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Assessing athletic performance through vertical jump metrics, such as jump height
(JH) and reactive strength index (RSI), is common in sports performance and reha-
bilitation settings. Traditionally, force plates have been the gold standard for these
measurements, but wearable technology offers potentially more accessible alternatives.
This study aimed to evaluate the reliability and validity of pressure sensor-embedded
socks, compared with force plates, for measuring contact time, flight time, JH, RSI,
and modified RSI (mRSI) during countermovement jumps (CMJ). Twenty active
individuals performed CMJs while wearing the socks, and force plate data were
simultaneously collected. The results indicated that the force plates showed generally
acceptable reliability, while the socks showed questionable reliability. Regarding
validity, the socks appeared similar to the force plate data, but this should be
interpreted with caution given the lower reliability metrics observed in the socks.
Thus, the present study suggests that while sensor socks show promise for field-
based assessments, improvements in sensor technology and data processing, such as
higher sampling rates, are needed to improve reliability. These findings indicate that
wearable technology, such as sensor-embedded socks, can serve as a viable alternative
for data measurement in sports science when traditional force plates are not accessible.
However, while these socks appear valid compared to force plates, their performance
may not always be consistent or reliable.
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Assessing athletic performance in strength and condi-
tioning and sport science relies heavily on precise, reli-
able measurement tools (Lutz et al., 2019). One of the
most commonly used tests to assess athletic performance
in these settings is the countermovement jump (CMJ)
(Gathercole et al., 2015). Traditionally, force plates have
served as the gold standard for measuring jump metrics
like jump height (JH) and reactive strength index (RSI)
during the CMJ (Markovic et al., 2004). However, wear-
able technology offers a potentially more versatile and
accessible option for performance monitoring (Seshadri
et al., 2019). While wearable technology may never
replace gold-standard assessments such as force plates,
these devices add practicality to field-based testing and
may be more cost-effective in certain settings.

Previous research has examined the reliability and va-
lidity of various wearable technologies for assessing ath-
letic performance, particularly in vertical jump tests.
Camuncoli et al. (2022) reported high reliability and

validity in assessing double-leg and single-leg CMJ perfor-
mance using an inertial measurement unit, highlighting
wearable devices’ potential to replicate or even extend the
capabilities of traditional force plates in certain contexts.
Similarly, Loukovitis et al. (2021) assessed the test-
retest reliability of insole pressure sensors and inertial
measurement units across various movement patterns
and reported good reliability. These studies underscore
the evolving landscape of performance monitoring, where
wearable technologies not only complement but, in some
instances, enhance the data collection processes in both
laboratory and field settings. However, with the re-
cent advent of pressure-sensor socks, we are unaware of
any prior studies examining their validity and reliability,
though Luczak et al. (2019) have suggested they may be
used during other athletic activities. Specifically, Luczak
et al. (2019) examined three specific movements, includ-
ing squats, shifting pressure from one foot to the other,
and shifting pressure from the toes to the heels, and
reported that pressure socks seem sensitive enough to
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detect these changes in pressure. In sports performance
settings, the convenience and immediacy of wearable
data could significantly enhance coaching strategies and
athlete monitoring (Li et al., 2016; Luczak et al., 2023),
helping optimize performance and mitigate injuries by
ensuring athletes do not return to play prematurely.
Thus, wearable sensors can provide accurate, real-time
feedback for performance monitoring (Camuncoli et al.,
2022; Li et al., 2016; Loukovitis et al., 2021; Luczak
et al., 2019; Zhang & Wang, 2024), particularly when
gold-standard assessments are unavailable or not feasible.
Thus, further examination of these devices in commonly
assessed athletic movements, such as the CMJ, is needed
to better understand their efficacy.

To assess the potential of these devices for the CMJ, it
is important to establish their reliability and validity.
Common assessments of test-retest reliability include the
intraclass correlation coefficient (ICC), standard error of
measurement (SEM), and coefficient of variation (CV)
(Hopkins, 2000). Reliability evaluations also benefit from
quantifying the minimum detectable change (MDC), the
smallest worthwhile change that can be considered real
with 95% confidence (Weir, 2005). By combining these
assessments with common validity measures, including
Bland-Altman plots, correlations, and dependent t-tests
to assess criterion-referenced validity, researchers can
obtain a holistic picture of the efficacy of these wearable
devices. Therefore, this study aims to assess the reli-
ability and validity of pressure sensor-embedded socks
for measuring CMJ performance compared with gold-
standard force plates. This study builds on this foun-
dation by examining the specific capabilities of pressure
sensor-embedded socks to measure JH and RSI, as well
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as contact and flight times, which are used to calcu-
late JH and RSI, since these are common metrics for
assessing CMJ performance. This comparison aims to
determine how reliably these innovative wearable sensors
can be used in both sports performance enhancement
and rehabilitation protocols.

Methods
Research Design

This study examined the reliability and validity of pres-
sure sensor-embedded socks (Sensoria Health Inc., Rich-
mond, WA) compared with the gold-standard force plates
(Kistler Group, Winterthur, Switzerland) for measuring
JH and RSI, as well as contact and flight times, during
the CMJ. Participants visited the data collection site
twice. During each visit, participants performed CMJs
on force plates while wearing the socks.

Participants

An a priori power analysis (power = 0.80; alpha =
0.05) determined that n = 19 participants were needed.
Twenty healthy, recreationally active males and females
(n = 11 males, n = 9 females; mean + standard deviation,
age 21.42 £+ 1.51 years, height 167.64 £ 6.26 cm, weight
73.98 £+ 20.31 kg), defined as exercising at least 2-3
times per week based on self-report, participated in the
study. Before data collection, all participants provided
informed consent, completed the PAR-Q+, and were
allowed to participate if they answered “no” to questions
1-7 or “no” to all follow-up questions. This study was
approved by the University’s Institutional Review Board
(IRB-23-264).

Procedures

Upon arriving at the lab, participants had their height
and weight measured, then completed a standardized
warm-up before performing the CMJ. The warm-up con-
sisted of walking on a treadmill (iFIT, NordicTrack, Lo-
gan, UT) for 5 minutes at 2.5 mph, followed by dynamic
stretching, including 5 forward lunges per leg, 5 walking
hamstring stretches per leg, 5 bodyweight squats, and 5
rebound hops. Then, participants donned the socks on
each foot (Sensoria Health Inc., Richmond, WA). The
sock sizes were as follows: medium, fitting U.S. men’s
shoe sizes 7-9 or women’s sizes 8-10; large, fitting men’s
sizes 9—11 or women’s sizes 10-12; and extra large, fit-
ting men’s sizes 11-13 or women’s sizes 12-14, ensuring
proper fit for optimal sensor performance. We calibrated
force plates before each testing session to ensure accu-
racy. Participants rested for at least 60 seconds between
jumps. We set standards to ensure consistency between
visits, with at least 48 hours between each participant’s
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two visits. Next, participants completed the CMJ while
standing on force plates (Kistler Group, Winterthur,
Switzerland) (one force plate per foot). To perform the
CMJ, participants completed a countermovement of self-
selected depth, followed by a maximal vertical jump.
Participants completed three CMJ trials and kept their
hands on their hips throughout each trial.

Data Analysis

During all vertical jumps, the raw z-axis ground reac-
tion forces (GRFs) from the force plates were sampled
at 1 kHz using the Motion-Monitor (Innovative Sports
Training, Inc., Chicago, IL, USA). We summed data
from both force plates before subsequent analysis. Raw
pressure sensor data from the socks were collected at 50
Hz, which is the default sampling rate for the socks, at
the three pressure sensors on the sock (one underneath
the calcaneus, one underneath the medial metatarsal,
and one underneath the lateral metatarsal) using the
manufacturer’s software (Sensoria Workbench Android
application) and were summed prior to subsequent anal-
ysis. Specifically, for the socks, we summed the data
from the three sensors on one foot independently of
the other foot. After this, the signals from each foot
were summed. We stored all signals on a computer
and processed them offline with custom-written software
(LabVIEW v. 2024, National Instruments, Austin, TX,
USA). We time-aligned the force plate and sock data for
the following analyses. For all CMJs, the investigator
identified the point at which the signal decreased 5 stan-
dard deviations below baseline (a — unweighting), the
point at which the feet left the force plates when the
force signal reached zero (b — takeoff), and the point at
which the feet contacted the force plates after the jump
with a positive deflection in the force signal (¢ — landing)
(Figure 1). We determined these same points from the
pressure sensor data in the socks. Metrics taken from
the GRFs and socks included contact time (time from
unweighting to takeoff), flight time (time from takeoff to
landing), jump height (see equation below for calculation
from the flight-time method), reactive strength index
(RS, flight time divided by contact time), and modified
RSI (mRSI, jump height divided by contact time).

9.80665 x Flight Time?
8

Jump Height =

Figure 1: An example force-time tracing for the counter-
movement jump where (a) is the point at which the force
signal decreased 5 standard deviations below baseline,
(b) is the point at which the feet left the force plates,
and (c) is the point at which the feet contacted the force
plates after the jump.
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Statistical Analyses

We performed all statistical analyses in R, with an a
priori alpha of 0.05.

Reliability

To compare reliability between data collected from
the force plates and socks, we used separate one-way
repeated-measures ANOVAs (Visit 1 vs. Visit 2) to cal-
culate test-retest reliability for contact time, flight time,
jump height, RSI, and mRSI from the force plates and
socks (Weir, 2005). The ICC used model “2,1” (Shrout
& Fleiss, 1979; Weir, 2005):

MSs — MSg
k(MSr — MSg)
n

ICCy, =
MSs + (k—1)MSg +

Where M Sg is the mean square of the dependent vari-
able, M Sg is the mean square error, M St is the mean
square total, k is the number of trials (k = 2), and n is
the sample size. We used the ICCs from model “2,1” to
generalize to other testers and laboratories (Weir, 2005).
We calculated the 95% CI for each ICC5; (Shrout &
Fleiss, 1979) to test whether each ICCy1 was signifi-
cantly different from zero (Vincent & Weir, 2020). The
SEM, CV, and MDC were calculated using equations
previously described (Weir, 2005):

SEM =/ MSEg

SEM
CV=——"—x100
grand mean

MDC = SEM x 1.96 x v/2

The grand mean was calculated as the pooled mean
across all subjects and visits.
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Validity

To examine the validity of the socks to assess contact
time, flight time, jump height, RSI, and mRSI compared
to force plates, Bland-Altman plots with 95% limits of
agreement were performed, as well as dependent-samples
t-tests to compare all data between the socks and force
plates, and Pearson product-moment correlation coeffi-
cients to examine the relationship between data derived
from the socks versus force plates (Bland & Altman,
1986). We evaluated the strength of association based
on the absolute values of the correlation coefficients:
0.90-1.00 = very high, 0.70-0.89 = high, 0.50-0.69 =
moderate, 0.30-0.49 = low, and 0.00-0.29 = negligible.

Results
Reliability

Table 1 shows ICCs, SEMs, CVs, and MDCs for all
metrics. Contact time from the force plates exhibited
an ICC = 0.468 and CV = 19.24%, flight time from
the force plates exhibited an ICC = 0.949 and CV =
3.97%, jump height from the force plates exhibited an
ICC = 0.951 and CV = 7.89%, RSI from the force plates
exhibited an ICC = 0.575 and CV = 13.41%, and mRSI
from the force plates exhibited an ICC = 0.842 and CV
= 13.23%. Contact time from the socks exhibited an
ICC = 0.122 and CV = 43.64%; flight time from the
socks exhibited an ICC = 0.455 and CV = 30.50%; jump
height from the socks exhibited an ICC = 0.448 and CV
= 68.85%; RSI exhibited an ICC = 0.165 and CV =
31.74%; and mRSI exhibited an ICC = 0.607 and CV =
35.65%.

Validity

Figures 2-6 show the Bland-Altman plots. Overall, data
from the force plates and socks fell within the 95% limits
of agreement. One case was outside the limits for contact
time, jump height, and RSI, while two cases were outside
the limits for mRSI. The results of the dependent-samples
t-test indicated no significant differences between the
force plates and socks across any metric (p > 0.121).
The correlation analysis showed a moderate relationship
between flight time, jump height, and RSI from the force
plates and socks (r > 0.600, p < 0.005), and a strong
relationship between mRSI from the force plates and
socks (r = 0.738, p < 0.001). Contact time showed a
negligible relationship between the force plates and socks
(r = 0.259, p = 0.270).

Discussion

This study evaluated the reliability and validity of
pressure sensor-embedded socks compared with gold-
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Figure 2: Bland-Altman plots comparing force plates
to socks for jump height.
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Figure 3: Bland-Altman plots comparing force plates
to socks for contact time.
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Table 1: Means, standard deviations (SDs), intraclass correlation coefficients (ICCs), coefficients of variation
(CVs), standard errors of measurement (SEMs), and minimal detectable changes (MDCs) for all calculated metrics.

Metric Mean SD ICC Ccv SEM MDC
Force Plate Contact Time (s) 0.767 0.170 0.468 19.235 0.149 0.413
Force Plate Flight Time (s) 0.480 0.095 0.949 3.971 0.019 0.054
Force Plate Jump Height (m) 0.294 0.117 0.951 7.889 0.024 0.066
Force Plate RSI 0.642 0.123 0.575 13.413 0.087 0.242
Force Plate mRSI 0.384 0.129 0.842 13.226 0.052 0.144
Sock Contact Time (s) 1.025 0.529 0.122 43.635 0.390 1.082
Sock Flight Time (s) 0.668 0.315 0.455 30.503 0.179 0.496
Sock Jump Height (m) 0.662 0.610 0.448 68.848 0.351 0.972
Sock RSI 0.676 0.139 0.165 31.740 0.178 0.493
Sock mRSI 0.561 0.335 0.607 35.649 0.179 0.496

Note. SD = standard deviation; ICC = intraclass correlation coefficient; CV = coefficient of variation (%); SEM = standard

error of measurement; MDC = minimal detectable change; RSI = reactive strength index; mRSI = modified reactive strength

index.

Figure 4: Bland-Altman plots comparing force plates
to socks for flight time.
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standard force plates for measuring JH, RSI, contact
time, and flight time during CMJ. Overall, our findings
show that reliability for the socks should be interpreted
with caution because of the lower ICCs and higher CVs
(ICCs < 0.607, CVs > 30.50%). However, further re-
search is needed to better understand the usefulness of
these devices. Despite their questionable reliability, the
socks used in the present study may show some agree-
ment with JH and RSI compared with gold-standard
force plates. Nonetheless, these results should be in-
terpreted with caution due to the large variability and

Figure 5: Bland-Altman plots comparing force plates
to socks for reactive strength index (RSI).
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lower reliability metrics in the socks. These results, at
the very least, provide a proof-of-concept approach for
future research to build on. With the advent of this
technology, it is prudent to gather more information on
the effectiveness of these socks for potential assessments
of JH and RSI.

Previously, Camuncoli et al. (2022) examined the re-
liability of an inertial measurement unit for assessing
vertical jump performance and reported excellent relia-
bility for double-leg CMJs (ICC = 0.92) and single-leg
CMJs (ICC = 0.89). Similarly, Picerno et al. (2011)
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Figure 6: Bland-Altman plots comparing force plates
to socks for modified reactive strength index (mRSI).
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examined an inertial measurement unit for assessing
CMJ performance, suggesting that these devices may
provide reliable data compared with force plates; further-
more, Loukovitis et al. (2021) assessed the test-retest
reliability of PODOSmart, which uses insole pressure
sensors, and found good-to-excellent reliability, with ICC
values ranging from 0.802 to 0.997. Although we are
not aware of any studies reporting reliability metrics for
pressure sensor-embedded socks used to assess vertical
jumps, previous research suggests that these devices may
provide reliable data during movements such as walking
and squatting (Daugulis et al., 2023; DeBerardinis et al.,
2020). In the present study, the force plates consistently
showed generally acceptable reliability across all metrics,
with ICCs ranging from 0.468 to 0.951 and CVs between
3.97% and 19.24%, which aligns with previous research
examining the reliability of force plates in athletic per-
formance testing (Bohannon et al., 2020; Gillen et al.,
2018; Lambrich et al., 2023).

Nevertheless, the lower ICCs and higher CVs suggest
some variability between visits. Although the present
study included recreationally active individuals, this may
still reflect a learning effect, even with gold-standard
force plates. In contrast, the socks’ reliability is more
questionable, with ICCs ranging from 0.122 to 0.607 and
CVs ranging from 30.50 to 68.85%. The lower reliability
may be attributed to the lower sampling frequency of
the socks (50 Hz) compared to the force plates (1 kHz)
and the intrinsic properties of the pressure sensors used.

Hurwitz et al.

The socks used in the present study can be sampled at
100 Hz per manufacturer specifications, which should be
considered in future studies, as this would increase data
resolution.

Furthermore, jump height and RSI were calculated from
flight time, so flight time results directly affected subse-
quent calculations. Despite these limitations, the socks’
reliability for mRSI (ICC = 0.607, CV = 35.65%), a
commonly assessed performance metric for CMJs, sug-
gests they may still be useful in specific applications
where high precision is less critical. Thus, although the
present study showed less-than-optimal reliability for
metrics calculated from the socks compared with the
force plates, devices like these are still worth considering
in field-based settings, particularly when access to force
plates or jump mats is unavailable. However, we suggest
interpreting these results with caution, as they appear
to require further research to better determine their
usefulness. Furthermore, coaches and practitioners, as
well as future researchers, should consider increasing the
sampling rate to improve data resolution and potentially
the devices’ reliability. Notably, the metric with the
highest reliability for the socks did not use flight time in
its calculation. Thus, future studies should give greater
consideration to calculating flight time.

In general, although the socks’ reliability metrics are
questionable, the data agree with the force plate data
when examining Bland-Altman plots, dependent-samples
t-tests, and correlation analyses. Specifically, the Bland-
Altman plots showed that only one case was outside
the limits of agreement for contact time, jump height,
and RSI, and only two cases were outside the limits of
agreement for mRSI. Furthermore, the lack of signifi-
cant differences in dependent-samples t-tests and the
moderate-to-high correlation coefficients support agree-
ment between the socks and the force plates. However,
the large variability still calls into question the overall
validity of the socks compared to the force plates. Despite
agreement in these tests, the questionable reliability may
lead to greater variability in data derived from the socks,
necessitating further research as these technologies ad-
vance. In a systematic review and meta-analysis, Kobsar
et al. (2020) examined the reliability and validity of
inertial measurement units for assessing walking biome-
chanics, suggesting that these devices may provide valid,
more practical methods for assessing movement patterns
during walking. Although different from the CMJs in the
present study, Kobsar et al. (2020) highlight the need
for more practical biomechanical assessments, which is
particularly important with the advent of sports science.
For jumping, Buckthorpe et al. (2012) suggested that
pressure sensor mats, similar to the socks used in the
present study, may provide valid measures of vertical
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jump height compared to force plates.

Additionally, Martinez-Marti et al. (2016) similarly ex-
amined instrumented insoles for measuring jump height
during the vertical jump, demonstrating a high corre-
lation between the insoles and the laser platform and
a high-speed motion capture system. Although further
research is warranted on the devices used in the present
study, these data provide a basis for future researchers to
continue expanding practical methods for assessing CMJ
performance beyond gold-standard lab assessments.

In conclusion, the present study suggests that the overall
reliability of pressure sensor-embedded socks is ques-
tionable. However, they may provide data similar to
that of force plates, with continued research into their
efficacy. We recommend viewing the present study as a
proof-of-concept approach, with future research needed
to build on the present findings. One limitation of the
present study is the sampling rate of the pressure sensor-
embedded socks, which was 50 Hz, compared with the
force plates’ 1 kHz sampling rate. The present study
used the 50 Hz sampling rate, as it is the default, and
many practitioners may use default settings when using
newer technology. We recommend further studies at
higher sampling rates, which may yield more reliable
metrics (Hughes et al., 2024).

Furthermore, much of the previous research cited in
the present study examined walking or squatting using
pressure sensors, rather than faster, higher-impact move-
ments such as the CMJ. These devices may not be well
suited to such movements. Additionally, the present
study had a sample size of n = 20 and used a proof-of-
concept approach. Although the study was statistically
powered based on a priori analyses, future studies should
consider larger sample sizes and examine these devices in
various populations. Another note for future considera-
tion: several metrics (flight time, jump height, RST) were
derived from flight time. Thus, the flight-time results
affected these subsequent calculations. Although this
study did not directly assess force production, future
studies should consider alternative methods for calculat-
ing metrics such as jump height to better understand
how to derive these data from pressure sensor-embedded
socks. One final limitation: summing signals from indi-
vidual pressure sensors may have affected results because
pressure points on the feet change across the different
phases of the jump. Future studies could examine how
pressure changes on these sensors across the different
phases. While these devices cannot fully replace force
plates, the socks provide a valuable option for field-based
testing, which is important to consider given the growth
of sports science and the use of technology in strength
and conditioning settings. Future improvements in sensor
technology and data-processing algorithms, along with

higher sampling rates and the use of IMU sensors in
socks, could improve accuracy and reliability, making
wearable technology an increasingly viable option for
sports performance assessment.

Conclusion

As sports science grows and more strength and condition-
ing professionals use technology to monitor athletic per-
formance, it is important to examine field-based testing
options in practical settings. The convenience and porta-
bility of the socks used in the present study make them
attractive to coaches and sports scientists who need to
conduct performance testing in various settings, such as
on the field or in less-equipped facilities. The socks used
in the present study may offer a practical, convenient
alternative for monitoring changes in CMJ performance
or other athletic performance variables. However, further
research is needed examining these socks during dynamic
movement, to increase confidence in the data.

License

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License.
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