more important in this context.

Flexibility can be determined by exerting a known torque
and measuring the corresponding angular displacement.
Compliance can be determined by prescribing a known

angular displacement and measuring the corresponding
torque. Flexibility or compliance are then calculated as the
ratio of the torque and displacement. For linear elastic
systems, doubling the flexibility is exactly the same as
doubling the compliance. However, the ankle joint is not
linearly elastic. Therefore, changes in flexibility are not the
same as changes in compliance (Fig. 1). For example, be-
cause range of motion of a joint is the range of angular
displacement through which it can be moved for a given
(relatively small) torque value, range of motion is doubled
when flexibility is doubled, but range of motion may in-
crease only a small fraction when compliance is doubled.
The mechanical laxity of a joint is often only assessed by
examining its range of motion (18), and no distinction is
made between flexibility and compliance.

If mechanical laxity after a previous injury increases
sprain occurrences, then decreased flexibility or compliance
of the joint may reduce the incidence of respraining. Ankle
compliance and flexibility can be influenced by ankle taping
and bracing (7,20), and the use of ankle braces has been
shown to reduce the incidence of spraining (23) and res-
praining (22). Taping or bracing may reduce the incidence
of spraining simply by bearing some of the torque applied to
the ankle directly or by preventing the occurrence of large
torques. However, it is not certain that these mechanical
factors affect sprain occurrence because taping and bracing
may affect sprain frequencies by other mechanisms, such as
improving proprioception (8).

To determine whether altered mechanical compliance or
flexibility of the ankle affect the occurrence of ankle
sprains, a controlled study is required. The controlled ma-
nipulation of joint laxities without affecting other factors
such as proprioception has not been achievedin vivo, and it

0195-9131/00/3202-0260/0
MEDICINE & SCIENCE IN SPORTS & EXERCISE®
Copyright © 2000 by the American College of Sports Medicine

Submitted for publication November 1998.
Accepted for publication July 1999.

260



is not possible to study ankle sprains directly for ethical
reasons.In vitro investigations are not sufficient because
muscle forces are difficult to simulate and repeated tests to
failure of the same specimen would not be possible. A
forward dynamics simulation model has been developed
that seems suitable for the investigation of ankle sprains (24)
and permits the manipulation of the mechanical properties
of the ankle.

Therefore, the purpose of this study was to determine the
influence of mechanical flexibility and compliance of the
subtalar joint on simulated ankle sprain susceptibility. This
information may help to improve the understanding of the
cause of chronic ankle instability and may aid in the design
and the use of taping and bracing and the planning of
surgical reconstructions.

METHODS

Forward dynamics simulation. The forward dynam-
ics simulation model was developed using DADS (version
8.5, CADSI, Coralville, IA) and has been described in detail
previously (24). The model consisted of rigid bodies repre-
senting the segments of the right leg of a 180-cm tall, 75-kg
male (Fig. 2). The torso, head, arms, and the other leg were
represented by a visceral mass and a rest-of-body segment.
The subtalar joint and talocrural joint were represented by
revolute joints aligned with joint axes based on Inman (9).
Passive nonlinear joint stiffnesses were applied as moments
about the subtalar and talocrural joint axes to represent the
effects of passive soft tissue and bony constraints on move-
ments about these axes (3). For the knee, the center of
rotation of the shank relative to the thigh moved in the
sagittal plane as a function of knee flexion angle. Adduc-
tion/abduction and internal/external rotation were permitted
at the knee and were limited by passive moments. The hip
joint was modeled as a spherical joint.

The model was actuated by 14 muscle groups, each rep-
resenting one or several functionally similar muscles. These

muscle groups were the gluteus maximus, gluteus medius,
adductor magnus, iliopsoas, rectus femoris, hamstrings,
vasti, gastrocnemius, soleus, flexor digitorum, tibialis pos-
terior, tibialis anterior, extensor digitorum, and peroneals.
The flexor and extensor digitorum represented the function
of the muscles of the digits as well as the hallicus. The
peroneal muscle group represented the peroneus longus,
brevis, and tertius. Each muscle had an origin and insertion
fixed relative to the model segments, and several muscles
had additional points through which the muscle passed to
prescribe more anatomically accurate muscle paths (4). The
muscle force-length-velocity-activation characteristics were
modeled using a Hill-based model controlled by square-
wave stimulation patterns. The stimulation onset was per-
mitted to be before the simulation started so that the muscle
activation could be increasing before touchdown.

The contact between the foot and the ground was repre-
sented by 66 discrete independent contact elements, each
representing the mechanical properties of a region of a shoe
sole and the underlying soft tissue (24). The 66 contact
elements were distributed across the plantar aspect of the
foot to represent the geometry of a flat running shoe, and the
mechanical properties were selected to represent a running
shoe of moderate hardness (24).

Ankle sprain simulations. Forward dynamics simula-
tions of the first half of stance phase of a side-shuffle
movement were performed. Initial kinematic conditions for
the simulations were taken from the mean measured limb
segment positions, orientations, and velocities at touchdown
of 10 subjects performing a side shuffle movement (16).
Muscle stimulation patterns were selected that minimized
the difference between the measured and simulated move-
ments for the flat surface condition for one subject as
described before (24). These same muscle stimulation pat-
terns were then used to perform simulations for 10 subject-
specific sets of initial conditions on 50 irregular floor con-
ditions, with 11 different values for the ankle compliance

Figure 1—The angle-torque curves for the subtalar joint with varying
flexibility (a) and varying compliance (b).

Figure 2—The body segments and muscles represented in the simu-
lation model.
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and then 11 different values of ankle flexibility (for a total
of 11,000 simulations). For each simulation, maximum su-
pination and maximum supination torque were recorded.
The torque values recorded were those applied to the passive
resistance at the subtalar joint and did not include the load
on the muscles. In real subjects, these torques would be
resisted by bony constraints and ligaments.

Exposure to an uneven surface was used as a model for
ankle sprain injury. The floor in the computer simulation
was divided into four quadrants, with the intersection of the
four quadrants located at the middle of the shoe (at touch-
down). The 50 irregular floor conditions were generated by
varying the height of each quadrant with a uniform random
distribution over6 10 cm. The vertical position of the
simulation model was adjusted so that the foot was just
touching the highest point on the floor at the beginning of
the simulation (touchdown). Thus, 500 simulations were
performed for each experimental condition: 50 surfaces3
10 subject-specific sets of initial conditions.

The passive mechanical properties of the subtalar joint
were based on the torque-angle curves presented in Chen et
al. (3). The flexibility was varied by scaling the angle values
by 11 different factors ranging from 0.5 to 2. Then the
compliance (1/stiffness) was varied by scaling the torque
values by 11 different factors ranging from 0.5 to 2 (Fig. 1).
The nonlinearity of the torque-angle curves meant that vari-
ations in compliance were not identical to variations in
flexibility.

A sprain can be said to have occurred for any given
simulation when the torque about the subtalar joint exceeds
some given value, or when the angular displacement at the
subtalar joint exceeds some given value. The absolute mag-
nitude of the threshold at which an injury occurs would be
difficult to determine and is likely to vary considerably
between subjects. Therefore, a range of threshold values
were used and the number of simulations that resulted in
maximum torques or displacements greater than these
threshold values were determined.

RESULTS

Increased flexibility of the subtalar joint caused an in-
crease in the occurrence of excessive supination (Fig. 3).
Regardless of the threshold angle selected, an increase in
flexibility always caused an increase in the number of sim-
ulations that exceeded that threshold. The same is not true of
the number of simulations that exceed a threshold supina-
tion torque. The change in frequency of excessive torques
with changing flexibility depends upon the torque threshold
selected. For moderate torque thresholds of between 20 and
40 Nm, the frequency of excessive torques increases with
increasing flexibility.

Increased compliance also caused an increase in the oc-
currence of excessive angular displacements (Fig. 4). The
influence of increased compliance on the occurrence of
excessive supination torques also depended upon the thresh-
old selected, but the influence was small. For both the
occurrence of excessive torques and angular displacements,

the influence of changes in compliance was smaller than the
influence of changes in flexibility.

The influence of flexibility on sprain occurrence varied
across subject-specific sets of initial conditions (Fig. 5).
Also, the sensitivity to the threshold value varied across
subjects. For some subjects and threshold values, the num-
ber of sprain occurrences increased sharply over only a
small range of flexibility values, whereas for other subjects
and threshold values, the variation in sprain occurrence was
small.

Mean (across all 500 simulations) peak supination angle
increased with increasing subtalar joint flexibility (Fig. 6).
Mean peak supination angle also increased with increasing
compliance but at a lower rate than with increasing flexi-
bility. Mean peak supination torques increased with increas-
ing subtalar joint flexibility, whereas mean peak supination
torques stayed relatively constant with increasing ankle
compliance.

DISCUSSION

The purpose of this study was to determine whether and
how flexibility and compliance of the subtalar joint contrib-
ute to sprain susceptibility. In this study, torques and dis-
placements about the subtalar joint were examined, but
ankle sprains most often consist of injury at the talocrural

Figure 3—The number of sprains as a function of flexibility and
supination threshold angle (top panel) or supination torque (bottom
panel). Sprains are defined as occurrence of either supination angle
(top panel) or passive supination torque (bottom panel) exceeding the
threshold value. The dark and light shaded supination angle threshold
valves are 30° and 60°, respectively. The dark and light shaded supi-
nation torque threshold values are 15 and 30 Nm, respectively.
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joint. However, because no muscles are attached to the talus,
no external loads are applied to the talus. In addition, the
talus is small; torques applied to the passive structures at the
talocrural joint must be transmitted through the talus from
the subtalar joint. Therefore, large torques about the subtalar
joint correspond to large torques at the talocrural joint about
an axis parallel to the subtalar joint and consequently may
lead to sprains if the load exceeds the strength of the
ligaments.

For the simulations in this study, increases in flexibility or
compliance had little influence on excessive torque occur-
rence. Because excessive torques were assumed to cause the
damage to ligaments during an ankle sprain, these results
suggest that an ankle that is simply more flexible after an
ankle sprain will not have a considerable change in the
occurrence of injury from normal, provided that the torque
required to cause an injury (i.e., the strength of the ligament)
has not changed. This lack of influence of ankle flexibility
on sprain occurrence fits with the findings of McKnight and
Armstrong (15), and Birmingham et al. (2), who found no
differences in the range of motion of the ankle between
normal and chronically unstable ankles.

Another possible mechanism of increased sprain suscep-
tibility after ankle sprain is a decrease in strength of the
ligaments. It is possible, particularly shortly after an initial
injury, that an ankle sprain causes a decrease in strength of

the lateral ligaments of the ankle because of incomplete
healing of a tear. That is, there may be changes not in the
compliance or flexibility of the ankle, but in the absolute
strength of the ankle. In this current study, this would
correspond to a decrease in the torque threshold above
which a sprain occurs. In the current study, it was found that
the number of sprains increased considerably as the torque
threshold decreased, and therefore, if there is a decrease in
the strength of the lateral ligaments, this would cause an
increase in the occurrence of sprains. However, there is no
evidence of decreased strength of the ligaments without a
change in ankle flexibility or compliance in chronically
unstable ankles reported in the literature (17).

When ankle braces or tape are used to help prevent
sprains, the excessive torque may be borne partially by the
brace or tape, and damage to the ligaments will only occur
if the ankle is inverted excessively. Therefore, occurrence of
excessive supination is the measure that should be used to
evaluate injury risk in the taped or braced ankle. For this
simulation model, both increased flexibility and increased
compliance caused increases in the occurrence of excessive
supination. Because the ankle tape or ankle brace can sup-
port the excessive load (7), it may be by this simple mech-
anism that taping and bracing prevent reinjury of ligaments,
rather than by reducing the probability of excessive torques
through improved proprioception. However, the torque that
tape and bracing can support is much smaller than that
which the muscles crossing the ankle can support (1), so it
remains unclear whether this can account for the observed
decrease in sprain occurrence with ankle tape or braces.

Figure 5—The number of sprains as a function of flexibility and
supination threshold angle for each set of initial conditions (thin lines)
and the mean across all sets of initial condition (thick line). The
supination angle threshold values are 30° and 60° for the top and
bottom plots, respectively.

Figure 4—The number of sprains as a function of compliance and
supination threshold angle (top panel) or supination torque (bottom
panel). Sprains are defined as occurrence of either supination angle
(top panel) or passive supination torque (bottom panel) exceeding the
threshold value. The dark and light shaded supination angle threshold
values are 30° and 60°, respectively. The dark and light shaded supi-
nation torque threshold values are 15 and 30 Nm, respectively.

ANKLE LAXITY AND AND SPRAINS Medicine & Science in Sports & ExerciseT 263



Changes in flexibility had a greater influence than
changes in compliance on the occurrence of excessive
torques and displacements. The difference between changes
in compliance and flexibility is small for small angular
displacements of the subtalar joint. However, at large an-
gular displacements of the joint, the torque-displacement
curve is nonlinear and the difference between flexibility and
compliance is more evident. A joint that is more flexible
(rather than more compliant) has an increased range of
motion. This potentially increases the lever arm of external
forces relative to the subtalar joint axis, hence the larger
effect influence of flexibility on occurrence of sprains. An-
kle taping and braces reduce both flexibility and compli-
ance, with different braces influencing flexibility and com-
pliance to differing degrees (7,19). Ankle taping has been
shown to reduce the range of motion of the ankle during
walking (12), presumably by changing the flexibility or
compliance of the joint at joint angles far from the ends of
the range of motion of the joint. Because a decrease in
flexibility caused a greater decrease in the occurrence of
excessive supination than a decrease in compliance in the
current study, an ankle brace or tape application should be
designed to limit the range of motion in supination, rather
than simply stiffening the ankle, if injury prevention is the
goal. Such a restriction on joint movement may negatively

influence sports performance, which must be taken into
consideration.

Changes in ankle flexibility or compliance may contrib-
ute to injuries other than inversion sprains and may influ-
ence the severity of sprains. It is expected that landing on the
irregular floors as used in this study would have caused
significant changes in the movement and loads in locations
other than the ankle, and these movements may have re-
sulted in injuries. Specifically, increased stiffness at the
subtalar joint may have increased ligament loading at the
knee when landing on uneven surfaces. However, no at-
tempt was made to examine this in the current study.

The simulation model showed varying results for differ-
ent initial conditions, indicating that the touchdown kine-
matics of the movement influenced the susceptibility to
sprains. Therefore, if movements other than side-shuffle
were examined the results of the study may have varied.
Also, because different touchdown conditions influenced
the results, changes in flexibility or compliance may have an
indirect influence on sprain occurrence. For example,
changes in flexibility or compliance of the ankle may in-
fluence the ability of the neuromuscular system to position
the ankle, thereby indirectly influencing sprain occurrence
in a way that is not accounted for in the current study.
Furthermore, because several factors associated with a his-
tory of ankle sprains such as impaired proprioception, co-
ordination, or muscle strength may lead to perturbations in
the touchdown joint position, these other factors may have
a greater influence on sprain occurrence than flexibility or
compliance. However, examining the influence of flexibility
and compliance independent of these other factors was the
objective of this current study and is required before these
other factors can be examined and understood.

In conclusion, if injuries are associated with excessive
torques (as in the unprotected ankle), then neither flexibility
nor compliance have much influence, but if injuries are
associated with excessive supinations (as they are with
braced or taped ankle) then decreased occurrences of inju-
ries may be achieved by reducing ankle flexibility.

Financial support for this investigation was provided in part by
each of the following organizations: Natural Sciences and Engineer-
ing Research Council (Canada), The Whitaker Foundation, Adidas
International, and The University of Calgary.

Address for correspondence: Ian C. Wright, Adidas International,
541 N. E. 20th Ave., Suite 207, Portland, OR 97232. E-mail:
ian.wright@adidasus.com.

REFERENCES

1. ASHTON-MILLER, J. A., R. A. OTTAVIANI , C. HUTCHINSON, and E. M.
WOJTYS. What best protects the inverted weightbearing ankle
against further inversion? Evertor muscle strength compares
favourably with shoe height, athletic tape, and three orthoses.
Am. J. Sports Med.24:800–809, 1996.

2. BIRMINGHAM, T. B., B. M. CHESWORTH, H. D. HARTSELL, A. L.
STEVENSON, G. L. LAPENSKIE, and A. A. VANDERVOORT. Peak pas-
sive resistive torque at maximum inversion range of motion in
subjects with recurrent ankle inversion sprains.J. Orthop. Sports
Phys. Ther.25:342–348, 1997.

3. CHEN, J., S. SIEGLER, and C. D. SCHNECK. The three-dimensional
kinematics and flexibility characteristics of the human ankle and
subtalar joints—Part II: flexibility characteristics.J. Biomech.
Eng.110:374–385, 1988.

4. DELP, S. L. Surgery simulation: a computer graphics system to
analyse and design musculoskeletal reconstructions of the lower
limb. Thesis, Stanford University, Stanford, California, 1990.

5. FREEMAN, M. A. R., M. R. E. DEAN, and W. F. HANHAM. The
etiology and prevention of functional instability of the foot.
J. Bone Joint Surg. Br.47:678–685, 1965.

Figure 6—Mean (across 500 simulations) peak supination angles vs
flexibility (a), mean peak supination torques vs flexibility (b), mean
peak supination angles vs compliance (c), and mean peak supination
torques vs compliance (d).

264 Official Journal of the American College of Sports Medicine http://www.msse.org



6. GARRICK, J. G. The frequency of injury, mechanism of injury, and
the epidemiology of ankle sprains.Am. J. Sports Med.5:241–242,
1977.

7. HARTSELL, H. D., and S. J. SPAULDING. Effectiveness of external
orthotic support on passive soft tissue resistance of the chronically
unstable ankle.Foot Ankle Int.18:144–150, 1997.

8. HEIT, E. J., S. M. LEPHART, and S. L. ROZZI. The effect of ankle
bracing and taping on joint position sense in the stable ankle.
J. Sport Rehabil.5:206–213, 1996.

9. INMAN, V. T. The Joints of the Ankle.Baltimore, MD: Williams &
Wilkins, 1976.

10. KARLSSON, J., and G. O. ANDREASSON. The effect of external ankle
support in chronic lateral ankle joint instability.Am. J. Sports Med.
20:257–261, 1992.

11. LAPOINTE, S. J., S. SIEGLER, H. HILLSTROM, R. R. NOBILINI , A.
MLODZIENSKI, and L. TECHNER. Changes in the flexibility charac-
teristics of the ankle complex due to damage to the lateral collat-
eral ligaments: anin vitro and in vivo study. J. Orthop. Res.
15:331–341, 1997.

12. LAUGHMAN, R. K., T. A. CARR, E. Y. CHAO, J. W. YOUDAS,
and F. H. SIM. Three dimensional kinematics of the taped
ankle before and after exercise.Am. J. Sports Med.8:425–431,
1980.

13. LENTELL, G. L, L. L. KATZMANN, and M. R. WALTERS. The rela-
tionship between muscle function and ankle stability.J. Orthop.
Sports Phys. Ther.11:605–611, 1990.

14. MAEHLUM, S., and O. A. DALJORD. Acute sports injury in Oslo: a
one-year study.Br. J. Sports Med.18:181–185, 1984.

15. MCKNIGHT, C. M., and C. W. ARMSTRONG. The role of ankle strength
in functional ankle instability.J. Sports Rehabil.6:21–29, 1997.

16. NEPTUNE, R. R., I. C. WRIGHT, and A. J.VAN DEN BOGERT. Muscle
coordination and function during cutting movements.Med. Sci.
Sports Exerc.31:294–302, 1999.

17. RENSTROM, P. A. and L. KONRADSEN. Ankle ligament injuries.
Br. J. Sports Med.31:11–20, 1997.

18. ROSENBAUM, D., H. P. BECKER, J. STERK, H. GERNGROSS, and L.
CLAES. Functional evaluation of the 10-year outcome after modi-
fied Evans repair for chronic ankle instability.Foot Ankle Int.
18:765–771, 1997.

19. SHAPIRO, M. S, J. M. KABO, P. W. MITCHELL, and G. LOREN. Ankle
sprain prophylaxis: an analysis of the stabilizing effects of braces
and tape.Am. J. Sports Med.22:78–82, 1994.

20. SIEGLER, S., W. LIU, B. SENNET, R. J. NOBILINI , and D. DUNBAR. The
three-dimensional passive support characteristics of ankle braces.
J. Orthop. Sports Phys. Ther.26:299–309, 1997.

21. SMITH, R. W., and S. F. REISCHL. Treatment of ankle sprains in
young athletes.Am. J. Sports Med.14:465–471, 1986.

22. SURVE, I., M. P. SCHWELLNUS, T. NOAKES, and C. LOMBARD. A
fivefold reduction in the incidence of recurrent ankle sprains in
soccer players using the Sport-Stirrup orthosis.Am. J. Sports Med.
22:601–606, 1994.

23. TROPP, H., C. ASKLING, and J. GILLQUIST. Prevention of ankle
sprains.Am. J. Sports Med.13:259–262, 1985.

24. WRIGHT, I. C. A simulation study of the contribution of several
factors to ankle sprain susceptibility. Thesis, University of Cal-
gary, Calgary, Canada, 1998.

ANKLE LAXITY AND AND SPRAINS Medicine & Science in Sports & ExerciseT 265


