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Analysis of Six Shoe—Wearer Conditions

Taylor A. Mangoba

Manlius Pebble Hill School, 5300 Jamesville Road, DeWitt, NY 13214, United States

ABSTRACT

Time-domain measures of landing impact may fail to capture information in the signal’s frequency
spectrum. Four female high-school students performed bilateral drop landings barefoot and while
wearing six athletic shoes. For each landing, power spectral density estimates were derived from vertical
ground reaction force recordings as well as tibial and sacral accelerometry. The within-participant
deviation from barefoot landing was then correlated with the shoe’s peak compression. The relationship
was evaluated by frequency and then aggregated into three bands whose boundaries follow the running
literature: 0—8 Hz (the movement component), 8-20 Hz (the impact component) and 20—-100 Hz (above
the impact component). Increased compression was associated with less absolute 20-100 Hz spectral
power at the force plate (r = —0.83, leave-one-out [-0.96, —0.77]) and at the sacrum (r = —0.96, [—0.99,
—0.88]). The bracketed ranges are the smallest and largest coefficients obtained when each shoe—wearer
condition is left out in turn; hence they convey sensitivity and are explicitly not confidence intervals.
Movement band power had a positive association with compression, although the force plate coefficient
for this band approached zero with the removal of a single wearer-shoe pair. Furthermore, the coefficient
for force plate total power reversed sign under leave-one-out, and the two non-saturated sensors yielded
opposing directional relationships within the impact band. The most consistent association was a negative
association between footwear compression and within-subject changes in 20—100 Hz spectral power.
Since absolute 20—100 Hz power changes at the force plate and sacrum covaried closely across footwear
conditions (r = 0.8), these two measurement sites appear to reflect a single underlying relationship rather
than offering independent corroboration. All findings are exploratory given the small sample size and
that each shoe was worn by only one person, so shoe and wearer cannot be separated, and the tibial
signal was limited by £16 g saturation.
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The musculoskeletal system is subjected to repeated
contact with ground during activities such as running
and jumping for sport. Several time domain measures
have been identified to be associated with overuse injury,
in particular tibial stress fractures. Female runners with
a history of tibial stress fracture and those who go on
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to develop stress fractures of the tibia during running
have been shown to have increased loading rates for
vertical ground reaction force and higher peak tibial
acceleration (‘tibial shock’) than controls of similar
age and running experience (1). Interventions that
decrease these measures are commonly used to try to
prevent such injuries (2). However, there is only a weak
correlation between time domain measures of ground
reaction force and tibial shock, and the internal stress
placed on the tibia during activity. It is believed that
muscle contraction is the primary determinant of bone
loading during activity, and that ground reaction force
measures external loading of the tibia during activity
(3). However, the frequency content of the impact may
contain information not captured by peak values. This
exploratory study examines if athletic shoe compression
correlates with modifications in the spectral distribution
of landing impacts.

The impact of a foot strike or landing generates
a brief shock wave that travels upward through the
body. Bones and soft tissue cause this physical wave to
decline in intensity (4), alongside the movement of joints
and the contraction of muscles (5, 6). The frequency
composition of this wave might contain valuable data
that are overlooked by focusing on maximum values
in the time domain (7). Acceleration resulting from
impacts on the lower extremities can be divided into two
distinct categories. The first category is a low frequency
element that reflects intentional bodily movements and
the shifting of the center of mass. The second category is
a high frequency element that reflects the rapid slowing
down of the leg and foot when contact is made with the
surface. Researchers refer to these distinct elements as
the active and impact components (8). For accelerations
measured in the lower limbs, these frequencies generally
fall within the ranges of 3 — 8 Hz and 9 — 20 Hz (7).
Since various types of injuries might be linked to
specific regions of this frequency range, mapping out the
distribution of impact energy and observing how shoes
alter this distribution could provide greater insights than
focusing on a solitary peak measurement.

Whether footwear cushioning reduces impact is
contested. Although cushioning is intended to lower
impact, softer and more heavily cushioned midsoles
frequently produce equal or greater impact peaks and
loading rates, apparently because the wearer increases
leg stiffness in anticipation of a softer interface (9-11).
Most of this evidence comes from running. The drop
landing is a sharp deceleration task widely used in injury-
risk screening (12), governed by similar mechanics, and
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a shorter, sharper deceleration transient carries its power
at correspondingly higher frequencies (8). Frequency-
domain analysis of footwear effects during landing is
comparatively rare. This exploratory analysis therefore
characterizes the spectral distribution of drop landing
impacts at the force plate, tibia, and sacrum, and relates
the within-participant change in that distribution to a
mechanical measure of shoe cushioning, asking where
in the spectrum shoe compression is associated with a
change in spectral power.

METHODS AND MATERIALS

Participants and protocol

Four female high school students (A—D) participated.
Inclusion criteria were enrollment in the author’s high
school class, age 16-17 years, regular participation
throughout high school in an organized sport in which
jumping is an important element, and voluntary interest
in participating. The sole exclusion criterion, assessed
by self-report, was any injury or other limitation
posing elevated risk during repeated drop landings. No
volunteer was excluded. Body mass ranged from 52 to
65 kg, height from 1.6 to 1.7 m, and US shoe size from
7 to 8.5. Participants performed bilateral drop landings
from a 406 mm platform (effective drop height =356
mm). The drops were executed both barefoot and shod,
stepping off without jumping, landing with one foot on
each force plate, hands on hips, and stabilizing for at
least two seconds before moving. Participants A and D
each wore two pairs of shoes and B and C one pair of
shoes, for six shoe-wearer observations (13). The study
is an exploratory, non-randomized repeated-measures
design in which each participant served as her own
barefoot reference. The shoe-by-participant assignment
is not complete, since no shoe was worn by more than
one participant. Table 1 lists the ten participant-by-
condition observations with their shoe characteristics,
analyzed landings, and principal spectral outcomes.

The shoes are a subset of used athletic shoes
characterized on a materials testing machine in a
previous study (14), from which each shoe’s peak
compression (midsole displacement at 4,500 N) was
taken; shoe numbers follow that analysis. Fit was that
of everyday wear and no separate sizing or fitting
procedure was applied (13). Each shoe was worn by
only one participant, so shoe and wearer are confounded
by design, and to emphasize this, the six conditions
are referred to throughout as shoe—wearer conditions.
Shoe order was not randomized; conditions were tested
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Table 1. The ten participant-by-condition observations. Peak compression (midsole displacement at 4,500 N), mid-load secant
stiffness K,,4 (secant slope of the loading curve from 1,000 to 2,500 N), and energy-return efficiency n are left—right pair means
from the mechanical characterization of these shoes [13, 14]; barefoot rows have no shoe values. n is the number of matched
drops analyzed per condition. The two spectral columns are condition means of per-drop absolute 20—100 Hz band power at the
force plate and sacrum, computed as described in Methods. The outcome analyzed in the text is the within-participant change,
each shod condition minus the same participant s barefoot condition, correlated with peak compression across the six shoe—wearer
conditions. Values in parentheses beneath the spectral entries are the corresponding total 0—100 Hz band powers, which underlie

the total-power correlations reported in the text.

Peak Force plate 20-100  Sacrum 20-100 Hz
Participant Condition compression at (N /l:‘;:n) n (%) n Hz (total 0—100 Hz) (total 0—100 Hz)
4,500 N (mm) power (N?) power (g%)
A Barefoot — — — 5 5,752 (170,635) 0.093 (0.819)
A Shoe #4 23.4 303 52.5 4 9,851 (196,629) 0.121 (1.781)
A Shoe #8 28.9 195 57.6 5 4,806 (182,390) 0.049 (0.759)
B Barefoot — — — 5 5,551 (127,175) 0.109 (1.074)
B Shoe #9 29.5 190 534 6 3,065 (100,088) 0.113 (1.105)
C Barefoot — — — 4 8,098 (333,365) 0.177 (2.281)
C Shoe #1 18.2 353 40.9 4 9,553 (268,644) 0.332 (2.122)
D Barefoot — — — 7 17,112 (213,086) 0.988 (3.658)
D Shoe #13 334 176 55.8 4 7,023 (195,071) 0.844 (4.101)
D Shoe #11 32.2 154 49.9 4 7,542 (232,797) 0.904 (5.870)

barefoot first, then each shoe. The drop landing data
are from a companion study focused on time-domain
outcomes (13). This paper reports a distinct frequency-
domain analysis. The students were recruited from the
author’s high school class. Drops within a condition
were self-paced, separated by the stabilizing time and
the time needed to remount the platform. No structured
rest periods were imposed. No practice or familiarization
drops were performed before recording.

Shoe compression measurements

Peak compression values were taken unchanged
from the prior characterization of these shoes (14). In
that characterization, each shoe was compressed on an
electromechanical materials-testing machine (Instron
5969, Instron, Norwood, MA) in a single symmetric
load—unload cycle at 600 mm/min to a peak of 4,500 N,
with the load applied through a 76 mm steel ball seated
in the heel cup so that it was concentrated on the heel
cushion; therefore, peak compression is the midsole
displacement at the 4,500 N peak (13, 14). The left and
right shoes of each pair were tested once each and their
values averaged, treating the pair as the unit of analysis.
Repeat tests of the same shoe were not performed, so

within-shoe repeatability was not estimated. Since all
six shoes were tested under the identical single-cycle
protocol, protocol-dependent bias is shared across shoes,
and therefore does not affect the between-shoe ordering
of compression values. The 4,500 N load, relative to the
landings analyzed here, is a high-load reference. The
mean per-foot peak forces ranged from approximately
900 to 2,400 N and the largest condition-mean bilateral
force was approximately 4,300 N (13). Since each shoe
is loaded by one foot, the test load exceeds the largest
observed per-foot landing load by roughly a factor of two.
Peak compression at 4,500 N is therefore a standardized
descriptor of each shoe’s full compression curve rather
than the displacement reached during these landings.
In this six-shoe set it covaries closely with the other
whole-curve descriptors (|r| > 0.9 with mid-load stiffness,
absorbed energy, and shoulder-point displacement (13)),
so associations with it should be read as associations
with the shoe’s overall compression behavior rather than
with the displacement at any particular load.

Force plates and sensors
Vertical ground reaction force was recorded by dual
force plates (PS-2142, PASCO Scientific, Roseville, CA)
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at 500 Hz. Resultant accelerations of the left and right
tibia and of the sacrum were recorded by three skin-
mounted triaxial accelerometers (MMS+ MetaMotionS,
+16 g per axis; Mbientlab, San Francisco, CA) at a
nominal 400 Hz. Sensors were secured with shin guard
sleeves and prewrap at the tibiae and a light brace at
the sacrum. To quantify the extent of tibial saturation,
the raw per-axis recordings of the 48 analyzed drops
were examined. Within the —100 to +500 ms analysis
windows, at least one tibial axis was at its 16 g recording
limit in all 96 limb-records (both limbs of all 48 drops),
during the landing transient, with 379 saturated samples
in total and a median of 4 per limb-record (range 1-10;
approximately 12 ms at the =3 ms native sampling
interval). The sacral axes never reached the 16 g limit on
any axis within any analysis window (largest excursion
15.4 g, in one barefoot landing of participant D), so the
analyzed sacral data contain no saturated samples.

Because the accelerometers deliver samples at
irregular intervals (I-3 ms, median 3 ms), each
accelerometer recording was resampled before spectral
estimation onto a uniform 500 Hz grid spanning —0.5
to +2.0 s about each landing, identically for every
participant and condition. Resampling used piecewise
linear interpolation: the resultant acceleration was
computed from the three axes at the native sample
times, and that single series was then interpolated onto
the uniform grid, rather than interpolating each axis
and taking the resultant afterwards. Because the same
interpolation was applied to every record, any smoothing
it introduces is common to all conditions. Force plate
records were already sampled uniformly at 500 Hz and
were not resampled.

Gravity, static offsets, and sensor orientation were not
removed before the resultant was computed. The sensors
provide no orientation reference during the impact, so the
gravitational component cannot be separated axis-wise,
and the resultant accordingly rests at approximately 1 g
before the landing (pre-landing medians in these data:
sacrum ~1.0 g, tibia =1.1-1.3 g including any calibration
offset). The constant part of each windowed resultant,
gravity included, was removed by the linear detrending
applied before spectral estimation. Because the vector
magnitude is a nonlinear operation, it can move some
spectral content across frequencies, most plausibly into
the low-frequency range while acceleration is small
relative to 1 g. During the landing transient the resultant
is dominated by accelerations many times gravity and
the effect is second order. This processing is identical
across conditions, but it is an additional reason the
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low-frequency accelerometer findings are treated as
secondary and the interpretation is anchored on the force
plate, which involves no magnitude operation.

The analysis was restricted to 0-100 Hz, below half
the nominal sampling rate of both recording systems.
Each landing was anchored to the first sustained crossing
(three consecutive samples) of 200 N by the combined
vertical force from both force plates, and the analysis
window ran from —100 to +500 ms about that anchor,
identical for every landing and channel.

Samples

A drop was counted as successful only if both force
plates registered a peak above 100 N within £0.2 s of
the simultaneous left-plus-right peak (13). The force
plates did not reliably sustain 500 Hz recording for a
full session, and landings that consequently registered
on one plate only were excluded, leaving four to seven
force-plate drops per condition; the accelerometers
recorded continuously and captured more landings
than the force plates, five to twelve per condition (13).
Because the accelerometers recorded continuously, their
record constitutes the complete count of executed drops:
75 in total across the ten conditions. Of these, 27 were
excluded, all for the instrumental reasons above rather
than for any performance fault, leaving 48 retained drops.
Per condition (executed / excluded / retained), the counts
were 5/0/5, 6/2/4, and 7/2/5 for participant A (barefoot,
#4, #8); 8/3/5 and 6/0/6 for participant B (barefoot, #9);
7/3/4 and 8/4/4 for participant C (barefoot, #1); and
7/0/7, 9/5/4, and 12/8/4 for participant D (barefoot, #13,
#11) (13). Because the two instrument sets therefore
covered different, though overlapping, drops, the present
analysis was restricted to the landings in which all five
locations (both force plates, both tibiae, and the sacrum)
recorded the same drop, so that every sensor reflects the
same landings. Every retained force-plate drop was also
captured by all three accelerometers, so the matched
set coincides with the retained force-plate drops. This
yielded 48 matched drops, four to seven per condition.

Spectral analysis

Each windowed signal was linearly detrended and
Hann-tapered. Its power spectral density was then
computed as a periodogram with density scaling, so
force spectra are in N¥Hz and acceleration spectra in g%/
Hz. The computation used Welch’s routine with a single
segment covering the whole 600 ms window. With one
segment nothing is averaged, so “Welch” refers only
to the software routine used. The window is too short
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to split into segments without losing low-frequency
resolution. Variance is reduced instead by averaging
the spectra of individual drops within each condition.
Because the spectra are densities, integrating over a
frequency band gives the signal power in that band, in
N2 or g2 and these powers are comparable across records
sampled at different rates.

Each spectrum was then placed on a common
frequency axis by linear interpolation: a 0.25 Hz grid
from 0 to 100 Hz (401 points). The grid is only a shared
axis and does not add resolution. The 600 ms window
sets the true spacing of independent frequency points
near 1.7 Hz, and the Hann taper roughly doubles that.
Each interpolated value is a weighted average of its two
neighboring true points, so nearby grid points are not
independent. For this reason, the correlation spectrum
(Statistics) is smooth below the true resolution, cannot
contain independent features narrower than about 2-3.5
Hz, and is read only for broad patterns across frequency,
never for single grid points.

For normalized quantities, each drop’s spectrum
was divided by its own total area over 0—-100 Hz before
averaging within its condition. Three bands are used
throughout: 0—8 Hz (the active or movement component),
8-20 Hz (the impact component), and 20—-100 Hz (all
analyzed content above the impact component). The
8 and 20 Hz edges follow the running literature (7).
Both edges fall exactly on grid points, and under the
trapezoidal rule each edge point contributes half its
weight to each of the two bands it borders. The three band
powers therefore sum exactly to the 0—100 Hz total, with
no frequency counted twice or left out. “Spectral power”
is used in the signal-processing sense; the quantity is not
mechanical energy, so “impact energy” is avoided. The
force plate signal was the summed left-plus-right vertical
force. Tibial spectra were computed for each limb and
averaged. The sacrum used a single midline sensor.

Statistics

The unit of analysis throughout is the shoe—wearer
condition, and the sample size for every correlation
is n = 6. These six observations are not mutually
independent: participants A and D each contributed two
conditions, and each such pair shares both a wearer and
that wearer’s barefoot baseline, so the six points carry
less information than six independent observations
would. For this reason, and because the shoe-by-
participant assignment is incomplete, no sampling-based
inference is attempted, and no p-values or confidence
intervals are attached to any coefficient. The Pearson
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correlation is used solely as a descriptive summary
of the direction and approximate strength of linear
association in this sample, and interpretation is restricted
throughout to the sign of a coefficient and its stability
under the leave-one-out procedures described below.
For each sensor, at every frequency on the analysis
grid, the Pearson correlation was computed across the
six shoe—wearer conditions between the shoe’s peak
compression at 4,500 N (14) and the within-participant
change (shod minus that participant’s barefoot landing)
in area-normalized power at that frequency. Plotting
this coefficient against frequency yields a continuous
correlation spectrum. To show which parts are stable
rather than driven by a single shoe—wearer condition,
a leave-one-out envelope was overlaid: omitting one
shoe—wearer condition at a time yields six spectra, and
the envelope spans their minimum and maximum at
each frequency. The bracketed ranges reported alongside
band-level coefficients are the analogous minimum
and maximum across the six omissions; hence, they
are descriptive sensitivity summaries, not confidence
intervals. An envelope consisting entirely of positive
correlations or entirely of negative correlations indicates
that the sign of the association does not depend on any
single shoe—wearer condition. Because participants A
and D each contributed two shoe—wearer conditions,
omitting one condition at a time cannot show whether a
result depends on one participant. The band correlations
were therefore repeated, omitting all of a participant’s
conditions at once. These are reported descriptively: with
four or five observations the coefficients are not usable
as estimates of effect size, and only the consistency of
their sign is considered. Retention of the same sign under
these omissions is a descriptive property of this dataset
and is not intended to suggest statistical robustness,
particularly because only five observations remain after
each omission and some conditions are clustered within
participants. Because adjacent frequencies are highly
dependent, this is a descriptive display rather than a set
of per-frequency tests. Again, since each shoe was worn
by a single participant, these are exploratory associations,
and they cannot separate the effect of the shoe from
the effect of the person wearing it. Subtracting each
participant’s barefoot baseline removes that participant’s
overall level but not between-participant differences.

Absolute power analysis

Because area-normalized shares are compositional,
a change in one band is arithmetically a change in the
others, so the analysis was repeated using unnormalized
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spectra to establish which bands moved in absolute
terms. For each landing, the unnormalized power spectral
density was integrated over each of the three bands and
over the full 0—100 Hz analysis range. For each shoe—
wearer condition, the condition mean minus the same
participant’s barefoot mean was calculated and correlated
with shoe peak compression using the same Pearson
correlation and leave-one-out procedure described above.
“Total power” refers to power integrated over 0-100
Hz. Throughout, “normalized power share” denotes a
band’s percentage of total power, “absolute band power”
denotes the unnormalized power integrated over a band,
and the “correlation spectrum” denotes the frequency-
by-frequency correlation defined under Statistics; these
are distinct quantities and are named consistently below.
The Pearson correlation between the force plate and
sacral changes was also calculated in absolute 20-100
Hz power across the six shoe—wearer conditions.

Window-taper sensitivity

For each landing, the analysis anchor was the first
sustained crossing of 200 N by the combined vertical
force from both force plates. This anchor occurred
100 ms after the start of the 600-ms analysis window,
at approximately 17% of its duration, where the Hann
taper had a weight of approximately 0.25 relative to its
maximum at the window center. Actual contact onset,
defined by the separate 30 N threshold used in the
companion time-domain analysis, occurred slightly
earlier and therefore received an equal or smaller
Hann weight. To test whether this temporal down-
weighting affected the force plate and sacral 20-100 Hz
associations, the analysis was repeated using a Tukey
window (o = 0.25), for which the 200 N anchor lies within
the flat central region. The analysis was also repeated
with reduced tapering, including a Tukey window with
o = 0.1 and an untapered rectangular window. For each
window, the compression correlations and leave-one-
out ranges were recalculated using the same procedure
described above. Supplementary Note S1 and Figure Sl
illustrate the tapering step within a summary of the full
analysis process.

Software

All analyses were performed in Python 3.12.3
with NumPy 2.4.4, SciPy 1.17.1, and openpyxl 3.1.5.
Piecewise linear interpolation, both for the accelerometer
resampling and for placing each spectrum on the
common frequency grid, used numpy.interp. Detrending
subtracted an ordinary least-squares line fitted with
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numpy.polyfit and evaluated with numpy.polyval. The
Hann and Tukey tapers were generated with numpy.
hanning and scipy.signal.windows.tukey. Power spectral
densities were computed with scipy.signal.welch with
the segment length set to the full window and density
scaling. Band powers were integrated by the trapezoidal
rule with numpy.trapezoid, and Pearson correlations
were computed with numpy.corrcoef.

Ethical Considerations

This study was reviewed and approved by an
institutional ethics review committee at Manlius Pebble
Hill School, DeWitt, NY, composed of a faculty research
advisor, the Dean of Academics, and the school nurse,
whose membership provided health oversight; the
committee judged the protocol minimal risk. No approval
or reference number was assigned by the committee.
Written parental or guardian permission and student
assent were obtained before data collection, and the
study was conducted in accordance with the principles
of the Declaration of Helsinki. No sensitive personally
identifiable information was collected: participants are
identified only by letter and shoes by number in all data
and analyses, video recordings were framed to generally
avoid capturing participants’ faces, and all data and
video are stored on a password-protected computer.

RESULTS

Spectral distribution by sensor

Across all participants (Figure 1), the force plate
spectrum was dominated by the 0—8 Hz movement band,
the sacral spectrum fell off steeply above ~20 Hz and the
tibial spectrum was distributed more broadly across the
bands. The bands are unequal in size. Averaged across
conditions, the force plate carried 90% of its signal power
below 8 Hz, 6% between 8 and 20 Hz, and 4% above 20
Hz, and the sacrum 62%, 25%, and 13% respectively.

Greater compression tracks lower high-frequency
spectral power. Figure 2 shows, for all three sensors,
the correlation across the six shoe—wearer conditions
between shoe peak compression and the within-
participant change in area-normalized power at each
frequency. The overall pattern is a positive association
below roughly 8 Hz and predominantly negative
associations at higher frequencies, although the pattern is
not uniform across sensors or across the entire frequency
range. At the force plate it is broad and negative from
about 6 Hz upward. At the sacrum it is concentrated at
higher frequencies, becoming predominantly negative
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Figure 1. Power spectral density of drop landing impacts by participant (rows A-D). Force plate is the summed left-plus-
right vertical ground-reaction force; tibia is the left-plus-right average,; sacrum is a single midline sensor. Each spectrum is
area-normalized, log scale. Barefoot and each shoe—wearer condition (by shoe number) are overlaid.
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Figure 2. Continuous compression—spectrum association at all three sensors (exploratory; six shoe—wearer conditions).
For the force plate (a), averaged tibia (b), and sacrum (c), the solid line is the Pearson correlation across the six shoe—wearer
conditions between shoe peak compression at 4,500 N and the within-participant change, relative to each participant’s
barefoot landing, in area-normalized power at each frequency. The shaded band is the leave-one-out envelope. Dashed lines

delineate movement band and impact band.

above about 20 Hz but showing a positive excursion
between about 37 and 46 Hz. At the tibia the association
is weaker and its envelope wide, consistent with 16 g
saturation degrading that channel. The leave-one-out
envelope crossed zero in a few places, above about 72 Hz
at the force plate and between about 20 and 46 Hz at the
sacrum; hence the pointwise pattern was not uniformly
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sign consistent across the entire 20-100 Hz band.
Because adjacent frequencies are highly dependent, no
isolated frequency is interpreted as a separate finding.
The band-level coefficients retained the same sign
at both unsaturated sensors. A three-band summary
in both normalized and absolute units is reported in
Supplementary Tables S1 and S2.
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Absolute-power analysis showed a similar directional
association

The analysis was repeated in absolute (unnormalized)
units. Greater compression was associated with lower
absolute 20—100 Hz power at both unsaturated sensors
(force plate r = —0.83, leave-one-out [—0.96, —0.77];
sacrum r = —0.96, [-0.99, —0.88]). Here and throughout,
bracketed ranges are the minimum and maximum
coefficients obtained when one shoe—wearer condition
is omitted at a time; they are descriptive sensitivity
summaries, not confidence intervals. Retention of
the same sign across these omissions is a property of
this sample: with five observations remaining after
each omission, and with participants A and D each
contributing two conditions, sign retention does not
establish statistical robustness. Table 1 reports the
condition-level band powers and analyzed landings
underlying these correlations. Within that band the
association was present in both halves, at 20-50 Hz
(force plate —0.84, sacrum —0.91) and 50-100 Hz (—0.78
and —0.87). The force plate and sacral changes in absolute
20-100 Hz power were correlated across conditions (r
~ 0.8). The other two bands were less consistent. The
absolute movement-band (0-8 Hz) power rose with
compression (force plate r = +0.68, leave-one-out [+0.02,
+0.86]; sacrum +0.50, [+0.05, +0.69]), as did total 0—100
Hz power (+0.45, [-0.50, +0.77]; +0.39, [+0.10, +0.51]).
However, omitting shoe #1 alone reduced the force plate
movement-band coefficient to +0.02 and reversed the sign
of the force plate total-power coefficient. In the impact
band the two unsaturated sensors disagreed in sign (force
plate —0.62, sacrum +0.38).
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The force plate and sacral 20-100 Hz associations
were not materially affected by the choice of window
taper. With a Tukey window (a0 = 0.25), the correlations
were r = —0.91 at the force plate, with a leave-one-out
range of [-0.96, —0.89], and r = —0.87 at the sacrum,
with a leave-one-out range of [-0.93, —0.66]. Across
the additional taper choices, from a Tukey window with
a = 0.1 to an untapered rectangular window, the force
plate coefficient ranged from —0.91 to —0.93 and the
sacral coefficient from —0.87 to —0.87. Both coefficients
remained negative under every window tested. Omitting
each participant in turn, rather than each condition, also
left the 20—100 Hz association negative in every analysis
at both unsaturated locations. For absolute band power
the force plate coefficient was —0.91, —0.85, —0.96 and
—0.68 when participants A, B, C and D respectively were
omitted, against —0.83 for the full sample, and the sacral
coefficient was —0.97, —0.99, —0.88 and —0.93, against
—0.96. The normalized-share coefficients were negative
throughout as well (force plate —0.80 to —0.95; sacrum
—0.35 to —0.88). The other two bands were less consistent
in sign under the same procedure. Absolute movement-
band power remained positive in all four analyses but
fell to +0.02 at the force plate and +0.05 at the sacrum
when participant C was omitted. The sacral impact-band
coefficient changed sign, from +0.38 to —0.78, when
participant D was omitted.

Figure 3 plots the six shoe—wearer observations
underlying the two absolute-power correlations, labeled
by participant and shoe. The condition-level values, total
powers, and the number of drops contributing to each
condition mean are listed in Table 1.
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Figure 3. Absolute 20—100 Hz spectral power versus shoe peak compression, for the six shoe—wearer conditions. Left
panel, force plate; right panel, sacrum. The vertical axis is the within-wearer change in absolute 20—100 Hz power relative
to that wearer’s barefoot landing; the horizontal axis is the shoe’s peak compression at 4,500 N. Each point is labeled by
participant (A—D) and shoe number. Fitted lines are ordinary least squares fits shown for description only. Force plate r =
—0.83 (leave-one-out [—0.96, —0.77]); sacrum r = —0.96 [—0.99, —0.88].
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DISCUSSION

The association whose direction was most consistently
preserved across the sensitivity analyses, in both the
normalized and the absolute analyses, was in the 20—100
Hz frequency range at the force plate and sacrum, relative
to each wearer’s barefoot baseline. The other bands
were less consistent. Movement-band associations were
positive at both unsaturated locations, but the force-plate
coefficient fell nearly to zero when a single condition
was omitted. Also, force-plate total power changed sign
under leave-one-out while the sacral coefficient did not;
and the two sensors disagreed in sign in the impact band.
A noteworthy feature is that the association appears at
the force plate, which is free of skin-mounting resonance
and saturation, so the finding is not attributable to those
accelerometer-specific artifacts. The force plate and
sacral absolute 20—-100 Hz power changes track each
other across the six conditions, which indicates that the
two sensors are describing largely one association at two
levels of the body rather than providing two independent
confirmations of it. Because each shoe was worn by only
one participant, this association cannot be attributed
to the footwear alone. Its direction was preserved in
the reported sensitivity analyses, but its precision, its
generalizability beyond these four participants, and its
independence from participant characteristics remain
unknown; the magnitude of the reported correlations
should not be interpreted as evidence of a causal or
participant-independent footwear effect.

In the area-normalized analysis, the association
appeared as a change in normalized power share
whose direction was most consistently preserved under
omission, and whose coefficient was largest at high
frequency. Compression was associated with a larger
0—8 Hz share and a smaller 8-100 Hz share at the force
plate and sacrum. This normalized pattern should not
be interpreted as an absolute transfer of power into the
movement band. Total power moved with the movement
band rather than remaining fixed, so the spectrum is
not redistributing a conserved quantity. In the three-
band summary the loss is concentrated above the
impact component, and the association runs in the same
direction but more weakly at the saturation-affected tibia
(Table S1).

The association lay above the conventionally studied
impact range, and the band was defined to make that
boundary explicit. The running studies from which the
band edges were adapted place the impact component
nearer 9-20 Hz (7), while Shorten and Winslow (8)
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treated 60—100 Hz accelerometer content as susceptible
to attachment resonance and judged that contamination
to have little or no influence below 50 Hz. Frequency-
domain analyses of running further report that tibia-
to-head shock attenuation is concentrated at the impact
frequencies and above them, with peak shank-to-head
attenuation reported in the 15-50 Hz range (8), while
components below roughly 6 Hz can show a gain rather
than attenuation (7, 8). In vivo measurements during
walking likewise show impact transients progressively
attenuated as they travel up the skeleton, with the
heel-strike wave itself carrying its major frequency
component at 25-35 Hz (4). Even so, band power above
20 Hz has not been quantified in this literature: signal
power has been reported only within 3—8 and 9-20 Hz
ranges (7); attenuation analysis has been restricted to
10-20 Hz on the grounds that minimal head and tibial
acceleration power existed above 20 Hz in running
(15); and although Shorten and Winslow considered
components up to 100 Hz, band power above 20 Hz
was not quantified there either, and the 60-100 Hz
portion was set aside as resonance-prone (8). That is a
difference between tasks, not merely an analysis choice:
a discrete bilateral drop landing is a shorter, sharper
deceleration transient than a running foot strike, and
within running, spectral peak frequencies scale with
the inverse of contact time (8). Extending that principle
across tasks, the shorter landing transient should carry
its power at correspondingly higher frequencies, and in
these data measurable force plate and sacral power did
extend throughout 20—100 Hz (Table 1). The association
reported here therefore sits above the range in which the
running literature localizes the impact component, in
content that was left unquantified or treated as artifact-
prone. Running-derived band edges and findings should
not be assumed to transfer unchanged to drop landings.

Reported natural frequencies for skin-mounted
accelerometer systems vary substantially across studies,
from roughly 27-41 Hz to 60-100 Hz (8, 15). This is a
further reason to anchor the interpretation on the force
plate result. The reduction was also present in the lower
half of the band, 20-50 Hz, which lies below the 60—
100 Hz range treated as resonance-susceptible (8), so
attachment resonance is an unlikely sole explanation for
it, although the lower reported estimates near 27-41 Hz
do overlap this half of the band.

The higher-frequency location of the association is
nevertheless plausible rather than anomalous, although
this was not tested directly here. Several sources could
in principle contribute power above 20 Hz, and they
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are not mutually exclusive: the contact transient itself,
whose sharpness places genuine signal content at
high frequency; transmission of that transient through
the foot, footwear, and skeleton, which would carry
biomechanical meaning; skin-mounted accelerometer
attachment resonance, which affects the sacral
channel but not the force plate; and instrumentation
characteristics of the force plates themselves, such
as structural resonance of the plate and its mounting,
which were not characterized in this study. The present
data cannot apportion the observed 20-100 Hz power
among these sources, except that attachment resonance
can be excluded at the force plate, which has no sensor-
to-skin coupling. What can be concluded is that shoe
compression was associated with the high-frequency
content of the landing signal as measured externally;
whether all of that content reflects biomechanically
meaningful loading of internal structures cannot be
determined from these data.

These findings should be read against the “cushioning
paradox,” in which softer or maximal shoes often fail to
reduce, or even increase, impact-peak magnitude and
loading rate during running (9-11). The present result
is not in conflict with that literature. The cushioning-
paradox studies concern time-domain summaries such
as impact-peak magnitude and loading rate, whereas this
result concerns the 20-100 Hz band of spectral power.
These measures characterize different aspects of the
landing signal and need not change in parallel.

A reasonable concern is that the resolvable part of the
association sits at high frequency, where area-normalized
power is smallest and where tibial saturation and sacral
attachment resonance are concentrated. The most direct
test addresses the normalization itself: in absolute units
the reduction above the impact component persists
and retains its sign under leave-one-out, so it is not an
artifact of normalization. Absolute movement-band
power was also positively associated with compression,
but the force plate coefficient fell nearly to zero when
one condition was omitted. The corresponding increase
in normalized movement-band share may partly reflect
the compositional complement of the reduction above
the impact component. The most defensible reading
is that greater compression was associated with lower
spectral power above the impact component, and that the
accompanying movement-band gain is too dependent on
a single condition to be distinguished from the arithmetic
complement of that reduction.

Referencing each condition to the same wearer’s
barefoot landing removes that wearer’s overall level
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but does not separate the shoe from the person wearing
it. Every association reported here is therefore an
association across six shoe—wearer conditions.

Because external impact metrics are only weakly
related to internal tibial bone load (3), the clinical
meaning of a spectral shift remains uncertain and should
not be over-interpreted. No spectral threshold of injury
risk exists for landing, and no outcome data connect the
20-100 Hz band to injury, tissue loading, or performance.
The association reported here establishes at most that
shoe compression is related to a measurable property of
the external landing signal; whether that property matters
for internal loading, injury, or performance is unknown
and cannot be inferred from these data.

Limitations

Each shoe was worn by only one participant, so shoe
and participant effects cannot be separated; hence no
analysis reported here can establish a footwear effect
independent of the wearer. Participants A and D each
contributed two shoe conditions, so the six observations
are not fully independent, and the paired conditions
share both a wearer and a barefoot baseline. A leave-
one-participant-out sensitivity analysis was therefore run
alongside the condition-level analysis (Results). Shoe
order was not randomized, so order and fatigue effects
cannot be ruled out. Barefoot landings were also always
collected first, so any shod-versus-barefoot comparison
is confounded with order, fatigue, and familiarization.
Tibial spectra are compromised by +16 g saturation,
which distorts tibial power, so tibial results are reported
as exploratory and potentially biased. For the same
reason, the tibia-to-sacrum attenuation analysis was
not pursued. The absolute tibial 20—100 Hz association
is weak and not leave-one-out stable (r = —0.18); hence,
no inference is drawn from it. The band boundaries are
adapted from running studies. The spectral content of
a discrete landing may differ, and the bands should be
regarded as reasonable approximations rather than task-
specific thresholds.

CONCLUSION

In this exploratory analysis of six shoe—wearer
conditions, greater shoe compression was associated with
a smaller normalized power share and lower absolute
spectral band power in the 20—100 Hz band, above the
conventionally defined impact component for running,
at both the force plate and the sacrum relative to each
participant’s barefoot condition. Movement-band and total
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power associations were sensitive to single conditions,
and no firm conclusion is drawn about them. Because
each shoe was worn by only one participant, the result
does not establish a causal footwear effect independent
of the wearer. The finding characterizes the externally
measured landing signal, and no outcome data connect
this band to injury or performance. A larger randomized
crossover study in which every participant wears every
shoe, with unsaturated tibial sensors, is needed to
separate footwear effects from participant differences.

Supplementary Note S1. Why the window taper was
checked

A power spectrum is calculated from a finite segment
of a signal. If the beginning and end of that segment do
not match, treating the segment as a complete record
creates an artificial jump at the boundary and spreads
power across frequencies, a problem called spectral
leakage. A taper reduces this problem by gradually
lowering the signal toward zero at the edges of the
segment. The main analysis used a Hann taper, which
rises smoothly from zero, reaches full weight at the
center of the window, and then falls back to zero.

Here, the landing occurred early in the 600-ms
analysis window. The 200 N anchor occurred 100 ms
after the window began, where the Hann taper had a
weight of 0.25, and actual contact began slightly earlier.
In the example shown in Figure S1, the Hann taper
retained 60% of the barefoot force peak and 51% of the
shod peak. The peaks occurred at different times relative
to the anchor, +70 ms and +52 ms, and therefore fell at
different points on the rising portion of the taper. If every
record were attenuated by the same overall factor, the
shod-minus-barefoot differences would be rescaled by
that factor and their correlation with compression would
be unchanged. Because the attenuation was not identical
across records, it could alter the correlation, and this
motivated the sensitivity analysis.

The analysis was therefore repeated using Tukey
windows with a=0.25 and 0=0.1, as well as an untapered
rectangular window. With the Tukey 0=0.25 window, the
example impact peaks fell within the flat central region
and were not attenuated by the window. The resulting
coefficients are reported in the Results. No conclusion in
this paper depends on the choice of taper.

Supplementary Tables SI and S2. Pearson correlation
(n = 6 shoe—wearer conditions) between shoe peak
compression at 4,500 N and the within-participant
change from barefoot in each band. Each coefficient
was recomputed six times, omitting one shoe—wearer
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condition each time; brackets give the smallest and
largest of those six values, so a bracket that stays one
side of zero indicates a sign that does not depend on any
single condition. The three shares in Table S1 sum to
100%, so a gain in one band is necessarily a loss across
the others, so the rows cannot be read as three separate
tests. Table Sl is read alongside the continuous spectrum
in Figure 2. Absolute band powers are not shares of a
fixed total, so all three can rise together or fall together,
and a reduction in Table S2 reflects less power in that
band rather than a loss of share.

The bracket indicates whether the sign is preserved
under omission. Its endpoints are the two most extreme
of six values, each computed from five remaining
conditions, and because the conditions are unevenly
spread across the compression range a single high-
leverage condition can move the coefficient substantially
in either direction. Tibial coefficients are not independent
of 16 g saturation and are reported as an exploratory,
potentially biased secondary analysis.
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Figure S1. Six steps in the spectral-analysis pipeline, illustrated using participant D barefoot and shoe #13. (a) Recorded
vertical force. (b) The Hann taper, its weight at the 200 N anchor is 0.25. (c) Force signals before tapering (dashed) and after
tapering (solid); the barefoot and shod peaks retain 60% and 51% of their original heights, respectively. (d) The resulting
force plate spectra with the three analysis bands indicated. (e) Percentage change in unnormalized band power for this
example condition relative to barefoot, this percentage display is illustrative, whereas the statistical analysis used unscaled
shod-minus-barefoot differences. (f) The correlation between compression and the change in 20—100 Hz power under each
window, bars show leave-one-out ranges, not confidence intervals. Panels (d) and (e) illustrate one condition; the associations
across all six shoe—wearer conditions are reported in the main text.

Table S1. Correlation with compression: change in each band’s normalized power share (its area-
normalized share of total power). At each location, the three shares sum to 100% within each condition, so
the three shod-minus-barefoot changes sum to zero and their signs are not independent. Because absolute
band powers are not shares of a fixed total, all three can rise or fall together; a reduction in Table S2 is
therefore a real reduction rather than a loss of share to another band.

Band Force plate Tibia Sacrum
0-8 Hz +0.80 [+0.73, +0.92] +0.30 [+0.01, +0.80] +0.70 [-0.08, +0.96]
8-20 Hz —0.74 [-0.89, —0.65] +0.35 [+0.08, +0.95] —0.22 [-0.56, +0.55]
20-100 Hz —0.86 [-0.95, —0.81] —0.34[-0.93,-0.12] —0.77 [-0.88, —0.35]
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Table S2. Correlation with compression: shod minus barefoot change in absolute band power. Additional
rows report the same correlation for total 0—100 Hz power and for the 20—100 Hz band split at 50 Hz.

Band Force plate Tibia Sacrum
0-8 Hz +0.68 [+0.02, +0.86] +0.58 [+0.15, +0.77] +0.50 [+0.05, +0.69]
8-20 Hz —0.62 [-0.91, —0.49] +0.69 [+0.58, +0.84] +0.38 [+0.03, +0.48]
20-100 Hz —0.83 [-0.96, —0.77] —0.18 [-0.96, +0.27] —0.96 [—0.99, —0.88]
Total (0-100 Hz)  +0.45[-0.50, +0.77] +0.54 [-0.17, +0.90] +0.39 [+0.10, +0.51]
20-50 Hz —0.84 [-1.00, —0.78] —0.19 [-0.95, +0.30] —-0.91 [-0.95, —0.72]
50-100 Hz —0.78 [-0.85, —0.69] —0.09 [-0.68, +0.17] —0.87 [-0.93, —0.82]
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