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Foot and Ankle

Foot Posture and Plantar Loading With Ankle Bracing

Laura C. Dickerson, MS; Robin M. Queen, PhD

Kevin P. Granata Biomechanics Lab, Biomedical Engineering and Mechanics, Virginia Tech, Blacksburg

Context: Arch height is one important aspect of foot
posture. An estimated 20% of the population has pes planus
and 20% has pes cavus. These abnormal foot postures can alter
lower extremity kinematics and plantar loading and contribute to
injury risk. Ankle bracing is commonly used in sport to prevent
these injuries, but no researchers have examined the effects of
ankle bracing on plantar loading.

Objective: To evaluate the effects of ankle braces on
plantar loading during athletic tasks.

Design: Cross-sectional study.
Setting: Laboratory.
Patients or Other Participants: A total of 36 participants

(11 men, 25 women; age ¼ 23.1 6 2.5 years, height ¼ 1.72 6
0.09 m, mass ¼ 66.3 6 14.7 kg) were recruited for this study.

Intervention(s): Participants completed walking, running,
and cutting tasks in 3 bracing conditions: no brace, lace-up
ankle-support brace, and semirigid brace.

Main Outcome Measure(s): We analyzed the plantar-
loading variables of contact area, maximum force, and force-

time integral for 2 midfoot and 3 forefoot regions and assessed
the displacement of the center of pressure. A 3 3 3 mixed-model
repeated-measures analysis of variance was used to determine
the effects of brace and foot type (a ¼ .05).

Results: Foot type affected force measures in the middle (P
range ¼ .003–.047) and the medial side of the foot (P range ¼
.004–.04) in all tasks. Brace type affected contact area in the
medial midfoot during walking (P ¼ .005) and cutting (P ¼ .01)
tasks, maximum force in the medial and lateral midfoot during all
tasks (P , .001), and force-time integral in the medial midfoot
during all tasks (P , .001). Portions of the center-of-pressure
displacement were affected by brace wear in both the medial-
lateral and anterior-posterior directions (P range ¼ .001–.049).

Conclusions: Ankle braces can be worn to redistribute
plantar loading. Additional research should be done to evaluate
their effectiveness in injury prevention.

Key Words: foot type, center of pressure, ankle brace

Key Points

� Foot type affected force measures of the middle and the medial side of the foot during athletic activities.
� Ankle braces affected the contact area, maximum force, and force-time integral in the medial midfoot region of the

foot during athletic tasks.
� Portions of center-of-pressure displacement were affected by brace wear in both the medial-lateral and anterior-

posterior directions.

F
oot posture can alter movement and result in lower
extremity injuries. One aspect of foot posture or foot
type is arch height, which is extremely important

because the medial longitudinal arch is responsible for
absorbing most of the impact on the foot during daily
activities.1 By analyzing arch height and mobility, clini-
cians can classify individuals as having pes planus (flat feet
or low arches), pes rectus (normal arches), or pes cavus
(high arches). Approximately 60% of individuals are
classified as having normal arch height, 20% as having
pes planus, and 20% as having pes cavus.2 Different foot
types are often associated with various rearfoot angles,
which are the angles between the calcaneus and the shank.3

More specifically, pes planus is often associated with
hindfoot valgus, and pes cavus is often associated with
hindfoot varus.4 Although foot posture has many aspects,
arch height and rearfoot angle are 2 well-known character-
istics that are commonly used to determine foot type in
clinical settings.

Different foot types lead to different structural charac-
teristics, and they can also result in different plantar-
loading patterns.5–7 For example, the pes planus foot has a
more medial center of pressure (COP) and greater contact

area, forces, and pressures in the medial midfoot, medial
forefoot, and hallux during walking.5,6 This is due to
increased midfoot mobility and the hindfoot valgus position
of the rearfoot, which allows the foot to collapse medially,
resulting in increased plantar loading on the medial aspect
of the foot.5,6 The pes cavus foot has a more lateral COP
and more pressure in the heel and lateral forefoot during
walking.5 This is the result of a more rigid foot and the
hindfoot varus position of the rearfoot, which cause
increased loading on the lateral aspect of the foot.5

Clinicians should consider these plantar-loading patterns
of different foot types when evaluating the function of the
foot and potential injury risk.

Injuries have been related to abnormal arch height8 from
both abnormal plantar loading5–7,9 and kinematics.10,11

Individuals with pes planus or pes cavus are 2 times more
likely to develop stress fractures12 and are at increased risk
for ankle sprains.13,14 More specifically, those with pes
planus are predisposed to injuries involving the soft tissue,
knee, and medial side of the lower extremities.11,15 This
could be due to the increased mobility of the foot, as well as
increased medial plantar loading.5 Conversely, those with
pes cavus are more likely to experience bone, foot, and
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lateral lower extremity injuries.11,12,15 These injuries occur
because of the increased rigidity of the foot, reduced shock
attenuation, and increased plantar pressure in the rearfoot
and lateral forefoot of the foot compared with pes rectus
and pes planus.5 The incidence of injuries due to abnormal
foot types highlights the need to identify potential injury-
prevention options.

Currently, ankle bracing and ankle taping are commonly
used in sport to prevent injury and effectively reduce the
occurrence and severity of ankle sprains.16–18 Taping has
the advantage of being less bulky and providing a more
custom fit18; however, tape loosens during exercise, which
may reduce its effectiveness in preventing injury.17–19

Bracing maintains support throughout exercise, can be
easily readjusted by the athlete, and is reusable.17,18 Bracing
more effectively prevented ankle sprains16,17,20; however,
few researchers have evaluated the ability of ankle braces
to control the arch. Therefore, the purpose of our study was
to identify the effects of different ankle braces on foot
posture by analyzing plantar-loading patterns during
walking, running, and cutting. We hypothesized that ankle
braces would reduce medial plantar loading in individuals
with pes planus by shifting pressures laterally and reduce
lateral plantar loading in individuals with pes cavus by
shifting pressures medially.

METHODS

Participants

Based on a power analysis of previously reported effect
sizes involving plantar-loading variables for different foot-
posture groups,5,6 we recruited 36 individuals. Healthy
young adults aged 18 to 30 years who were recreationally
active were recruited from Virginia Tech and the
surrounding area. Volunteers were considered recreation-
ally active if they were comfortable completing the athletic
tasks in the study. Recruits with a history of lower
extremity surgery or injury within the 6 months before
the study were excluded. Participants provided written
informed consent, and the institutional review board
approved the study.

Arch height index was used to classify participants as
having pes cavus, pes rectus (normal), or pes planus. The
index was obtained by measuring the height from the floor
to the dorsum at half the total foot length and dividing that
measurement by the length from the posterior aspect of the
calcaneus to the first metatarsal head using the foot posture
measurement system:

Arch Height Index ¼ Dorsal Height50% Foot Length

Truncated Foot Length

We classified participants with a ratio of �0.315 as
having pes planus (n ¼ 8), between 0.315 and 0.365 as
having normal arches (n ¼ 17), and �0.365 as having pes
cavus (n ¼ 11) based on previously reported normative
values21 and the fact that 60% of the population has normal
arches.2

Instrumentation

Participants were then fitted for a series of braces before
completing the testing session. Brace conditions were no
brace, a combination lace-up and figure-of-8 stabilizer

brace (ankle-support brace; Performance Anaform Lace-Up
Ankle Brace; DonJoy Orthopaedics; Figure 1A), and a
brace with semirigid lateral stabilizers and increased
midfoot support (semirigid brace; AirCast AirLift PTTD
Brace; DonJoy Orthopaedics; Figure 1B). The braces were
worn bilaterally, and the order of the brace conditions was
randomized.

Procedures

Participants were instructed to use a neutral cushioned
running shoe (Zoom Pegasus; Nike Inc) during all testing to
control for footwear effects.22 For each of the 3 brace
conditions, they completed walking, running, and cutting
trials (7 of each) in randomized order. The side cut was
performed by planting on either foot. The planted foot
remained the same for each trial, and this foot was used for
analysis across all conditions. Participants completed 3
walking and running practice trials at a self-selected pace,
determined by timing gates (TC Timing System; Brower
Timing Systems) set 6 m apart, and we calculated the
average pace from these trials. Trial completion speed for
all subsequent trials was held to within 5% of the average
pace in the practice trials. The 3 tasks and 3 brace
conditions were combined for a total of 9 conditions.
Volitional breaks were provided to prevent fatigue.

The plantar-loading variables of contact area, maximum
force, force-time integral (FTI), and COP were evaluated
during the dynamic trials using the pedar-X system (Novel
Inc) sampling at 50 Hz. Novel Multiproject software was
used with an 8-region mask,7,23 and plantar loading was
evaluated in the medial and lateral midfoot and the medial,
middle, and lateral forefoot during walking, running, and
cutting for the foot that participants used to plant during the
side cut. Additionally, individuals rated brace comfort on a
Likert scale from 1 (least comfortable) to 10 (most
comfortable).

Statistical Analysis

We examined the plantar-loading variables for each
region of the foot and in each condition, with maximum
force normalized to body weight and contact area
normalized to the contact area of the entire insole
(normalized insole contact area).23 After verifying that all
other analysis of variance (ANOVA) assumptions were
met, we log transformed the data to produce a normal
distribution of variables. A 3 3 3 mixed-model repeated-
measures ANOVA, with the a level set at .05, was
conducted to assess the effects of brace (within-participant
factor) and foot type (between-participants factor) on all
variables (SPSS version 26; IBM Corp). Bonferroni-
adjusted pairwise comparisons were calculated to deter-
mine the simple main effects of brace and foot type on any
variables for which a main effect was identified. We
evaluated COP displacement for the walking and running
trials using the coefficient of multiple correlation (CMC)24

and statistical parametric mapping (SPM)25,26 in MATLAB
(The MathWorks) to determine if brace wear had an effect
on medial-lateral (ML) or anterior-posterior (AP) COP
displacement. The COP curves were separated into AP and
ML components for evaluation, as is common for analyses
of this type.25,26 Finally, the ordinal data for the brace-
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comfort ratings were compared using the Wilcoxon signed
rank test.

RESULTS

A total of 36 participants (11 men, 25 women; age¼ 23.1
6 2.5 years, height¼ 1.72 6 0.09 m, mass¼ 66.3 6 14.7
kg, arch height index ¼ 0.346 6 0.035) completed the
entire testing protocol. Results from the 3 3 3 mixed-model
repeated-measures ANOVA revealed that both brace and
foot type had main effects on certain variables. During
walking, no foot type-by-brace interaction existed (Figure
2, Table 1). We observed a main effect of brace on contact
area in the medial midfoot (P¼ .005, gp

2 ¼ 0.280), medial
forefoot (P¼ .001, gp

2 ¼ 0.338), and middle forefoot (P¼
.007, gp

2 ¼ 0.264). Brace type also affected maximum
force in the medial midfoot (P , .001, gp

2¼ 0.710), lateral
midfoot (P , .001, gp

2 ¼ 0.561), and medial forefoot (P¼
.01, gp

2¼ 0.247) and FTI in the medial midfoot (P , .001,
gp

2 ¼ 0.476). Overall, the semirigid brace condition
increased values in the midfoot and decreased them in the
forefoot compared with the no-brace or ankle-support–
brace condition. We observed a main effect of foot type
during walking for maximum force in the medial forefoot
(P¼ .01, gp

2¼ 0.229) and middle forefoot (P¼ .003, gp
2¼

0.302). In general, compared with the pes rectus and pes
planus foot, the pes cavus foot had smaller loads in the
midfoot and greater loads in the forefoot in both the brace
and no-brace conditions.

During running, we observed a brace-by-foot type
interaction for the maximum force in the medial forefoot
(P¼ .045, gp

2¼ 0.136; Figure 3, Table 2). A main effect of
brace on the maximum force existed in the medial midfoot
(P , .001, gp

2 ¼ 0.827), lateral midfoot (P , .001, gp
2 ¼

0.379), and middle forefoot (P¼ .001, gp
2 ¼ 0.349). Brace

main effects also were present for the FTI in the medial
midfoot (P , .001, gp

2 ¼ 0.570) and medial forefoot (P¼
.006, gp

2¼ 0.276). Compared with the no-brace and ankle-
support–brace conditions, the semirigid-brace condition
usually resulted in greater loads in the midfoot and smaller
loads in the forefoot. Maximum force was different in the
medial midfoot (P¼ .04, gp

2 ¼ 0.179) and middle forefoot
(P ¼ .01, gp

2 ¼ 0.235) based on foot type. Foot type also
affected the FTI in the medial forefoot (P ¼ .03, gp

2 ¼
0.188) and middle forefoot (P ¼ .047, gp

2 ¼ 0.169).
Overall, values were decreased in the midfoot and
increased in the forefoot with pes cavus.

During cutting, we found no interaction between brace
and foot type (Figure 4, Table 3). A main effect of brace on
contact area was evident in the medial midfoot (P ¼ .01,
gp

2 ¼ 0.234) and lateral midfoot (P ¼ .006, gp
2 ¼ 0.275)

and on maximum force in the medial midfoot (P , .001,
gp

2 ¼ 0.785), lateral midfoot (P , .001, gp
2 ¼ 0.546), and

medial forefoot (P¼ .043, gp
2 ¼ 0.178). We noted a main

effect of brace on the FTI in the medial midfoot (P , .001,
gp

2 ¼ 0.786), lateral midfoot (P , .001, gp
2 ¼ 0.465), and

medial forefoot (P ¼ .02, gp
2 ¼ 0.230). On average, the

semirigid-brace condition resulted in smaller loads in the
forefoot and greater loads in the midfoot compared with the

Figure 1. A, Ankle-support brace (Performance Anaform Lace-Up Ankle Brace; DonJoy Orthopaedics) and B, semirigid brace (AirCast
AirLift PTTD Brace; DonJoy Orthopaedics) worn during the study. DJOt is a registered trademark of DJO, LLC in the US and/or other
countries. �2020 DJO, LLC. Used with permission from DJO, LLC. All rights reserved.
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Figure 2. Results from a 3 3 3 mixed-model repeated-measures analysis of variance and post hoc testing comparing the effects of brace
condition and foot type on the contact area, maximum force, and force-time integral in the 5 regions of interest during the walking task.

Figure 3. Results from a 3 3 3 mixed-model repeated-measures analysis of variance and post hoc testing comparing the effects of brace
condition and foot type on the contact area, maximum force, and force-time integral in the 5 regions of interest during the running task.
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no-brace and ankle-support–brace conditions. We demon-
strated a main effect of foot type on maximum force in the
medial midfoot (P¼ .01, gp

2¼ 0.232), lateral midfoot (P¼
.001, gp

2¼ 0.341), medial forefoot (P¼ .004, gp
2¼ 0.282),

and middle forefoot (P ¼ .02, gp
2 ¼ 0.221) and a main

effect of the FTI on the medial forefoot (P ¼ .005, gp
2 ¼

0.276) and middle forefoot (P ¼ .008, gp
2 ¼ 0.256). A

higher arch usually led to decreased loads in the midfoot
and increased loads in the forefoot.

A CMC analysis of the COP displacement curves
revealed that the tracings of the COP were highly correlated
across brace conditions (Table 4). This was shown in mean
CMC values being close to 1 for all foot types in both the
walking and running tasks. However, an SPM analysis
using a mixed-model repeated-measures ANOVA revealed
that brace condition resulted in different COP displace-
ments for certain portions of the COP tracing during both
the walking and running tasks (P , .05; Figure 5, Table 5).

Specifically, brace condition affected heel strike and
midstance in the ML direction and heel strike in the AP
direction (P , .05; Figure 5, Table 5). Neither foot type nor
the foot type-by-brace interaction had an effect on any
portion of the COP curves.

The Wilcoxon signed rank test between comfort ratings
for the ankle-support–brace and semirigid-brace conditions
indicated that participants found the ankle-support brace
more comfortable than the semirigid brace (P ¼ .03).
However, no differences in comfort ratings between the
braces based on foot-type classification were seen.

DISCUSSION

The purpose of our study was to determine the effects of
2 ankle braces on plantar loading in different foot types
during 3 movement tasks. This was accomplished by
analyzing plantar-loading variables in 5 regions of the foot
during walking, running, and cutting. We hypothesized that
ankle braces would help reduce the irregular plantar loads
from abnormal foot postures by shifting plantar-loading
patterns medially in individuals with pes cavus and laterally
in individuals with pes planus.

We found that foot type indeed affected the plantar-
loading variables of maximum force and the FTI, largely
independent of brace condition. Specifically, maximum
force in the middle forefoot was affected by foot type
during walking, running, and cutting; in the medial forefoot
during walking and cutting; in the medial midfoot during
running and cutting; and in the lateral midfoot during
cutting. Post hoc testing revealed that most of these
differences were between individuals with pes planus and
pes cavus. This finding is in agreement with the results of
previous studies, in which researchers5–7 found that

Table 4. Correlation of Multiple Coefficient Outputs for

Comparison of Center-of-Pressure Curves Among Brace

Conditions

Task Foot Type

Center-of-Pressure

Curve Direction, Mean 6 SDa

Medial-Lateral Anterior-Posterior

Walking Pes planus 0.933 6 0.071 0.991 6 0.005

Pes rectus 0.948 6 0.050 0.992 6 0.009

Pes cavus 0.955 6 0.042 0.989 6 0.007

Running Pes planus 0.958 6 0.040 0.992 6 0.008

Pes rectus 0.934 6 0.074 0.987 6 0.022

Pes cavus 0.961 6 0.042 0.979 6 0.034

a Values close to 1 indicate similar curves, and values close to 0
indicate dissimilar curves.

Figure 4. Results from a 3 3 3 mixed-model repeated-measures analysis of variance and post hoc testing comparing the effects of brace
condition and foot type on the contact area, maximum force, and force-time integral in the 5 regions of interest during the cutting task.
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maximum force in the medial midfoot was greater for
individuals with pes planus and less for those with pes
cavus and that individuals with pes planus had reduced
forces in the forefoot. We also observed that the FTI was
affected by foot type in the medial forefoot and middle
forefoot during running and cutting. This outcome agrees
with earlier work, in which investigators5,6,9 reported that
the FTI was less in the forefoot of individuals with pes
planus and more in the forefoot of individuals with pes
cavus. However, previous authors5,6,9 also noted that the
FTI in the midfoot and lateral forefoot was affected by
different foot types, which was not the case in our
participants. Furthermore, we did not identify any differ-
ences in contact area due to foot type for any region of the
foot during any task. This result was not consistent with
earlier work in which researchers5–7 demonstrated that
individuals with pes planus had increased contact area in
the medial midfoot and lateral forefoot and that those with
pes cavus also had increased contact area in the lateral
forefoot versus those with pes rectus. This lack of
agreement could be because the brace conditions resulted
in fewer differences among foot types. Despite inconsistent
agreement with other studies, we detected differences in
force distribution due to foot type during different athletic
tasks. Investigators5,8 have shown that this contributes to
the increased risk of injury that is related to abnormal foot
postures, which highlights the need for a preventive
measure.

One intervention that could be used to prevent lower
extremity injuries by reducing irregular plantar loads is
ankle braces. The risk of injuries could be reduced if ankle
braces bring the plantar loading of individuals with pes
planus and pes cavus to a more neutral position, where the
foot best attenuates force. Therefore, we also examined the
effects of an ankle-support brace and a semirigid brace on
plantar loading during various athletic tasks. Both the
ankle-support and semirigid braces increased the contact
area in the midfoot during walking and cutting and
decreased the contact area in the medial and middle
forefoot during walking, independent of foot type. Ankle
braces also increased the maximum force in the medial and
lateral midfoot during walking, running, and cutting and
decreased the maximum force in the medial forefoot during
all tasks. Finally, the FTI in the medial midfoot was
increased by brace wear during all 3 tasks and was
increased in the lateral midfoot and decreased in the medial
forefoot during cutting. Overall, the contact area, maximum
force, and FTI were increased in the midfoot and decreased

in the forefoot in braced conditions, largely independent of
foot type. Post hoc testing revealed that most of these
differences occurred in the semirigid-brace condition when
compared with both the no-brace and the ankle-support–
brace conditions. Whereas no previous authors have
assessed plantar-loading differences due to ankle braces,
arch taping produced inconsistent results, affecting19 or not
affecting27 plantar loading. Although bracing and taping
reduced the risk of lower extremity injuries,16–18 ankle
bracing was more effective.16,17,20 Despite our results not
supporting the original hypothesis of a medial or lateral
shift, brace wear did cause a redistribution of plantar
loading. Future researchers should focus more specifically
on how the altered plantar loads resulting from brace wear
affect injury occurrence and severity.

Furthermore, in addition to the regional differences
evident in the contact area, maximum force, and FTI,
braces modified the COP distribution. The COP was
analyzed in the AP and ML directions, as is common in
studies of this nature,25,26 because the curves were being
compared across multiple conditions. Whereas a CMC
analysis showed that the COP distribution was highly
correlated across the 3 brace conditions, the SPM analysis
identified portions of the COP distribution that were
affected by brace wear. In the AP direction, the brace
affected the beginning of the COP tracing in both the
walking and running tasks, with a larger portion of the
curve being altered during walking. Thus, most of the brace
effects in the AP direction were at heel strike, indicating
that participants contacted the ground with a different heel-
strike angle while wearing the brace. In the ML direction,
the brace altered the middle portion of the curve during
both walking and running, with a larger portion of the curve
being affected by brace wear during the former. Hence,
most of the ML changes due to brace wear occurred at
midstance, which was likely a result of the brace
controlling the pronation and supination of the foot during
the greatest weight-bearing phase. The ML shifts are
important to consider because individuals with pes planus
have displayed a more medial COP and those with pes
cavus had a more lateral COP than individuals with a
normal foot posture.5 Although the SPM analysis did not
indicate the direction of the shift for each foot type, the ML
changes at midstance caused by the brace combined with
the facts that braces are easily adjustable, can be applied
without an athletic trainer, and are reusable17,18 supports the
need for further research into the possibility of using ankle
braces for injury prevention.

Table 5. Statistical Parametric Mapping Outputs of a 3 3 3 Repeated-Measures Analysis of Variance Indicating the Regions of Difference

in Center-of-Pressure Traces Based on Each Factor

Task

Center-of-Pressure

Direction

Factor

Foot Type

Brace Condition

InteractionRegion of Difference, % Stance Range P Value

Walking Medial-lateral NA 0.0–76.6 .001 NA

Anterior-posterior NA 0.0–45.5 .007 NA

NA 63.9–74.6 .045 NA

NA 92.9–98.0 .049 NA

Running Medial-lateral NA 0.0–3.0 .049 NA

NA 20.9–71.0 .02 NA

Anterior-posterior NA 0.0–29.2 .03 NA

Abbreviation: NA, not applicable.
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Our study had a few limitations. First, we included an
unequal number of participants for each foot-type group,
with 8 participants classified as having pes planus, 17 as
having normal arches, and 11 as having pes cavus. Whereas
this was expected because a larger portion of the population
has normal arches,2 a more equally distributed sample
could have resulted in a more robust analysis. Second, the
AirLift PTTD Brace was designed with an inflatable pocket
under the arch, which was not inflated during our study.
This was done to prevent variations in inflation levels
among participants from biasing the results but is not
standard for the intended use of the brace. Third, not all
participants were comfortable cutting, despite this being an

inclusion criterion. Furthermore, the cutting speed for each
participant was not standardized among trials. This could
have resulted in speed variations that affected the plantar-
loading measures. However, we minimized this risk by
averaging plantar-loading values across multiple trials.
Nevertheless, these aspects should be considered by future
investigators.

CONCLUSIONS

Our study is one of the first analyses of the effects of
ankle braces, combined with foot type, on plantar-loading
variables. We determined that foot type affected plantar

Figure 5. Graphic representation of statistical parametric mapping analysis of the center of pressure as a percentage of the stance phase,
with effects indicated by the shaded regions and associated P values. A, Foot type, B, brace condition, and, C, interaction results for the
medial-lateral direction during the walking task. D, Foot type, E, brace condition, and, F, interaction results for the anterior-posterior
direction during the walking task. G, Foot type, H, brace condition, and, I, interaction results for the medial-lateral direction during the
running task. J, Foot type, K, brace condition, and, L, interaction results for the anterior-posterior direction during the running task.
Continued on next page.
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forces in the foot independent of brace wear, which agrees

with previous work. Additionally, we found that ankle

braces, specifically semirigid braces, altered COP and

plantar forces in the midfoot and forefoot, independent of
foot type. Although we could not draw conclusions about

using ankle braces for preventing injuries related to foot

type, these results support the use of braces to redistribute

plantar loads. Therefore, additional work should be done to
determine the effectiveness of ankle braces as an injury-

prevention method and further quantify the effects of ankle

braces on foot type.
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