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Abstract

Out-toeing gait may cause alterations in lower limb biomechanics that could lead to an
increased risk of overuse injuries. Surgery and physical therapy are conventional methods
for mitigating such gait, but they are costly and time-consuming. Wearable devices like
braces and orthoses are used as affordable alternatives, but they apply non-negligible
stress on the skin. Haptic feedback-delivering shoes were also recently developed, but they
require actuators and power sources. The purpose of our study is to develop compression
tights with inward directing taping lines that apply compression to lower limb muscles and
segments to facilitate inward rotation of the foot, overcoming the drawbacks of previous
methods. These compression tights were manufactured to fit the average height, leg length,
hip girth, and waist girth of South Korean females in their twenties. The efficacy of these
compression tights was evaluated by comparing walking kinematics and user satisfaction of
12 female dancers with an out-toeing gait under three conditions: wearing tights with taping
lines, tights without taping lines, and basic bicycle shorts. The foot rotation angles and joint
kinematics were recorded using a pressure-pad treadmill and motion capture system,
respectively. Multiple pairwise comparisons revealed that the compression tights with
inward-directing lines significantly reduced foot rotation angles (up to an average of 20.1%)
compared with the bicycle shorts (p = 0.002 and 0.001 for dominant and non-dominant foot,
respectively) or the compression tights without taping lines (p = 0.005 and p = 0.001 for dom-
inant and non-dominant foot, respectively). Statistical parametric mapping revealed signifi-
cant main effects of the tight type on joint kinematics. Also, t-tests revealed that the
participants reported significantly higher ratings of perceived functionality and usability on
the compression tights with inward-directing taping lines. In conclusion, we developed a
comfortable and practical apparel-type wearable and demonstrated its short-term efficacy in
mitigating out-toeing gait.
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Introduction

Out-toeing gait is a potentially detrimental rotational walking deformity that is common
among patients with osteoarthritis, children with cerebral palsy [1, 2], and even individuals ste-
reotypically viewed as healthy, such as infants and dancers [3, 4]. Walking with a large foot
rotation or progression angle is associated with a broad profile of lower limb deformities,
which commonly include decreased range of motion, hip external rotation contracture, exter-
nal tibial torsion, and femoral retroversion [3, 5, 6]. These deformities frequently apply exces-
sive stress on the lower limb tendons, ligaments, and joints, thereby increasing the risk of falls,
fractures, and other injuries associated with lower limb overuse [7-9].

Numerous methods have been proposed to mitigate out-toeing gait. Customized physical
therapy, gait retraining exercises, and rotational gait corrective surgeries have been considered
as conventional methods for treating such gait [10-12], but these methods are time-consuming
and costly. Therefore, wearable approaches targeting the distal joints have been proposed as a
relatively acute and inexpensive option. Ankle braces, ankle knee orthoses, and shoes embed-
ded with vibrating actuators delivering haptic feedback to the feet have been developed to
reduce foot rotation angles [13-15]. Although effective, braces and orthoses apply non-negligi-
ble mechanical stress on the skin and reduce the range of motion [16], possibly disrupting
walking and daily activities. The vibrating shoes are also functional, but they require actuators
and power sources. In addition, long-term exposure to vibration can diminish human motor
performance by impeding the function of muscular, proprioceptive, and somatosensory sys-
tems [17, 18].

In this study, we aimed to devise an effective, comfortable, passive, and light wearable
approach that may benefit individuals who wish to mitigate their out-toeing gait without
decreasing their motor performance. To this end, we developed compression tights with
inward-directing taping lines targeting multiple lower limb segments that affect the foot
rotation angle [19, 20]. This concept was motivated by studies that showed the efficacy of
segment-targeted direct skin taping and compression garments. Song et al. showed that
tape applied on the thighs to facilitate inward femoral rotation alleviated pain, improved
postural stability, and reduced detrimental joint movements that lead to overuse injuries in
patients with patellofemoral pain [21, 22]. However, Kinesio tape adhesion can cause skin
irritation, making it uncomfortable for daily use [23]. We attempted to resolve this by
embedding taping lines into compression tights. Previous studies have shown that tights
can also enhance running economy [24, 25], attenuate soft-tissue vibration [26, 27], and
improve jump performance [28, 29]. Multiple studies also report that tights can enhance
performance and mitigate injuries during manual labor by applying proper compression to
specific muscles and segments [30, 31]. These studies proposed that wearing compression
garments designed for adequate anatomical support can mechanically calibrate the contrac-
tion direction of muscle fibers, reduce performance-impeding muscle displacement, and
facilitate efficient movement.

The purpose of this study is to develop compression tights with inward-directing taping
lines for mitigating out-toeing gait and assess the efficacy of the developed tights. We designed
and manufactured tights with inward-directing taping lines, and recruited female dancers,
who typically walk with large foot rotation angles owing to their training regimen, which
requires extension of the feet up to the extrema of the range of motion [4, 7, 32]. We hypothe-
sized that wearing compression tights with inward-directing taping lines would reduce the
foot rotation angle during walking. We also hypothesized that compression tights with
inward-directing taping lines would improve perceived functionality and usability during
walking, and formulated a questionnaire to test the hypothesis.
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Materials and methods
Participants

We recruited 12 college-level female dancers aged between 20 and 29 (mean = 24.7; standard
deviation, SD = 2.9) years. We assume that the effect of wearing tights on the primary indicator
of out-toeing gait, foot rotation angle, would conservatively have a medium effect size (ES) of
0.5 [33]. We then selected the estimated power and p-value for statistical significance as 0.95
and 0.05, respectively. With these inputs, the G-power software [34] calculated a sample size of
12.

The participants had received professional dance training for 14.1 (SD = 2.0) years, and had
no known history of lower limb injury or surgery for at least 6 months at the time of the exper-
iment. We recruited those who met the range of body dimensions considered to represent the
average size of Korean females in their 20s, according to data retrieved from the national
anthropometric survey [35]. The four key body measurements-height, leg length, waist girth,
and hip girth, were considered in the inclusion criteria, based on the standards for clothing
size designations [35, 36]. The mean and standard deviations of weight, height, leg length,
waist girth, and hip girth for the 12 participants were 51.3 (SD = 4.1) kg, 163.3 (SD = 3.6) cm,
74.9 (SD =2.2) cm, 65.0 (SD = 3.7) cm, and 91.4 (SD = 4.3) cm, respectively. The dominant
limb for each participant was defined as the limb that the participant prefers to use when kick-
ing a ball [37].

We informed the participants about all aspects of the study, as approved by the Seoul
National University Institutional Review Board (IRB No. 2008/003-029). All participants were
provided with an opportunity to review and sign a consent form before the experiment.

Instruments

Compression tights. We prototyped two tights in the same silhouette and size (Fig 1):
one with inward-directing taping lines (ICtights) and the other without taping lines (Norm-
tights). For the ICtights, one layer of 4 cm wide taping lines, manufactured using power net
fabric (nylon/spandex: 80/20), were sewn with flat-lock stitches along the outline. We embed-
ded these taping lines to provide additional sensation for the target muscles and joints and
facilitate inward rotation of the feet. The taping lines originated at the waist band and termi-
nated at the ankle cuff. The lines ran over the gluteus, tensor fasciae latae, sartorius, biceps
femoris, and semitendinuous muscles to facilitate hip internal rotation and femoral stabiliza-
tion. The taping line was followed through the ankle joint to ensure inward compression for
the internal rotation of the tibia. To achieve these design goals, we manufactured the pattern
so that the taping lines with lower elasticity compared to the ground fabric went around the
tights 3 times with the inclination angles of 26 and 34 degrees (S1 Fig in S2 File). Colored dots
were sewn on the compression tights to allow the participants to wear the tights properly so
that the taping lines applied pressure on the target muscles and segments. We also manufac-
tured Normtights to investigate any possible effect of wearing simple tights on foot rotation
angles.

We used an elastomer-plated double-jersey fabric (polyester/spandex: 74/26) to manufac-
ture areas of ICtights other than the taping lines and all areas of the Normtights. Based on the
average size of Korean females in their 20s, we drafted block patterns for the compression
pants following Armstrong’s patternmaking techniques [38]. Both ICtights and Normtights
were made in two size designations, small and medium, to cover the range of body measure-
ments of the recruited participants. The different sizes of the tights were determined using the
standard sizing and grading procedure [35].
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Fig 1. Design of two prototype compression tights. ICtights are embedded with inward-directing taping lines, whereas Normtights are not. The green lines
represent the position of the taping lines that apply compression to the target muscles and segments responsible for hip internal rotation, femoral stabilization,
and internal tibial rotation. The colored dots are sewed into the anatomical landmarks of the hip, knee, and ankle joints to allow the participants to wear the
tights in such a way that the taping lines apply pressure on the intended muscles and segments.

https://doi.org/10.1371/journal.pone.0291914.g001
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We additionally prepared cycling shorts (Model: TAKE FIVE 022; polyester/spandex: 92/8)
with minimal compression that conformed with the body dimensions of the participants
(small and medium). These shorts were used as a baseline tights condition (Baseline) to
acquire foot rotation angles during walking with minimal pressure application on the lower
limbs.

Foot rotation and lower limb joint angle acquisition. We recorded the foot rotation
angle during walking using a pressure-pad embedded treadmill (Gait analysis FDM-TDSL-3i,
Zebris Inc., Germany). The treadmill was also utilized to record the vertical ground reaction
force (VGRE), which was used to detect the beginning and end of the stance phase. Ten infra-
red cameras (Optitrack PrimeX 13, Natural Point, Inc., Oregon, USA) were used to record the
position of the retroreflective markers attached to the anatomical landmarks of the lower limb,
and three-dimensional joint angles were calculated using the position of the markers. The sam-
pling frequencies of the treadmill and cameras were 100 Hz, and the two systems were syn-
chronized using a sync box.

Perceived functionality and usability

We investigated the usability of the devised ICtights. The International Organization for Stan-
dardization defines factors of usability as the user satisfaction, usefulness and the ease of use
[39]. To address these factors, we formulated a user questionnaire based on previous studies
that assessed the clothing fit [40], comfort of compression garments [41-43], and criteria for
usability evaluation [44, 45] with confirmed validity. The questionnaire consisted of seven
questions broadly categorized into two sections: perceived functionality and usability of the
compression tights during walking. The detailed questions are summarized in S1 Table in

S2 File.

Experimental protocol

We asked each participant to bring in an athletic t-shirt and shoes to put on during the experi-
ment. Before performing the walking task, we measured the body dimensions of the partici-
pants using Martin’s anthropometer in an anthropometric standing posture [36]; breathing
normally, standing upright, and the arms hanging naturally beside their torso. We asked the
participants to wear the baseline shorts and athletic t-shirt while measuring the body dimen-
sions. Then, to measure the preferred walking speed (PWS) of the participants, we asked the
participants to walk at 2.5 km/hr initially and increased the speed by 0.1 km/hr every 10 sec-
onds until the participants reported the speed that best characterized their everyday walking
speed. We then increased the speed by 1.0 km/hr and decreased it by 0.1 km/hr every 10 sec-
onds until they again reported the speed that best characterized their everyday walking speed
[46, 47]. We repeated this process three times, and the average speed was selected as the PWS.
After determining the PWS, we attached 20 retro-reflective markers on the anatomical
landmarks of the lower limbs: left and right heel, first and fifth metatarsal, medial and lateral
malleolus, medial and lateral epicondyle, greater trochanter, and anterior and posterior iliac
spinae (S2 Fig in S2 File). Each participant performed walking trials under three conditions:
wearing Baseline, Normtights, and ICtights. We randomized the sequence of the conditions,
along with a 10-min break between trials, including the time for changing the attire, and reat-
tach the retro-reflective markers. Only one investigator attached the markers, following the
standard anthropometric measurement guidelines [48], for all the participants to maintain
consistency in the location of the anatomical landmarks. Considering the usual time required
for adaptation to a treadmill system [49], we asked the participants to walk for 10 min in the
first trial, and 7 min each in the second and third trials, and analyzed the data acquired in the
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last 5 min of all the trials. After treadmill walking, the participants rated their experience of
Normtights and ICtights using a 5-point Likert scale. They also provided supplementary expla-
nations for their ratings.

Data analysis

The angle between the longitudinal axis of the foot and the walking direction (the foot rotation
angle) was automatically calculated using the treadmill data acquisition software (Zebris FDM
1.12, Zebris Medical GmbH, Germany). Niiesch et al. reported the foot rotation angles
acquired from the treadmill we used in our study to have high reliability across multiple walk-
ing sessions [50]. The coordinates of the retroreflective markers were filtered using a zero-lag
fourth-order Butterworth low-pass filter with a cut-off frequency of 10 Hz. The filtered coordi-
nates of the anatomical landmarks were used to build a seven-segment (left and right foot,
shank, and thigh and a pelvis) lower body model utilizing a modeling software (Visual 3D).
We calculated the three-dimensional angles of the left and right ankles, knees, and hip joints
using the visual 3D internal algorithm and the seven-segment model. The coordinate system
for the sagittal, frontal, and transverse plane joint angles followed the Cardan sequence, which
was defined as flexion (+)/extension (-), adduction (+)/abduction (-), and internal (+)/exter-
nal rotation (-), respectively. We extracted the joint angles during the stance phase of each leg
using the VGREF curves. The start and end of the stance phase were selected as heel strike and
toe off, which we respectively defined as first and last time points of the VGRF curves. We ana-
lyzed the three-dimensional lower limb joint angles over the normalized stance between 0 and
100% (101 points).

Statistical analysis

We performed one-way repeated measures analysis of variance (ANOVA) to compare the foot
rotation angle separately for each limb, under the three conditions (Baseline, Normtights, and
ICtights). Mauchly’s test was conducted to assess the assumption of sphericity. If this was vio-
lated, we reduced the degrees of freedom using the Greenhouse-Geisser criterion. Bonferroni
correction was used as a post-hoc test for multiple pairwise comparisons. We also performed
statistical parametric mapping (SPM) and one-way repeated measures ANOVA to compare
the three-dimensional hip, knee, and ankle joint angles over the stance phase separately for
each limb under the three conditions.

The ratings reported by the participants during the user questionnaire were tested for nor-
mality using the Shapiro-Wilk test. If the normality assumption was accepted, a paired t-test
was used to compare differences in ratings for perceived functionality and usability between
the Normtights and ICtights. If the assumption was rejected, the Wilcoxon-signed rank test
was used as an alternative to the paired t-test.

Statistical analyses to compare foot rotation angles and ratings gathered during the user
questionnaire were conducted using Statistical Package for the Social Sciences (version 25.0,
International Business Machines Inc., Armonk, NY, USA). SPM was conducted using
MATLAB 2018b (version 2018b, Mathworks Inc., Natick, MA, USA) and the open-source
code available at https://spm1d.org/. The level of statistical significance was set at p < 0.05.

Results
Foot rotation angle

The mean and standard errors of the foot (left and right) rotation angles of all the participants
under the three experimental conditions are shown in Fig 2. The results of one-way repeated
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Fig 2. Foot rotation angles in the three tights type conditions. Mean and standard error bars of the foot rotation angles of 12 participants for the three
conditions (Baseline: bicycle shorts, Normtights: compression tights without taping lines, and ICtights: compression tights embedded with taping lines). The
double asterisk indicates a statistically significant difference (**p < 0.01), whereas NS indicates no statistically significant difference. The reduction in the foot
rotation angle while walking wearing the ICtights with respect to the Baseline or Normtights is quantified as A (%).

https://doi.org/10.1371/journal.pone.0291914.9002

measures ANOVA revealed a significant main effect of the tight type on the foot rotation
angles for both feet (dominant: F, 55 = 12.707, p < 0.001, n° = 0.536, ES = 1.075; non-domi-
nant: Fp, ) = 16.993, p < 0.001, ° = 0.607, ES = 1.243). ICtights induced significantly lower
foot rotation angles than those of the Baseline (dominant: p = 0.002, non-dominant:

p = 0.001); and Normtights (dominant: p = 0.005, non-dominant: p = 0.001). The reduction in
the foot rotation angle under the ICtights condition with respect to the angle under the other
two conditions is indicated as A (%) in Fig 2. The average A values were between 0.9°(7.2%)
and 1.7°(20.1%).

Three-dimensional joint angles

Figs 3-5 show the mean and standard error of the three-dimensional lower limb joint angles
of the 12 participants during the stance phase of walking under the three conditions. The
results of the main effect of one-way repeated measures ANOVA are shown in S3 to S5 Figs in
S2 File. The significant main effects of the tight type on joint kinematics were revealed for
ankle dorsi/plantarflexion angles for both limbs (dominant: between 63 and 81% of stance
phase, p = 0.020; non-dominant: between 65 and 100% of stance phase, p = 0.002), hip adduc-
tion/abduction angles for the dominant limb (between 11 and 35% of stance phase, p = 0.017),
and hip internal/external rotation angles for the non-dominant limb(between 76 and 100% of
stance phase, p = 0.025).

Perceived functionality and usability

Fig 6 shows the mean and standard error of the ratings reported by the participants for all cri-
teria of perceived functionality and usability. The results from the paired t-test or Wilcoxon
signed-rank test are presented in S3 Table in S2 File. The participants reported significantly
higher ratings for ICtights than Normtights for all the criteria of perceived functionality. For
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Fig 3. Three-dimensional ankle joint angles during the stance phase in the three tights type conditions. Mean and standard
errors of the three-dimensional ankle joint angles of both limbs: dorsiflexion (+)/plantarflexion (), inversion (+)/eversion (=), and
internal rotation (+)/external rotation (-) of the 12 participants while walking wearing the three types of tights. The black, blue, and
red lines are the mean ankle angles of the 12 participants under Baseline, Normtights, and ICtights conditions, respectively, and the
shaded areas in respective colors show the standard errors of the ankle angles during the stance phase. The green shaded area
corresponds to the percentage of the stance phase with a significant main effect of tights on the ankle angles.

https://doi.org/10.1371/journal.pone.0291914.9003
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Fig 4. Three-dimensional knee joint angles during the stance phase in the three tights type conditions. Mean and standard error
bars of the three-dimensional knee joint angles of both limbs: flexion (+)/extension(-), adduction (+)/abduction (-), and internal
rotation (+)/external rotation (-) of the 12 participants while walking wearing the three types of tights. The black, blue, and red lines
are the mean knee angles of the 12 participants under Baseline, Normtights, and ICtights conditions, respectively, and the shaded
areas in respective colors show the standard errors of the knee angles during the stance phase.

https://doi.org/10.1371/journal.pone.0291914.9004

PLOS ONE | https://doi.org/10.1371/journal.pone.0291914  September 21, 2023 9/17


https://doi.org/10.1371/journal.pone.0291914.g004
https://doi.org/10.1371/journal.pone.0291914

PLOS ONE

Tights with taping lines mitigate out-toeing

Dominant Non-dominant

- B
£ =35 -
A
(e [e)]

& 15} |

s

(7]
3 § _5. L
é 5_25 M 5 " 3
iz O 50 100 O 50 100

N
(3

Adduction (+)

1
a

100 O 50 100

o
A
o

Ad/Abduction angle (deg)
—
?

Abduction (-)

)
5§ S
g 9
= 510
s £
=
2 ¢
= 8
®
s Of
’? o
§ 2
S
58
Tu 3_10 i N A 1
£ 2 0 50 100 O 50 100
§ —
w

% Stance phase % Stance phase

== Mean joint angle for Baseline [ Standard error of joint angle for Baseline

=== Mean joint angle for Normtights [0 Standard error of joint angle for Normtights

== Mean joint angle for ICtights Standard error of joint angle for ICtights

% area of the stance phase with significant main effect of three tights on the hip angles

Fig 5. The three-dimensional hip joint angles during the stance phase in the three tights type conditions. Mean and standard
error bars of the three-dimensional hip joint angles of both limbs: flexion (+)/extension (-), adduction (+)/abduction (-), and
internal rotation (+)/external rotation (-) of the 12 participants while walking wearing the three types of tights. The black, blue, and
red lines are the mean hip angles of the 12 participants under Baseline, Normtights, and ICtights conditions, respectively, and the
shaded areas in respective colors show the standard errors of the hip angles during the stance phase. The green shaded area
corresponds to the percentage during the stance phase with a significant main effect of tights on the hip angles.

https://doi.org/10.1371/journal.pone.0291914.g005
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perceived usability, the participants reported significantly higher ratings for ICtights than
Normtights for usefulness in gait correction. Although no statistical significance was observed
in the other criteria of perceived usability, the average ratings of ICtights were all higher than
those of Normtights. The supplementary comments provided by the participants are shown in
S1 Results in S2 File. The reliability analysis of the items used in the questionnaire resulted in a
Cronbach’s alpha value of 0.93.

Discussion

We developed compression tights with inward-directing taping lines and assessed their short-
term efficacy in correcting out-toeing gait of young adult female dancers. We found that wear-
ing the compression tights reduced the foot rotation angle by up to an average of 20%. Partici-
pants walked with larger hip adduction, larger internal rotation angles for all the lower limb
joints, and larger plantar flexion of the ankle joint when wearing the devised tights compared
to the cases of wearing tights without taping lines and bicycle shorts. They also reported high
perceived functionality and usability of the tights. These results suggest that for female dancers,
wearing compression tights with inward-directing taping lines effectively mitigates out-toeing
gait in the short-term without compromising user satisfaction.

One distinctive feature of the devised tights is the insertion of the taping lines. Direct taping
can cause irritation [23], and we resolved this by embedding the taping lines on the compres-
sion tights without adhesion. Effectively, no participant reported irritation or discomfort due
to skin contact with the material used to manufacture the tights or added pressure from the
taping lines; the taping lines embedded in the tights applied additional sensation to joints and
muscles to facilitate inward rotation of the foot without discomfort.

We also considered that the efficacy of Kinesio tapes heavily depends on the taping tech-
nique; the tapes should be applied to anatomically accurate positions and in the proper direc-
tions. To minimize any possible decrease in efficacy due to inadequate alignment between the
embedded taping lines and the target muscles, we sewed colored dots onto the compression
tights, specifically on the anatomical landmarks for the ankle, knee, and hip joints (Fig 1). The
presence of these dots, which is another distinctive feature of the devised tights, guided the par-
ticipants on how to appropriately wear the compression tights so that the taping lines could
apply the intended pressure only to the target regions.

Another feature that distinguishes the devised tights from previous methods for out-toeing
correction is that these tights are designed to influence proximal joints and limbs as well as dis-
tal ones. Cui et al. reported that the primary kinematic changes observed in the out-toeing gait
not only include restrictive ankle plantar flexion but also the overall external rotation of the
ankle, knee, and hip joints [19]. Specifically among dancers, excessive foot outward rotation
training from an early age leads to torsional deformity of the lower limbs, such as femoral ret-
roversion and lower limb external torsion [51-53]. We showed that wearing compression
tights with inward-directing taping lines led to an overall increase in ankle plantar flexion
angles and internal rotation angles of all three lower limb joints throughout the stance phase
(Figs 3 to 5); the devised compression tights successfully involved the entire lower limb kine-
matic chain in mitigating out-toeing gait beyond just changing foot kinematics. This design
may also aid in decreasing discomfort by distributing the mechanical stress due to the inter-
vention across the relatively larger parts of the lower limbs and joints, rather than applying all
the stress solely on the distal joints and limbs. The high usability reported by the participants
supports this argument.

Although Thielen et al. showed the efficacy of applying rotation bandages to the lower limb
in changing foot rotation angles [54], our study is the first to propose the use of compression
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garments embedded with taping lines to correct rotational deformities. Most previous meth-
ods used to correct out-toeing gait are either time-consuming, expensive, impeding motor per-
formance, or requiring active power sources. The method we propose is to wear compression
tights, which can be a part of everyday apparel. The compression tights required neither
expensive materials nor a special manufacturing process, yet showed immediate effects with-
out hampering comfort or perceived walking functionality. The supplementary comments
provided by the participants also confirmed the user’s perception of improved balance and
overall inward rotation of the thighs and calves during walking (S1 Results in S2 File).
Although the compression tights we developed are effective, comfortable and inexpensive, the
effect of the tights on out-toeing mitigation might be different from that of other available
methods. Hence, a future study may consider comparing the effect size of the change in foot
rotation angles, comfortability, and usability of other methods with those of the tights devel-
oped in this study.

Several other limitations of our study also need to be clarified. First, we assessed the feasibil-
ity of the devised intervention by quantifying the effect of the tights on female adult dancers
with an out-toeing gait. This specific group was deliberately chosen in this initial study to min-
imize any possible risk and facilitate the study process. Further studies are necessary to con-
firm the beneficial effects of the devised intervention on other groups, such as patients with
osteoarthritis and children with cerebral palsy. Second, we designed the tights to apply pres-
sure to the muscles and segments that facilitate the reduction of foot rotation angles during
walking. Future studies are necessary to confirm the effect of the proposed tights in reducing
foot rotation angles during motor tasks other than walking. Third, we did not measure the
exact pressure applied by the compression tights. Instead, we manufactured the tights to fit the
mean and one standard deviation range of body dimensions for Korean females in their 20s.
Considering that the range of the tension exerted by compression tights is 175~350 N/m [55],
Laplace’s law predicts the range of the garment pressure applied to the thigh and calf as 15~30
mmHg and 24~48 mmHg, respectively [56]. However, prior studies have reported that a sin-
gle-pressure level for compression garments is most beneficial for enhancing exercise perfor-
mance [57, 58]. Therefore, a similar pressure level might exist for compression tights that
reduce foot rotation angles. Future studies may systematically investigate the effect of pressure
on foot rotation angles.

Fourth, we did not examine the long-term effects of the tights and the retention period of
the modified angles after removing the tights. Future studies may consider investigating the
long-term effects and retention time to address the utility of prolonged wear and the potential
of these tights as a training tool for the persistent modification of foot rotation angles. Fifth, in
compliance with the ethical requirements, the participants were informed of the aims of the
study. The participants also could see and sense the taping lines during walking. The fact that
the aim and conditions of the study were not blinded might introduce a possible bias toward
the tights. Sixth, we attached markers on tights; the measure of the lower limb kinematics
might be affected by the possible relative movement between the skin and the tights. However,
the measurement of the most important output variable, the foot rotation angle, did not rely
on the use of markers; we used pressure pad to measure that. Therefore, this limitation cannot
crucially affect our main results. Finally, we could not clarify the clinical implications of the
proposed compression tights for mitigating out-toeing gait. To the best of our knowledge, no
study has assessed the minimal clinically important difference (MCID) for the foot rotation
angles for dancers during walking. Hence, a future study may consider developing this MCID
criterion to assess clinical implications for interventions designed to mitigate the out-toeing
gait of dancers.
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Conclusion

We propose an effective, comfortable, and practical wearable means for modifying foot rota-
tion angles, and verified its feasibility by demonstrating the short-term efficacy of the proposed
compression tights in mitigating the out-toeing gait of female dancers. The high functionality
and usability reported by the participants further support the feasibility of the proposed com-
pression tights.

Supporting information

S1 File. Manuscript data. This file includes the obtained data of the foot rotation angles, and
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