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Abstract

The enhanced paper grip test (EPGT) offers a practical approach to foot-strength assessment, but variation in test-
ing surfaces may affect comparability across field settings. This study examined surface effects and within-session 
reliability in 20 healthy adults (20–68 years). Participants completed three trials per leg on paper, cardboard and li-
noleum. Surface comparisons used the mean of three peak-force measurements. Attachment–material friction was 
characterized separately under controlled loading. Repeated-measures ANOVA with Greenhouse–Geisser correc-
tion detected no surface effect (right: p = 0.384; left: p = 0.221). All descriptive 95% confidence intervals for paired 
mean differences included zero. Single-trial consistency reliability was excellent (ICC(3,1) = 0.955–0.980), increasing 
for three-trial means (ICC(3,3) = 0.985–0.993). Single-trial typical error was 3.45–6.01 N (CV = 7.8–12.5%). Surface 
correlations were strong to very strong (r = 0.789–0.936), but Bland–Altman limits indicated variable individual 
agreement; the widest limits were −36.77 to 40.71 N. Skewed differences limit interpretation of these normal-the-
ory limits. A sample-size sensitivity analysis indicated 80% power for a two-sided paired effect of dz = 0.660. No 
systematic surface-dependent differences were detected, but small effects and individual discrepancies cannot be 
excluded. Neither surface interchangeability nor a negligible biological role of friction was established. 
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Introduction
Toe and foot flexor muscles contribute to arch support, 

foot stabilization and force transmission during propulsion 
(Yamauchi & Koyama, 2019). These functions provide a bio-
mechanical rationale for examining their contribution to 
sporting tasks. In high-level athletes, metatarsophalangeal 

joint flexion torque has been associated with maximal-speed 
sprinting kinetics (Tourillon et al., 2024). Beyond sport, 
foot muscle weakness has been linked to an increased risk 
of falling (Mansi et al., 2023). The efficacy of foot strength 
training in improving posture, balance, and self-reported 
function further confirms the clinical significance of these 
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muscle groups (Jaffri et al., 2023). However, there remains 
a significant gap between the recognized importance of foot 
muscle strength for performance and its practical evaluation 
in clinical settings. The literature describes several reliable 
instruments for laboratory-based measurement, including 
pressure platforms (Mickle et al., 2016) and custom-made 
dynamometers (Man et al., 2016). However, the reliance on 
specialized technology remains a major obstacle, preventing 
these methods from becoming a routine part of clinical as-
sessment.

The Enhanced Paper Grip Test (EPGT) (Chatzistergos et 
al., 2020) has recently emerged as a practical, cost-effective 
method for assessing foot-related force production. During 
the test, the participant presses the hallux onto an attachment 
while the examiner pulls it horizontally with a dynamome-
ter; peak force before release is recorded. The interaction be-
tween toe loading, the attachment and the supporting surface 
makes friction a plausible influence on the measured force. 
Several studies have reported good to excellent reliability 
and practical applicability of EPGT in diverse demograph-
ic groups, including various age cohorts (Mansi et al., 2024; 
Skuk et al., 2024; Tsekoura et al., 2023). In soccer and vol-
leyball players, the EPGT has shown good-to-excellent re-
liability and can quantify inter-limb differences, supporting 
its potential use in athlete profiling and field-based screen-
ing (Skuk et al., 2024). In addition, findings from Žura et al. 
(2025) support the utility of the EPGT for identifying balance 
insufficiencies in people with multiple sclerosis. Collective-
ly, these findings position the EPGT as a promising tool that 
bridges the gap between laboratory-based measurements and 
clinically feasible assessment of foot muscle strength in dif-
ferent populations. 

Although the EPGT can be administered on various sur-
faces, such as cardboard or linoleum, it remains unclear to 
what extent surface properties influence the measured force 
output or the reliability of the test. Friction, in particular, is a 
key mechanical factor that may alter the interaction between 
the toes and the testing surface (Westling & Johansson, 1984; 
Andre et al., 2009); however, its potential impact on EPGT 
outcomes has not been systematically investigated. The rele-
vant literature recommends conducting the EPGT on a firm 
surface, with a sheet of standard matte paper (e.g., A4) taped 
to the floor and positioned between the foot and the floor 
(Mansi et al., 2023). However, the necessity and effectiveness 
of this approach have not been tested. The issue is particularly 
relevant to field assessment, where testing may occur in differ-
ent gyms, laboratories, training facilities and competition en-
vironments. Surface-dependent differences could compromise 
between-session and between-location comparability. Previ-
ous applications in soccer and volleyball players (Skuk et al., 
2024) and track-and-field athletes (Sagadin et al., 2025) there-
fore motivate evaluating surface sensitivity, while evidence of 
within-session reliability alone cannot establish comparability 
across locations.

Therefore, the primary aim of this study was to compare 
the outcomes of the EPGT across different surface conditions 
and to determine the reliability of the measurements. Specifi-
cally, this study seeks to examine (i) the presence of systematic 
bias across repetitions, (ii) the relative and absolute reliabil-
ity of the test on different surfaces, (iii) the correlations and 
agreement among surfaces, and (iv) potential differences in 
mean force values between surfaces. 

Methods
Participants

The study cohort consisted of healthy adult volunteers, 
recruited via a convenience sampling approach that utilized 
social media platforms, direct email invitations, and personal 
networks. For the total sample (N = 20), the mean ± SD age, 
height and body mass were 47.6 ± 16.7 years (range: 20–68 
years), 171.9 ± 9.9 cm, and 78.9 ± 15.4 kg respectively. Females 
(n = 13) were 49.3 ± 17.4 years old, 166.6 ± 6.6 cm tall, and 
weighed 74.0 ± 12.4 kg, whereas males (n = 7) were 44.3 ± 
16.2 years old, 181.7 ± 7.0 cm tall, and weighed 87.9 ± 17.4 kg. 
Individuals were excluded from participation if they reported 
any current pain in the lower extremities, exhibited limitations 
in the active range of motion of the foot (as determined by a 
visual assessment conducted by a physical therapist), or had 
a history of significant lower limb injuries. Prior to their in-
volvement in the research, all participants provided written 
informed consent. The study protocol received formal approv-
al by the University of Primorska’s Commission for Ethics in 
Human Subjects Research (approval number: 4264-19-6/23).

Study design 
This was a repeated-measures study conducted in a single 

laboratory session. Participants performed the EPGT under 
three surface conditions: standard office paper, cardboard, 
and linoleum (Figure 1). The order of surface testing was ran-
domized to minimize order effects. Before the formal testing, 
participants performed one submaximal familiarization trial 
on each surface and leg to ensure proper task execution and 
reduce potential learning effects. Each participant completed 
three maximal trials with each leg on each surface, with 60-s 
rest intervals between repetitions to limit fatigue. Verbal en-
couragement was provided during all trials to ensure maxi-
mal effort. Static friction coefficients were also measured in 
a separate controlled mechanical experiment to characterize 
the attachment–material interfaces; these measurements were 
not intended to reproduce the complete biological EPGT in-
teraction.

Enhanced paper grip test procedure
Three surface conditions were tested: standard office paper 

(A4), cardboard, and linoleum (Figure 1). These commonly 
available materials were selected to examine whether changing 
the supporting material affected the measured EPGT force. 
Paper grammage, cardboard thickness and type, manufactur-
ers, and detailed linoleum specifications were not recorded in 
the available study documentation, limiting exact replication 
of the material interfaces.

Testing was performed with participants seated on a stan-
dard chair without armrests, with hips and knees flexed at 
approximately 90°, feet placed flat on the ground, and upper 
limbs relaxed alongside the trunk (Chatzistergos et al., 2020; 
Žura et al., 2025). A custom-designed 3D-printable attach-
ment (available on Zenodo (ID: 10033725)), attached to a 
handheld dynamometer (EasyForce, Meloq, Sweden), was 
positioned under the hallux. Participants were instructed to 
press their toes downward to grip the attachment as strong-
ly as possible while keeping the heel in full contact with the 
floor and avoiding forward sliding of the foot. The examiner 
gradually applied a horizontally pulling force to the attach-
ment via the dynamometer until the attachment was com-
pletely removed from underneath the hallux. The peak force 
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(N) recorded at the moment of release was taken as the test 
outcome. Testing was repeated for both feet. All measure-
ments were supervised and performed by the same examiner 
to minimize variability.

Static friction coefficients
Static friction coefficients were measured using an IN-

STRON 34SC-1 load frame equipped with a 50 N load cell 
(S-Beam, 2519-50N). A calibrated 1 kg weight was placed on 
the 3D-printed attachment, which was then pulled at a con-
stant speed of 1 mm/min (Figure 2). Force data were recorded 

at 100 Hz, and each test was terminated immediately after a 
sudden drop in reaction force, indicating slippage. The maxi-
mum reaction force (Fₘₐₓ) prior to slippage was used for anal-
ysis. The static friction coefficient (μₛ) was calculated as the 
ratio of Fₘₐₓ to the total normal force (Fₙ) acting on the surface. 
Fₙ included the weight of both the 1 kg mass and the 3D-print-
ed attachment (0.057 kg). Each test condition was repeated 
five times, and the reported friction coefficient represents the 
mean ± standard deviation of these replicates. Tests were con-
ducted on three materials used in the study: the linoleum sur-
face, a typical A4 paper, and typical cardboard.

Figure 1. Measurement set-up with different surfaces. 

Figure 2. Testing set-up for the measurement of static friction coefficient.

Statistical analysis
All participant-level analyses used the complete dataset of 

20 participants, with no missing trials or exclusions. Descriptive 
statistics were calculated for each repetition and each surface–
leg condition. The participant score used for all surface ANO-
VAs, correlations and agreement analyses was the arithmetic 
mean of the three peak-force measurements for that surface and 
leg, rather than the maximum of the three trials. Raw force (N) 
was retained for reliability and principal inferential analyses. 
Body-mass-normalized scores (N·kg⁻¹) were calculated indi-
vidually by dividing each participant’s three-trial mean by body 
mass and were summarized descriptively without additional 
hypothesis testing. Reliability of a specified measurement scale 
and descriptive characterization of strength are distinct purpos-
es; normalization may alter between-participant variability and 
hence ICC estimates (Anders et al., 2025).

Systematic repetition effects and surface effects were ex-
amined using separate one-way repeated-measures ANOVAs 
for each relevant surface–leg condition and each leg, respec-
tively. Greenhouse–Geisser correction was applied consis-
tently to the degrees of freedom and p values, with partial eta 
squared (ηp²) reported as the effect size. Surface inference was 
restricted to the omnibus tests. Paired surface mean differ-
ences and two-sided 95% CI were calculated as the mean dif-
ference ± t₀.₉₇₅,₁₉ × SD of differences/√20. These unadjusted 
intervals describe estimation uncertainty and were not used 
as separate post-hoc significance tests or evidence of equiva-
lence. Repetition analyses were exploratory across six condi-
tions, without multiplicity adjustment.

Within-session relative reliability was estimated using 
two-way mixed-effects consistency ICCs: ICC(3,1) for one 
trial and ICC(3,3) for the mean of three trials, with F-distri-
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bution-based 95% CI. Participants were treated as random 
and the three ordered repetitions as fixed; the estimates per-
tain to the present examiner and protocol. The consistency 
definition excludes a common systematic repetition shift 
from the error term, so repetition effects were evaluated 
separately. ICC values above 0.90 were interpreted as excel-
lent relative reliability (Koo & Li, 2016). Absolute random 
error was estimated from the residual mean square (MSE) of 
the participant-by-repetition model: TE₁ = √MSE and CV₁ 
= 100 × TE₁/grand mean. For the three-trial mean, mod-
el-based estimates were TE₃ = TE₁/√3 and CV₃ = CV₁/√3. 
These reductions assume independent trial errors of equal 
variance and do not remove systematic learning. TE con-
fidence intervals used the chi-square distribution with 38 
residual degrees of freedom; CV intervals were obtained by 
scaling the TE limits by the observed grand mean and are 
conditional approximations. These within-session estimates 
do not measure between-session or inter-examiner repro-
ducibility.

Pearson correlations with Fisher-transformed 95% CI 
described preservation of rank order across surfaces; strong 
(0.70–0.89) and very strong (≥0.90) associations were dis-
tinguished (Akoglu, 2018). Individual-level agreement was 
quantified separately using Bland–Altman mean bias, SD of 
differences and conventional 95% limits of agreement (LoA 
= bias ± 1.96 × SD of differences) for each same-leg surface 
pair (Bland & Altman, 1999). The bias CI is identical to the 
descriptive CI of the paired mean difference. Difference dis-
tributions were checked using Shapiro–Wilk tests and numer-
ical diagnostics, and the relationship between differences and 
paired averages was examined. Because several distributions 
were skewed and some differences varied with measurement 
magnitude, the normal-theory LoA were treated as descrip-
tive summaries rather than validated 95% coverage limits. 

No acceptable agreement or equivalence margin had been 
specified. To assess the robustness of omnibus inference to 
non-normality, the surface ANOVAs were supplemented by 
100,000 within-participant surface-label permutations using 
the same F statistic.

No a priori sample-size calculation was performed. A sen-
sitivity analysis based on the noncentral t distribution indi-
cated that N = 20 provides 80% power at two-sided α = 0.05 
to detect a standardized paired mean difference of dz = 0.660, 
where dz is the mean difference divided by the SD of with-
in-participant differences. This provides a benchmark for one 
paired contrast, not a power calculation for the three-level 
omnibus ANOVA or simultaneous comparisons. The sample 
was thus sensitive to moderate-to-large paired effects under 
the model assumptions, but small effects could not be exclud-
ed. No observed or retrospective power based on the obtained 
effect was calculated.

Results
Static friction coefficients

The results showed that the paper–3D printed attachment 
interface exhibited the highest static friction coefficient (0.433 
± 0.024), followed by linoleum (0.385 ± 0.032) and cardboard 
(0.308 ± 0.046).

Reliability
Descriptive force values, three-trial means and body-mass 

-normalized values are presented in Table 1. Right-leg force 
on cardboard increased from 46.2 ± 26.7 N in repetition 1 to 
49.6 ± 27.3 N in repetition 3; the exploratory repetition effect 
remained significant after Greenhouse–Geisser correction 
(F(1.86, 35.26) = 4.09, p = 0.028, ηp² = 0.177). No repetition 
effect was detected in the other conditions (corrected p = 
0.070–0.250).

Table 1. Force descriptives and systematic repetition effects.

A. Peak force by repetition (N) and repetition ANOVA

Surface and leg Trial 1 Trial 2 Trial 3 F p GG ηp²

Paper right 50.1 ± 29.2 52.6 ± 32.2 53.8 ± 33.8 2.57 0.102 0.119

Paper left 46.0 ± 25.0 48.4 ± 29.0 50.0 ± 30.8 2.19 0.140 0.103

Cardboard right 46.2 ± 26.7 47.8 ± 25.1 49.6 ± 27.3 4.09 0.028 0.177

Cardboard left 41.1 ± 22.3 43.4 ± 23.3 44.1 ± 24.4 3.02 0.070 0.137

Linoleum right 48.1 ± 27.4 51.1 ± 31.5 51.4 ± 28.7 2.10 0.149 0.100

Linoleum left 45.2 ± 20.0 43.4 ± 17.8 44.1 ± 18.2 1.44 0.250 0.071

B. Participant scores used for all surface comparisons

Surface Leg Three-trial mean (N) Three-trial mean (N·kg⁻¹)

Paper Right 52.2 ± 31.5 0.662 ± 0.347

Paper Left 48.1 ± 27.9 0.612 ± 0.334

Cardboard Right 47.9 ± 26.2 0.609 ± 0.294

Cardboard Left 42.9 ± 23.1 0.540 ± 0.248

Linoleum Right 50.2 ± 28.9 0.634 ± 0.294

Linoleum Left 44.2 ± 18.5 0.560 ± 0.206

Values are mean ± SD; N = 20. Each trial contributes its peak force.

Single-trial consistency reliability was excellent across 
the six conditions (ICC(3,1) = 0.955–0.980), and reliabil-
ity of the three-trial mean was higher (ICC(3,3) = 0.985–
0.993). Single-trial TE ranged from 3.45 to 6.01 N and CV 

from 7.8% to 12.5%. For the three-trial mean, model-based 
TE ranged from 1.99 to 3.47 N and CV from 4.5% to 7.2% 
(Table 2). These random-error estimates exclude systematic 
repetition shifts.
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Correlation and agreement among surfaces
Correlations between three-trial mean scores were 

strong to very strong (Table 3). For the right leg, r ranged 
from 0.789 (paper–linoleum) to 0.936 (paper–cardboard); 

for the left leg, r ranged from 0.841 (paper–linoleum) to 
0.936 (cardboard–linoleum). These associations describe 
preservation of participant ranking, not agreement in ab-
solute force.

Table 2. Within-session reliability of single trials and three-trial means.

A. Relative reliability

Surface and leg ICC(3,1) (95% CI) ICC(3,3) (95% CI)

Paper right 0.973 (0.945 to 0.989) 0.991 (0.981 to 0.996)

Paper left 0.955 (0.908 to 0.980) 0.985 (0.967 to 0.993)

Cardboard right 0.980 (0.958 to 0.991) 0.993 (0.986 to 0.997)

Cardboard left 0.971 (0.940 to 0.987) 0.990 (0.979 to 0.996)

Linoleum right 0.962 (0.923 to 0.984) 0.987 (0.973 to 0.995)

Linoleum left 0.966 (0.930 to 0.985) 0.988 (0.976 to 0.995)

B. Absolute random error in N

Surface and leg Single-trial TE (95% CI) Mean-of-three TE (95% CI)

Paper right 5.19 (4.24 to 6.68) 2.99 (2.45 to 3.86)

Paper left 6.01 (4.91 to 7.74) 3.47 (2.84 to 4.47)

Cardboard right 3.76 (3.08 to 4.85) 2.17 (1.78 to 2.80)

Cardboard left 4.00 (3.27 to 5.15) 2.31 (1.89 to 2.97)

Linoleum right 5.67 (4.63 to 7.30) 3.27 (2.67 to 4.22)

Linoleum left 3.45 (2.82 to 4.45) 1.99 (1.63 to 2.57)

C. Absolute random error relative to the grand mean

Surface and leg Single-trial CV % (95% CI) Mean-of-three CV % (95% CI)

Paper right 9.9 (8.1 to 12.8) 5.7 (4.7 to 7.4)

Paper left 12.5 (10.2 to 16.1) 7.2 (5.9 to 9.3)

Cardboard right 7.9 (6.4 to 10.1) 4.5 (3.7 to 5.9)

Cardboard left 9.3 (7.6 to 12.0) 5.4 (4.4 to 6.9)

Linoleum right 11.3 (9.2 to 14.5) 6.5 (5.3 to 8.4)

Linoleum left 7.8 (6.4 to 10.1) 4.5 (3.7 to 5.8)

N = 20, three trials. ICCs use a two-way mixed-effects consistency model. TE₁ = √MSE 
with 38 residual degrees of freedom; CV₁ = 100 × TE₁/grand mean. TE₃ and CV₃ divide the 

corresponding single-trial estimate and CI by √3.

Table 3. Correlations between surface scores.

Leg Surface pair Pearson r (95% CI)

Right Paper–Cardboard 0.936 (0.842 to 0.975)

Right Paper–Linoleum 0.789 (0.532 to 0.913)

Right Cardboard–Linoleum 0.922 (0.810 to 0.969)

Left Paper–Cardboard 0.848 (0.649 to 0.938)

Left Paper–Linoleum 0.841 (0.634 to 0.935)

Left Cardboard–Linoleum 0.936 (0.844 to 0.975)

N = 20. Scores are the mean of three trials per surface and leg. Confidence intervals use 
Fisher’s z transformation.

The surface ANOVAs detected no systematic mean differ-
ences for the right leg (F(1.21, 23.08) = 0.86, p = 0.384, ηp² = 
0.043) or left leg (F(1.48, 28.08) = 1.60, p = 0.221, ηp² = 0.078). 
Omnibus permutation checks also did not detect surface ef-
fects (right: p = 0.502; left: p = 0.213). Descriptive paired mean 
differences ranged from −2.35 to 5.22 N, and all 95% CI includ-
ed zero (Table 4). The corrected left-leg cardboard–linoleum 
difference was −1.35 N (95% CI: −5.43 to 2.73 N).

Despite small group mean biases, individual differenc-
es between surfaces were variable. Conventional LoA were 

widest for right-leg paper–linoleum (−36.77 to 40.71 N) 
and narrowest for left-leg cardboard–linoleum (−18.44 to 
15.74 N) (Table 4; Figure 3). All four comparisons involv-
ing paper showed departures from normality of differences 
(Shapiro–Wilk p < 0.01), and numerical diagnostics sug-
gested magnitude-dependent differences in some com-
parisons. The LoA therefore require caution as descriptive 
estimates. Neither the correlations nor the absence of an 
omnibus surface effect establishes individual-level inter-
changeability.
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Discussion
The primary aim of this study was to compare the out-

comes of the EPGT across different surface conditions and 
to evaluate within-session reliability. No systematic sur-
face-dependent differences in the mean of three EPGT force 
measurements were detected across paper, cardboard and 
linoleum. However, the confidence intervals permit non-ze-
ro effects, and the study’s sensitivity benchmark was dz = 
0.660 for a single paired contrast. The non-significant om-
nibus tests therefore do not establish equivalence or rule 
out small surface effects. This distinction matters in sport 
settings, where changing the available surface across labo-
ratories, gyms, training facilities or competition venues may 

affect interpretation of repeated measurements.
Correlations were strong to very strong (r = 0.789–

0.936), indicating substantial preservation of participant 
ranking across surfaces. In contrast, Bland–Altman analysis 
showed that individual absolute force values could differ ap-
preciably, with conventional LoA as wide as −36.77 to 40.71 
N for right-leg paper–linoleum. These findings distinguish 
three separate questions: the omnibus ANOVA concerns 
systematic group mean differences, correlation concerns 
relative ranking, and agreement concerns differences in an 
individual’s absolute score. Moreover, skewed and poten-
tially magnitude-dependent differences limit the coverage 
interpretation of constant LoA. No acceptable agreement 

Table 4. Omnibus surface comparisons and individual agreement.

A. Repeated-measures surface ANOVA

Leg F GG degrees of freedom p GG ηp²

Right 0.863 1.21, 23.08 0.384 0.043

Left 1.603 1.48, 28.08 0.221 0.078

B. Descriptive paired differences and Bland–Altman statistics (N)

Leg and surface pair Mean difference / bias (95% CI) SD of differences Conventional 95% LoA

Right Paper–Cardboard 4.32 (−1.10 to 9.73) 11.58 −18.37 to 27.01

Right Paper–Linoleum 1.97 (−7.28 to 11.22) 19.77 −36.77 to 40.71

Right Cardboard–Linoleum −2.35 (−7.58 to 2.88) 11.18 −24.27 to 19.57

Left Paper–Cardboard 5.22 (−1.71 to 12.15) 14.80 −23.80 to 34.23

Left Paper–Linoleum 3.87 (−3.59 to 11.32) 15.93 −27.35 to 35.08

Left Cardboard–Linoleum −1.35 (−5.43 to 2.73) 8.72 −18.44 to 15.74

N = 20. All analyses use three-trial means. Differences are first surface minus second surface. Surface inference is restricted to panel A; 
panel B contains descriptive, unadjusted intervals and no post-hoc significance tests.

Figure 3. Bland–Altman plots showing agreement between EPGT force measurements 
obtained on different surfaces. Agreement between the three-trial mean EPGT scores 

obtained on paper, cardboard, and linoleum was examined separately for the right leg 
(A–C) and left leg (D–F). Panels show comparisons between paper and cardboard (A, D), 

paper and linoleum (B, E), and cardboard and linoleum (C, F).
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margin was defined, and the results do not justify treating 
the tested surfaces as interchangeable for individual mon-
itoring.

The mechanical experiment characterized the friction of 
the 3D-printed attachment against each material under con-
trolled normal loading, with the highest reported coefficient 
for paper, followed by linoleum and cardboard. Friction is 
a property of a material pair and depends on the loading 
and contact conditions (Chowdhury et al., 2012). During 
biological EPGT testing, plantar skin and soft tissue, ac-
tive hallux and toe loading, changing normal force, partic-
ipant stabilization and manually applied pulling force also 
contribute to the interaction. Consequently, differences in 
isolated attachment–material friction coefficients coupled 
with an absence of detected mean EPGT differences can-
not establish that friction is unimportant during the actual 
task. The friction experiment provides supportive mechan-
ical characterization, rather than a mechanistic validation 
of EPGT or evidence that intrinsic toe-flexor strength is the 
primary determinant of its outcome.

Within-session relative reliability was excellent for in-
dividual trials (ICC(3,1) = 0.955–0.980), consistent with 
previous evidence of high relative reliability for dynamom-
etry-based toe-strength assessment in children (Quinlan 
et al., 2021), adults (Ridge et al., 2017), and EPGT testing 
(Chatzistergos et al., 2020; Žura et al., 2025). However, high 
ICCs reflect discrimination between participants relative 
to random error and do not imply small absolute error. 
Single-trial TE was 3.45–6.01 N and CV was 7.8–12.5%. 
Averaging three trials increased ICCs to 0.985–0.993 and 
reduced model-based random error to TE = 1.99–3.47 N 
and CV = 4.5–7.2%, supporting a clearly specified repeat-
ed-trial scoring protocol. These estimates assume indepen-
dent, equal-variance trial errors and do not establish be-
tween-session repeatability or between-surface agreement.

The right-leg cardboard repetition effect persisted after 
reanalysis, with force increasing across the three repetitions. 
Residual familiarization or learning may therefore have re-
mained despite the preliminary submaximal familiarization 
trial. The finding arose in only one of six exploratory con-
ditions and should not be interpreted as a general learning 
effect or a mechanism specific to cardboard. Consistency 
ICCs and residual TE do not incorporate a common shift 
across repetitions; averaging alone cannot remove such a 
shift. Future protocols should examine whether additional 
familiarization improves stability before formal measure-
ments.

Raw-force reliability and normalized strength descrip-
tion address different purposes. Reliability was assessed 
in N to characterize the measurement scale used by the 
test, whereas individual body-mass normalization pro-
vides complementary descriptive information in a sample 
spanning 56–120 kg and including both sexes. Normalized 
three-trial mean scores ranged from 0.540 to 0.662 N·kg⁻¹ 
across the six conditions. These descriptive values neither 
validate body mass as the optimal scaling variable nor es-
tablish reliability of the normalized score; no additional hy-
pothesis tests on normalized data were performed.

The EPGT remains a practical, low-cost candidate for 
field assessment, but the present results support a cautious 
and standardized application. Previous studies have consis-
tently demonstrated good to excellent reliability and feasi-

bility of the EPGT in various populations, including older 
adults and athletes (Sagadin et al., 2025; Skuk et al., 2024; 
Tsekoura et al., 2023), while recent evidence indicates a 
meaningful association between EPGT performance, bal-
ance control, and functional independence (Mansi et al., 
2023; Tsekoura et al., 2023; Žura et al., 2025). For sport 
science and sports medicine, these attributes support the 
EPGT as a candidate tool for foot-strength and inter-limb 
asymmetry assessment and as a complementary indicator 
of balance or lower-limb function. For longitudinal individ-
ual monitoring, the same surface, scoring rule and examin-
er technique should be retained where feasible, and small 
changes should be interpreted in relation to measurement 
error. The current study assessed only within-session reli-
ability in healthy adults. Athlete-specific validity, reference 
values and responsiveness require separate evaluation be-
fore EPGT scores inform individual sport-related decisions.
Limitations

Several limitations should be acknowledged. The conve-
nience sample was small and comprised healthy adults rath-
er than athletes or clinical populations. Its broad age range 
(20–68 years) may have increased between-participant vari-
ability and hence ICCs, and the study was not designed to 
assess age- or sex-specific surface effects. The paired sen-
sitivity benchmark indicates limited sensitivity to small ef-
fects and is not proof of adequate power for every surface 
contrast or for equivalence. Bland–Altman estimates are 
also imprecise with N = 20; skewed differences and possible 
dependence on force magnitude limit the generalizability of 
constant normal-theory LoA and model-based intervals. All 
observations were retained, including large between-surface 
discrepancies.

Pulling speed and angle were controlled manually. Vari-
ations in speed could influence the time available to devel-
op or sustain toe loading and the force recorded at release, 
whereas deviations from horizontal pulling could alter the 
direction of loading and the normal contact force. These 
factors may produce within-examiner error even when all 
tests are performed by the same examiner. Their individual 
contributions were not measured, and the design cannot es-
timate inter-examiner reproducibility. In addition, incom-
plete material specifications restrict exact replication, and 
the separate friction experiment does not reproduce the full 
biological interface. Future work should examine standard-
ized pulling procedures, material specifications, familiariza-
tion and between-session measurement error.

Conclusions
No systematic surface-dependent differences in the 

mean of three EPGT force measurements were detected 
across the three tested surfaces. Excellent within-session 
consistency reliability and strong to very strong surface cor-
relations coexisted with appreciable random error and vari-
able individual agreement. Averaging three trials reduced 
model-based random error, but the confidence intervals, 
sensitivity benchmark and Bland–Altman findings preclude 
claims of equivalence or individual-level interchangeability. 
For repeated individual assessment, consistent surfaces and 
procedures remain advisable. The controlled friction mea-
surements characterize the tested attachment–material in-
terfaces without establishing the contribution of friction or 
intrinsic toe-flexor strength during the biological task.
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