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Abstract
Background

The transverse arch may regulate longitudinal foot stiffness through cross-axis coupling, but whether this
mechanism can be translated into functional compression socks is unknown. This study examined the acute
effects of transverse-arch compression socks on foot—ankle biomechanics at two running speeds.

Methods

In a balanced crossover study, 24 healthy male recreational runners completed overground running trials at 12
and 20 km/h while wearing non-compression control socks (NCS) and transverse-arch compression socks
(TACS). Spatiotemporal variables and metatarsophalangeal (MTP) and ankle kinematics, kinetics, work, angular
stiffness, moment arms, and gear ratio were analyzed using 2 x 2 within-subject repeated-measures analyses of
variance with Bonferroni-adjusted paired comparisons for significant interactions.

Results

Significant sock x speed interactions were observed for step length (p = 0.038), MTP positive work (p = 0.049),
and peak ankle plantarflexion angular velocity (p = 0.005). At 12 km/h, TACS increased step length (adjusted p =
0.008, dz = 0.656) and peak ankle plantarflexion angular velocity (adjusted p =0.024, dz = 0.557); MTP positive
work increased at both 12 and 20 km/h (adjusted p = 0.007 and 0.024; dz = 0.662 and 0.557, respectively).
Across speeds, TACS increased stance time (p = 0.002) and reduced step frequency (p =0.016). TACS increased
MTP dorsiflexion range of motion (p < 0.001), peak internal plantarflexion moment (p = 0.002), negative work (p
=0.002), and net energy absorption (p = 0.005), without changing angular stiffness (p = 0.241). At the ankle,
TACS increased the external moment arm (p < 0.001), peak gear ratio (p = 0.001), peak internal plantarflexion
moment (p = 0.010), and peak power (p = 0.025), while the internal moment arm was unchanged (p = 0.289).

Conclusions

TACS acutely altered foot—ankle mechanical behavior by increasing ankle leverage and redistributing
mechanical work toward greater MTP energy absorption rather than increasing MTP angular stiffness. Most
effects were consistent across speeds, with no uniform evidence of speed dependence.

Trial registration:

Not applicable.

Background

During the stance phase of running, the human foot does not function as a passive rigid lever [1, 2]. Instead, it
absorbs mechanical energy during early stance through arch deformation [3, 4] and metatarsophalangeal (MTP)
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joint dorsiflexion [5], and then increases stiffness during propulsion to transmit forces generated by the ankle
plantarflexors to the ground [6-8]. Longitudinal bending stiffness determines the extent to which the arch
deforms under external loading [1, 3], and an appropriate level of stiffness helps maintain structural stability and
transmit power through the distal limb [4, 6].

Previous studies have attributed longitudinal foot stiffness primarily to the bony geometry of the medial
longitudinal arch, passive tension in the plantar fascia and ligaments [1, 2, 8], and active regulation by the foot
muscles [3, 4, 7]. However, the transverse curvature of the forefoot is also an important structural determinant
of longitudinal stiffness. Venkadesan et al. [9] demonstrated that the transverse arch contributes more than
40% of the foot's longitudinal bending stiffness through cross-axis coupling. Based on this curvature—-stiffness
relationship, circumferential compression around the transverse arch may help preserve transverse curvature
and thereby modify longitudinal load-bearing behavior [9], with potential consequences for the lever function of
the foot—ankle system [10-12].

A recent study showed that wrapping the transverse arch with an elastic band increased the ankle gear ratio and
improved running economy [13], providing preliminary evidence that cross-axis coupling can be used to enhance
foot—ankle lever function. However, that study used a fixed speed on a force-instrumented treadmill. It therefore
remains unclear whether this mechanism produces similar biomechanical effects when translated into
wearable functional socks during overground running. Moreover, increasing running speed has been shown to
substantially change MTP joint angular stiffness [14], ankle moment and power demands [15-18], suggesting
that the same transverse-arch compression may have different effects during moderate and fast running.

Therefore, this study compared non-compression control socks (NCS) and transverse-arch compression socks
(TACS) with respect to spatiotemporal parameters and MTP and ankle joint biomechanics at two running
speeds. We hypothesized that transverse-arch compression would enhance foot—ankle lever function, primarily
reflected by an increase in peak ankle gear ratio. Because the effects of transverse-arch compression on MTP
joint mechanics remain unclear, MTP kinematics, kinetics, and mechanical work were examined as secondary
outcomes. We further examined whether these biomechanical effects differed between moderate- and fast-
running speeds.

Methods
Participants

To standardize the location and tensile state of compression over the forefoot transverse arch, participants'
foot size and arch morphology were restricted. Twenty-four healthy male recreational runners were enrolled.
The inclusion criteria were as follows: European shoe size 42; foot length, 255-265 mm; arch height index (AHI),
0.275-0.356; body mass index, 18.5-24.9 kg/m? weekly running distance of at least 10 km; habitual rearfoot
strike pattern; and no neuromuscular, vestibular, or visual disorder that could affect running. Participant
characteristics and foot morphology are summarized in Table 1. The sample size estimation was performed
using G*Power 3.1 [19]. Peak ankle gear ratio was selected as the primary outcome. Based on the pilot data, the
TACS-NCS difference in peak ankle gear ratio was calculated for each participant by averaging the paired
differences across the two speed conditions. A priori power analysis was then conducted using a two-sided
paired-samples t-test (Cohen’s d, = 0.70, a = 0.05, power = 0.80), indicating that at least 19 analyzable
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participants were required. The study was conducted in accordance with the Declaration of Helsinki and
approved by the Ethics Committee of Liaocheng University (HE2025101702). All participants provided written
informed consent before participation.

Table 1

Participant characteristics and foot morphology.
Variable Mean + SD
Height (cm) 179.25+4.18
Body mass (kg) 71.63+4.99
Age (years) 21.29+1.43
Foot length (mm) 260.83 +3.68
Forefoot width (mm) 97.63+2.52
Forefoot girth (mm) 243.08 +5.92
Dorsum height (mm) 68.88 +2.40
AHI 0.342+0.010

Note: Data are presented as mean + standard deviation. AHI, arch height index (dorsum height at 50% of
foot length/measured truncated foot length).

Sock conditions

The two socks were identical in base material, knitting process, and overall dimensions and differed only in the
transverse-arch region. TACS incorporated a 50-mm-wide high-compression knitted band around the forefoot
transverse arch to provide circumferential compression. NCS differed from TACS only in the absence of this
band, while the yarn composition, sole length, sock height, and cuff structure were otherwise matched

(Fig. 1A,B). All participants completed trials in new experimental socks and the same shoes (adidas Ultraboost
1.0, made in Vietnam).

Mechanical characterization of the experimental socks

A uniaxial tensile test was used to characterize the load-extension behavior of the transverse-arch compression
band of the sock. Specimens measured 100 mm x 50 mm, with 10 mm clamped at each end and an initial
gauge length of 80 mm. After applying a 0.5 N preload, displacement was zeroed and the specimens were
stretched at 100 mm/min. Five specimens were tested for each sock condition (Fig. 1C). The initial
circumference of the transverse-arch compression region was 160 mm. Based on the reported forefoot girth of
adult men (240-270 mm) [20—-22], the simulated wearing condition represented a circumferential deformation
of 50.0%-68.75%, corresponding to a 40—55 mm extension of the 80-mm effective gauge length on one side.
Within this range, the load was 5.05-6.34 N for NCS and 24.58-31.49 N for TACS, approximately 4.9-5.0 times
that of NCS (Fig. 1D).
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Experimental protocol

Experimental protocol

All trials were conducted on a 50 m indoor runway in the 361° Human Factors and Ergonomics Laboratory.
Participants first underwent body and foot morphology measurements. During sock fitting, the staff ensured
that the compression band was positioned around the widest part of the forefoot at the level of the metatarsal
heads. Retroreflective markers were attached according to the Oxford Foot Model (OFM) [23, 24]. To avoid
repositioning errors caused by reattaching markers after changing socks, all foot markers were fixed to
anatomically corresponding locations on the test shoe, determined from the same underlying bony landmarks
[25]. The close-fitting test shoe was also expected to minimize relative motion between the foot and shoe.
Participants ran at a stable speed through a 5 m test area, with running speed monitored in real time by a
photoelectric timing system. A trial was considered valid if the measured speed was within + 5% of the target
speed and the target foot made full contact with the force plate [26]. Trials were also required to exhibit a
continuous and natural running gait. The order of the two target speeds was counterbalanced across
participants, with 12 participants completing the 12 km/h condition first and the other 12 completing the 20
km/h condition first. The sock-condition sequence across the four experimental conditions was balanced using
ABBA and BAAB sequences (A = NCS; B = TACS), with 12 participants following each sequence. Accordingly, all
participants completed all four sock x speed conditions. Six valid trials were collected for each sock x speed
condition and averaged for statistical analysis. At least 3 min of rest was provided between consecutive trials.

Data acquisition and processing

Kinematic data were recorded at 200 Hz using a 14-camera infrared motion capture system (T40, Vicon Motion
Systems Ltd., Oxford, UK) and 14-mm retroreflective markers [25]. Ground reaction force data were collected at
2000 Hz using a Kistler force plate (9287C, Kistler Instrumente AG, Winterthur, Switzerland) [25]. The systems
were synchronized using Vicon Lock Lab.

Data were processed in Visual3D (v2025.07.2, C-Motion Inc., Germantown, MD, USA). The stance phase of the
right limb was the primary analysis interval, with initial contact and toe-off identified using a 20 N vertical
ground reaction force threshold [27, 28]. Kinematic and kinetic data were low-pass filtered using fourth-order,
zero-lag Butterworth filters with cutoff frequencies of 12 and 50 Hz, respectively [27]. Foot morphology was
measured using an Anthroscan Tiger three-dimensional foot scanner (Human Solutions GmbH, Kaiserslautern,
Germany; accuracy, = 1 mm) and processed in Anthroscan v3.6.2.

Biomechanical variables

The ankle joint angle was defined as the rotation of the foot segment relative to the shank segment, and the
MTP joint angle as the rotation of the toe segment relative to the metatarsal segment [23]. Ankle and MTP joint
moments were calculated using Newton-Euler inverse dynamics, expressed as net internal moments, and
normalized to body mass [29]. The ankle analysis interval extended from initial contact to toe-off of the right
limb [29]. MTP kinematic variables were calculated over the stance phase from initial contact to toe-off.
Dorsiflexion range of motion was calculated over this interval. For MTP joint kinetics and mechanical work, the
analysis interval began at the first frame in which the center of pressure (COP) moved anterior to the MTP joint
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center in the sagittal plane and ended at toe-off. This criterion excluded the period during which the COP was
posterior to the MTP joint axis, thereby reducing attribution errors in multi-segment foot inverse dynamics [29].

Joint power was calculated as the product of the sagittal-plane net internal joint moment and joint angular
velocity:

P(t)=M(t)w (t)
1

Positive and negative joint work were obtained by integrating the positive and negative portions of the power
curve, respectively:

t
WpOS = max [P (t) 3 0] dt

to

t
Wi = | min[P(t),0] dt

to

3

Net joint work was obtained by integrating the joint power curve over the complete analysis interval:

tq
W, — / P () dt = Wi + Wieg

to
4

where P(t) is joint power, M(t) is the sagittal-plane net internal joint moment, w(t) is joint angular velocity, W, is
positive joint work, W, is negative joint work, and W, is net joint work. Joint angular velocity was expressed

in rad/s. Negative work retained its negative sign; therefore, net work was calculated as the sum of positive and
negative work.

MTP joint angular stiffness was calculated as the secant slope of the joint moment—angle relationship over a
predefined loading phase:

AM joint
B Af joint
5

where AM,;, and A, represent the changes in net internal MTP plantarflexion moment and MTP joint angle,
respectively, between the beginning and end of the selected phase. The analysis interval extended from the
onset of the continuous increase in internal MTP plantarflexion moment to the instant of peak internal
plantarflexion moment, representing the primary loading phase of the MTP joint. Angular stiffness therefore
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represented the average moment—angle slope over this predefined phase rather than an instantaneous stiffness
measure, and strict linearity of the entire moment—angle relationship was not assumed [14].

The ankle gear ratio was calculated as follows:

) R
Gear\:ratio = —
”

6

where R is the ankle external moment arm, defined as the two-dimensional perpendicular distance in the
sagittal plane from the ankle joint center to the projected line of action of the ground reaction force. The internal
moment arm, r, was defined as the perpendicular distance from the ankle joint center to the Achilles tendon line
of action. The Achilles tendon line of action was represented by a line connecting the calcaneal marker to a
virtual reference point obtained by projecting the marker along the longitudinal axis of the shank to the midpoint
of shank length. This approach is consistent with previous calculations of the ankle gear ratio based on external
and internal moment arms [10, 11].

Statistical analysis

Statistical analyses were performed using SPSS v27.0 (IBM Corp., Armonk, NY, USA). The normality of the
residuals from each repeated-measures analysis of variance model was assessed using the Shapiro-Wilk test.
For paired simple-effects comparisons following a significant interaction, normality was assessed for the
corresponding within-condition difference scores [30]. Because both within-subject factors had only two levels,
no sphericity test was required. Results are presented as mean * standard deviation. Participant characteristics
and foot morphology were summarized descriptively. Actual running speed, spatiotemporal parameters, MTP
joint outcomes, and ankle joint outcomes were analyzed using 2 x 2 within-subject repeated-measures analyses
of variance. When the sock x speed interaction was significant, Bonferroni-adjusted paired comparisons were
used to test simple effects. If the interaction was not significant, the main effects of sock condition and speed
were interpreted. Partial eta squared (npz) was reported for analyses of variance, and Cohen's d, was reported
for simple effects [31]. All tests were two-sided, with statistical significance set at p < 0.05.

Results

Spatiotemporal parameters

Actual running speed showed no significant main effect of sock condition [F(1,23) = 3.289, p = 0.083, np? =
0.125] and no significant sock x target-speed interaction [F(1,23) <0.001, p = 0.984, np2 < 0.001], whereas a
significant main effect of target speed was observed [F(1,23) = 44793.634, p < 0.001, np2 = 0.999] (Table 2).
These results indicated that actual running speed did not systematically differ between the NCS and TACS
conditions. Step length showed a significant sock x speed interaction [F(1,23) = 4.866, p = 0.038, np2 = 0.175]. At
12 km/h, step length was significantly greater with TACS than with NCS (1.181 +0.061 mvs. 1.157 £ 0.052 m;
adjusted p =0.008, dz = 0.656), whereas no difference was observed at 20 km/h (adjusted p = 1.000; Fig. 2A).
Significant main effects of sock condition were observed for step frequency and stance time. TACS reduced
step frequency [F(1,23) = 6.744, p =0.016, np? = 0.227] and increased stance time [F(1,23) = 12.874, p = 0.002,
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np? = 0.359] (Fig. 2B,C). No main effect of sock condition was found for duty factor (p =0.161; Fig. 2D). As
speed increased, stance time and duty factor decreased significantly, whereas step frequency and step length
increased significantly (all p < 0.001; Table 2).
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Table 2
Descriptive statistics and repeated-measures ANOVA results by sock condition and running speed

Variable

Actual running
speed (km/h)

Step length (m)

Step frequency
(steps'min-T)

Stance time (s)

Duty factor (%)

MTP positive
work (J-kg")

MTP negative
work (J-kg")

MTP net work
(J-kg™)

Peak MTP
dorsiflexion

angle (°)

MTP
dorsiflexion
ROM (°)

Peak MTP
plantarflexion
moment
(N-m-kg™)

MTP angular
stiffness
(N-m-kg="-rad-")

12 km/h

NCS

11.980
0.240

171.488
+6.213

32.092
2.182

0.0058
0.0014

-0.083 +
0.012

-0.077
0.011

23.785 %
4.945

22439+
1.883

-0.290 +
0.085

169.915
+5.802

32.299
2.436

0.0065 +
0.0017

-0.086 =
0.011

-0.079
0.010

24.250 +
4.235

23.376
1.695

-0.332
0.107

20 km/h

NCS

19.940 +
0.392

1.790 +
0.076

182.201
+7.459

oo

[ Y
oN
I+

24.520 +
1.296

0.0084 +
0.0017

-0.101
0.013

-0.093 +
0.012

24935+
3.035

23.050 +
2.037

-0.408 +
0.106

TACS

19.970 +
0.381

1.790
0.071

I+

181.400
+7.832

0.0086 +
0.0019

-0.103 £
0.014

-0.095 +
0.014

25.004 +
4.205

23.841 +
2.250

-0.434 +
0.096
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Sock
effect

F/p/ny,?

3.289/
0.083/
0.125

4748 /
0.040* /
0.171

6.744 /
0.016*/
0.227

12.874 /
0.002** /
0.359

2.102/
0.161/
0.084

14.968 /
<0.0071***
/0.394

12.484 /
0.002** /
0.352

9.505/
0.005** /
0.292

0.353/
0.558/
0.015

22176/
<0.007***
/0.491

11.651/

0.002**/
0.336

1.447 /

Speed
effect

F/p/ny,?

44793.634
/
<0.0071***
/0.999

1192.204
/
<0.007***
/0.981

59.790 /
<0.007***
/0.722

348.953 /
<0.0071***
/0.938

273.280/
<0.0071***
/0.922

51.143/
<0.007***
/ 0.690

19.106 /
<0.007***
/0.454

15.467 /
<0.007***
/ 0.402

7.080/
0.014*/
0.235

1.442 /
0.242/
0.059

54.327 /
<0.007***
/0.703

28.338/
<0.007***
/0.552

Interaction

F/p/ny,?

<0.001/
0.984/
<0.001

4.866 /
0.038*/
0.175
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Variable 12 km/h 20 km/h Sock Speed Interaction
effect effect
NCS TACS NCS TACS Fip/ ﬂp2 Fip/ ﬂp2 Fip/ ﬂp2
Peak ankle -521.613  -558.360 -742.812 -732.649 2.308/ 258.604 / 9.758/
plantarflexion +57.324  £59.911 +47.537  +50.761 0.142/ <0.007*** 0.005** /
?ngul)ar velocity 0.091 /0.918 0.298
°.S—1
Peak ankle -2.669 + -2.835+ -3.371+ -3.420 + 7.942/ 199.761/ 2311/
plantarflexion 0.362 0.439 0.276 0.257 0.010**/  <0.007*** 0.142/
moment 0.257 / 0.897 0.091
(N-m-kg™")
Peak ankle 13.470+ 14.657+ 24216+ 24591+ 5760/ 393.154/ 2.001/
power (W-kg~") 2.446 3.055 2.740 2.653 0.025*/ <0.007#*** 0.171/
0.200 / 0.945 0.080
External 16.787+ 16.966+ 16.747+ 16.865+  18.528/ 0.894/ 0.757/
momentarmat  0.449 0.558 0.385 0.464 <0.001***  0.354/ 0.393/
peak gear ratio / 0.446 0.037 0.032
(cm)
Internal 4.889 + 4.898 + 4.887 4.887 1.176 / 0.680/ 2.869 /
momentarmat  0.071 0.085 0.081 0.083 0.289/ 0.418/ 0.104 /
peak gear ratio 0.049 0.029 0.111
(cm)
Peak ankle 3.434 + 3.465+ 3.428 + 3.453 + 14.044 / 0.403/ 0.201/
gear ratio 0.098 0.127 0.112 0.126 0.001**/  0.532/ 0.658/
0.379 0.017 0.009

Metatarsophalangeal joint biomechanics

MTP joint positive work demonstrated a significant sock x speed interaction [F(1,23) = 4.308, p = 0.049, np2? =
0.158]. TACS significantly increased positive work at both 12 and 20 km/h (adjusted p = 0.007 and 0.024; dz =
0.662 and 0.557, respectively; Fig. 3A). No significant interactions were observed for the other MTP outcomes
(all p>0.05). Therefore, the main effects of sock condition and speed were interpreted. For the main effect of
sock condition, TACS did not change peak dorsiflexion angle (p = 0.558; Table 2), but increased dorsiflexion
range of motion [F(1,23) =22.176, p< 0.001, np? = 0.491]. TACS also resulted in a higher peak internal
plantarflexion moment [F(1,23) =11.651, p = 0.002, np? = 0.336], greater negative work [F(1,23) =12.484,p =
0.002, np? = 0.352], and more negative net work [F(1,23) = 9.505, p = 0.005, np? = 0.292], without affecting
angular stiffness (p = 0.241; Fig. 3B—F). For the main effect of speed, as speed increased, peak dorsiflexion
angle (p = 0.014), peak plantarflexion moment, angular stiffness, positive work, and negative work increased,
whereas net work became more negative (all remaining p < 0.001). Dorsiflexion range of motion did not change
significantly (Table 2).

Ankle joint biomechanics

Peak ankle plantarflexion angular velocity exhibited a significant sock x speed interaction [F(1,23) =9.758, p =

0.005, np? = 0.298]. At 12 km/h, TACS significantly increased peak ankle plantarflexion angular velocity

(adjusted p = 0.024, dz = 0.557), whereas no significant difference was observed at 20 km/h (adjusted p = 0.560;
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Fig. 4A). No significant interactions were observed for the remaining ankle outcomes (all p > 0.05). For the main
effect of sock condition, TACS increased peak internal ankle plantarflexion moment [F(1,23) =7.942, p =0.010,
np2 = 0.257] and peak ankle power [F(1,23) = 5.760, p = 0.025, np? = 0.200]. TACS exhibited a larger external
moment arm at the instant of peak gear ratio [F(1,23) = 18.528, p < 0.001, np? = 0.446], whereas the internal
moment arm remained unchanged (p = 0.289), accompanied by a higher peak ankle gear ratio [F(1,23) = 14.044,
p =0.001, np? = 0.379] (Fig. 4B—F). The main effect of speed showed that faster speeds were associated with
greater peak ankle plantarflexion moment magnitude, angular velocity, and power (all p < 0.001), while peak gear
ratio and its internal and external moment arms were unaffected (Table 2).

Discussion

This study investigated the effects of TACS versus NCS on spatiotemporal, MTP, and ankle joint biomechanics
during running at 12 and 20 km/h. TACS increased ankle gear ratio as hypothesized and was also associated
with greater MTP joint mechanical energy absorption. In addition, TACS was associated with longer stance time,
lower step frequency, greater peak ankle plantarflexion moment and power, and greater MTP dorsiflexion range
of motion and plantarflexion moment, without a significant change in MTP angular stiffness. These effects were
largely consistent across speeds, except for step length, MTP positive work, and peak ankle plantarflexion
angular velocity.

Effects of TACS on spatiotemporal coordination and speed
dependence

Across speeds, TACS reduced step frequency and increased stance time, while step length increased only at 12
km/h. This indicates that participants did not merely modify local joint mechanics but reorganized the overall
coordination of step length, step frequency, and ground-contact time. A longer stance time may provide the
ankle plantarflexors with a longer interval for force application [15]. Accordingly, the concurrent changes in
spatiotemporal parameters and ankle kinetics suggest that the increases in peak ankle plantarflexion moment
and power associated with TACS were part of a broader adjustment in running coordination. As speed
increased from 12 to 20 km/h, stance time and duty factor decreased, whereas step frequency, step length, and
most foot—ankle kinetic outcomes increased [15, 16], consistent with the higher joint loading and power
demands of faster running [16—18].

Sock x speed interactions occurred for three outcomes, but their directions were not uniform. MTP positive
work increased at both speeds, and the interaction primarily reflected a difference in the magnitude of increase.
In contrast, significant simple effects for step length and peak ankle plantarflexion angular velocity were
observed only at 12 km/h. Thus, the biomechanical effects of TACS did not show a clear overall speed
specificity. Previous studies have shown that the effects of footwear longitudinal bending stiffness on joint
mechanics may vary with running speed [32], although such interactions are not present for all outcomes [32,
33]. At 20 km/h, the mechanical demands on the foot—ankle system were greater, while the TACS design
maintained a fixed circumferential compression level. Therefore, the relative effectiveness of transverse arch
constraint may have diminished at the higher speed. This explanation remains speculative and should be
verified by directly measuring transverse-arch deformation at different running speeds.

Effects of TACS on the metatarsophalangeal joint
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During late stance in running, the MTP joint typically absorbs mechanical energy during dorsiflexion [5, 34], and
this energy exchange is influenced by joint range of motion, moment, and stiffness [14, 34, 35]. The MTP results
showed that TACS was associated with greater mechanical energy absorption. Footwear with increased
longitudinal bending stiffness, including plate-based designs, can restrict MTP dorsiflexion and alter MTP joint
energetics [34, 36, 37]. In contrast, TACS applied circumferential pressure around the forefoot transverse arch
and did not provide longitudinal rigid support across the MTP joint axis. Consistent with this structural
difference, no significant increase in MTP angular stiffness was observed with TACS. TACS also did not
significantly alter peak MTP dorsiflexion angle. The circumferential compression provided by TACS may have
altered forefoot posture at initial contact and thereby increased the excursion available for MTP dorsiflexion.
This proposed mechanism remains speculative and should be tested by directly quantifying MTP posture at
stance onset.

TACS was associated with greater MTP dorsiflexion range of motion and peak internal plantarflexion moment,
which may have contributed to greater negative work and a more negative net work. Although positive work
increased at both speeds, this increase was insufficient to offset the greater negative work. These findings
indicate that TACS was associated with greater mechanical energy exchange at the MTP joint during late
stance. Because net joint work cannot distinguish elastic energy storage and return in passive tissues, active
muscular work, and energy transfer among foot segments, the present study cannot determine whether the
additional negative work represented recoverable elastic energy storage or dissipative energy loss.

Effects of TACS on the ankle joint

The higher peak ankle gear ratio with TACS was primarily attributable to an increased external moment arm,
whereas the internal moment arm did not change significantly. Because the external moment arm depends on
the relative geometry between the ground reaction force line of action and the ankle joint center, the present
findings indicate an altered external lever arm but do not by themselves demonstrate an anterior shift of the
center of pressure. Previous experiments reported that transverse-arch wrapping shifted the center of pressure
anteriorly and increased the ankle gear ratio during running [13], providing a plausible mechanism for the
present findings.

Importantly, a higher ankle gear ratio does not imply a lower mechanical demand on the ankle plantarflexors.
Across speeds, TACS was associated with greater peak ankle plantarflexion moment and peak ankle power; at
12 km/h, it was also associated with a greater magnitude of peak plantarflexion angular velocity. Together,
these findings indicate greater peak joint-level mechanical demands at the ankle; however, plantarflexor muscle
force was not directly measured.

Potential mechanism and functional role of TACS

Wrapping the transverse arch has been shown to influence longitudinal foot stiffness through cross-axis
coupling [9, 13]. However, the present study did not directly measure transverse-arch deformation or
longitudinal foot stiffness; therefore, the mechanisms underlying the observed biomechanical changes cannot
be determined from the current data. The circumferential compression provided by TACS may have altered
forefoot geometry, plantar load distribution, foot—shoe coupling, or sensory input, any of which could have
contributed to the observed changes in ankle external moment arm and MTP joint mechanics. Accordingly, the
combination of a greater ankle external moment arm and unchanged MTP angular stiffness should be
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interpreted as a biomechanical response that is compatible with, but does not confirm, a stiffness-related
mechanism.

Tang and Beck reported improved running economy with experimental transverse-arch wrapping [13], but their
wrapping method, test speed, and treadmill condition differed from those used here. Other studies have shown
that restricting longitudinal arch compression may increase metabolic cost [6], increasing footwear longitudinal
bending stiffness may produce no significant improvement in running economy [38], and the effects of footwear
longitudinal bending stiffness on running economy may be speed dependent [39]. Because transverse-arch
deformation, plantar pressure, muscle activity, and metabolic cost were not directly measured in the present
study, the mechanisms underlying the observed biomechanical changes remain to be established. The present
findings therefore support acute changes in foot—ankle mechanical behavior with TACS, but do not demonstrate
a specific underlying mechanism or an improvement in running economy or performance.

Limitations

This study has several limitations. First, the participants were young, healthy male rearfoot-strike runners with a
narrow range of shoe sizes and arch morphology. This homogeneous sample limits generalizability to women,
other foot types, other strike patterns, and clinical populations. Future studies should recruit more diverse
samples to examine individual differences in the response to TACS. Second, only one compression-band
configuration and band width were tested, precluding identification of a dose-response relationship. Further
investigation is warranted to examine the effects of varying circumferential pressures and band widths, while
controlling for material properties and overall sock construction. Third, electromyography and metabolic data
were not collected, limiting interpretation of the effects on neuromuscular response and running economy.
Further investigation is warranted to incorporate electromyographic and metabolic measurements to clarify the
mechanisms underlying TACS-induced adaptations. Fourth, because the foot markers were attached to the
shoe upper, deformation of the upper and relative foot-shoe motion may have affected the foot kinematics [25].
The reported foot kinematics should therefore be interpreted as an approximation of in-shoe foot motion.
Future work could validate these measurements using shoe-window protocols or biplanar fluoroscopy.

Conclusions

TACS increased ankle gear ratio and was associated with greater peak ankle plantarflexion moment and power,
but did not enhance MTP angular stiffness, instead increasing MTP mechanical energy absorption. These
findings indicate that the acute effects of TACS primarily involve altered foot—ankle leverage and redistribution
of mechanical work rather than a simple increase in MTP joint stiffness. Further investigation incorporating
different compression configurations, neuromuscular and metabolic measurements, and diverse populations is
needed to establish individualized TACS designs and their implications for running performance.

Abbreviations

TACS

Transverse-arch compression socks
NCS

Non-compression control socks
MTP
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Metatarsophalangeal
AHI

Arch height index
coP

Center of pressure
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Experimental sock design and mechanical characterization. (A) Appearance of the experimental and control
socks; (B) compression sock construction and dimensions (mm; manufacturing tolerance, 2 mm); (C) uniaxial
tensile test of the specimen in the transverse-arch region; (D) load-extension curves of the experimental socks
from 0 to 80 mm.

A B
%

A2O = . TACS 200 = __I 1
Elg WNS '@ 5190 A
£1.6 - =2
an o
Eia] oo £ 10
21 2 %170 -
212 |é* 22

1.0 160 -

12 km/h 20 km/h

@)
O

Ak
20254 |] o=t S35 -
‘% % Q
=0.20 e =51 230
§ ———v qi
fae] ~—
% 0.15 - ?%ﬁ% A25 7

NCS TACS

Figure 2

Effects of transverse-arch compression socks on spatiotemporal parameters. (A) Step length; (B) step
frequency (120/gait-cycle duration); (C) stance time; (D) duty factor (stance time/gait-cycle duration x 100%).
Data are displayed as raincloud plots. The half-violin plots show the kernel density distributions, individual
observations, the 25th-75th percentiles (boxes), medians (horizontal lines within the boxes), means
(diamonds), and whiskers extending to the most extreme observations within 1.5 x the interquartile range (IQR).
Gray lines connect data from the same participant under NCS and TACS conditions. Circles indicate 12 km/h
and squares denote 20 km/h. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3

Effects of transverse-arch compression socks on MTP joint biomechanics. (A) Positive work; (B) negative work;
(C) net work; (D) dorsiflexion range of motion; (E) peak plantarflexion moment; (F) angular stiffness. Data are
displayed as raincloud plots. Half-violin plots show the kernel density distributions (violins), individual
observations (points), the 25th—75th percentiles (boxes), medians (horizontal lines within the boxes), means
(diamonds), and whiskers extending to the most extreme observations within 1.5 x the interquartile range (IQR)
below the first quartile and above the third quartile. Gray lines connect data from the same participant under
NCS and TACS conditions. Circles indicate 12 km/h and squares indicate 20 km/h. *p < 0.05, **p < 0.01, ***p <
0.001.
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Figure 4

Effects of transverse-arch compression socks on ankle joint kinetics and gear-ratio variables at different
running speeds. (A) Peak ankle plantarflexion angular velocity; (B) peak ankle plantarflexion moment; (C) peak
ankle power; (D) external moment arm at peak gear ratio; (E) internal moment arm at peak gear ratio; (F) peak
ankle gear ratio. Data are displayed as raincloud plots. Half-violin plots show kernel density distributions, points
show individual observations, boxes indicate the 25th—75th percentiles, horizontal lines within boxes indicate
medians, diamonds indicate means, and whiskers extend to the minimum and maximum values within 1.5
times the interquartile range below the first quartile and above the third quartile. Gray lines connect data from
the same participant under NCS and TACS conditions. Circles indicate 12 km/h and squares indicate 20 km/h.
*p < 0.05, **p < 0.01, ***p < 0.001.
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