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Abstract
Objectives. This study aimed to develop and validate a load cell-based device for measuring
isometric forearm rotation torque and to determine its test-retest reliability. Approach. The
custom-built device was calibrated using known weights and validated against a high-precision
torque transducer. For reliability assessment, 35 physically active participants (20 males, 15
females; age 30± 7 years) were tested for isometric forearm pronation and supination strength
5–7 d apart.Main results. The custom device demonstrated excellent validity (intraclass
correlation coefficient (ICC), absolute agreement= 1.00; r2 = 1.00, p< 0.001; mean
difference=−1.26–1.44%, p< 0.001). Test-retest reliability was excellent for absolute pronation
and supination torque (ICC= 0.88–0.97; coefficient of variation percentage (CV%)= 4.1–5.6;
minimal detectable change (MDC) at 90% confidence level= 13.1–19.9%), good to excellent for
supination:pronation ratios (ICC= 0.60–0.88; CV%= 7.0–8.6; MDC= 0.10–0.13), and fair to
good for dominant:non-dominant ratios (ICC= 0.42–0.66; CV%= 6.1–7.6; MDC= 0.07–0.10).
Sex significantly influenced absolute torque values, with males demonstrating consistently higher
torque, although reliability metrics were similar for both sexes. Significance. The device is valid, and
the test is reliable. It is suitable for clinical assessments, rehabilitation monitoring, and performance
evaluation, facilitating an improved understanding of factors affecting elbow overloading and
injuries. Limb ratio metrics should be interpreted with caution due to their lower reliability.

1. Introduction

Forearm pronation and supination are crucial for positioning the hand optimally for various tasks, such as
providing rotational movements to objects grasped. The anatomical design of forearm pronator and
supinator muscles, whose fibres wrap around the radius, allows the translation of muscle contractions into
effective rotational movements and maintaining joint stability during various functional tasks, such as using
a screwdriver, hammer, or throwing a ball (Soubeyrand et al 2017).

Forearm pronation relies mainly on the pronator teres and pronator quadratus muscles, while supination
is largely controlled by the biceps brachii, assisted by the supinator muscle (O’Sullivan and Gallwey 2005,
Bader et al 2018). During isometric tests, these muscles demonstrate different activity patterns depending on
whether pronation or supination is being measured (Bader et al 2018). The grip strength required to hold the
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dynamometer handle during these tests may influence muscle activity, but it also simulates real-life
applications like throwing (Ferragut et al 2011), making it a practical addition to the performance evaluation
(Gopinath et al 2017).

Musculotendinous units crossing the elbow joint provide dynamic stabilisation and protect the ligaments
of the joint (Dugas et al 2014, Islam et al 2020), particularly the ulnar collateral ligament, which is often
injured in overarm athletes (Zaremski et al 2017, DeFroda et al 2018). Thus, the force-generating capacity of
these muscles is crucial for reducing stress on elbow ligaments and preventing elbow injuries in overarm
throwing (Werner et al 1993, Fleisig et al 1995, Yanai et al 2023), and their strengthening is a key part of the
rehabilitation process after an elbow injury (Wilk et al 2012). Further, forearm flexor–pronator muscle
injuries have been observed to contribute to the failure of nonoperative management of ulnar collateral
ligament tears (Ikezu et al 2022). Therefore, measuring forearm pronation and supination torque may be
valuable for injury prevention, treatment, and rehabilitation, as well as performance optimisation.
Specifically, torque measures can help identify muscular weaknesses or imbalances that predispose
individuals to injury, guide rehabilitation protocols following injury, and provide baseline measures to
monitor athletes or workers involved in repetitive or high-load forearm activities (Wolf et al 1987,
Ellenbecker et al 2006, Morse et al 2006).

Literature is inconsistent in the used test positions and devices (Kotte et al 2018). Forearm
torque-generating capacity has been measured using various custom-built dynamometers (Askew et al 1987,
O’Sullivan and Gallwey 2005, Mukhopadhyay et al 2009, Herrera-Ligero et al 2023) and commercial systems
such as the CON-TREX isokinetic dynamometer (Medimex, Sainte-Foy-les Lyon, France) (Daumillare et al
2020), BTE tools (BTE Technologies, Hanover, MD, USA) (Kramer et al 1994, Lucado et al 2019), and the
Cybex dynamometers (Cybex, division of Lumex, Inc., Ronkonkoma, NY, USA) (Kramer et al 1994). While
commercial isokinetic dynamometers are accurate and reliable (Bandy and McLaughlin 1993, Shechtman
et al 2003), they tend to be expensive, large, and require in-depth expertise for reliable testing, which limits
their practicality in typical clinical settings (Wong and Moskovitz 2010). Therefore, there is a need for a more
practical and accessible alternative that can be custom-built by sports or health science laboratories with
limited specialised equipment while still maintaining precision and reliability. This motivated the
development of our custom device.

The first aim of this study was to validate a custom forearm isometric torque measurement device
calibrated with a theoretical low-cost model. The second aim was to determine its test-retest reliability in
physically active individuals without prior experience of the test.

2. Methods

2.1. Construction and calibration of the forearm rotation strength measurement device
The custom-built device consisted of a welded stainless-steel frame with an integrated gripping handle,
rotational axis, and lever arm (figure 1). Two load cells (TAS606, SparkFun Electronics, Boulder, CO, USA)
were attached at opposite ends of the lever. They could measure loads from 0 to 200 kg, with a maximal
hysteresis of 0.1%, repeatability of 0.1% over the entire nominal range, and creep of 0.1%/30 min. Signals
from the load cells were amplified via HX711-based amplifiers and 24-bit analogue-to-digital converter units
(SEN-13879, SparkFun Electronics), and flowed to an ESP32-based microcontroller (WRL-17743, SparkFun
Electronics). An OLED display integrated into the device showed real-time torque readings and indicated
rotation direction (clockwise (CW) or counterclockwise (CCW)). During strength tests, the highest torque
value was displayed until reset. See supplementary material S1 for detailed mechanical designs, electronic
schematics, and source code.

At startup, the load cells were automatically tared three times during the first six seconds to ensure the
electronic components had stabilised. Torque values were calculated in real-time at a sampling rate of 80 Hz.
Each displayed torque was based on the mean of the four lowest readings from a 16-sample rolling buffer,
minimising measurement errors from brief jerks.

Calibration involved applying known torques using weight sets (10–50 kg) suspended from a horizontally
attached lever arm (47.5 mm from rotation centre) (figure 1). Each weight set was measured precisely using a
weight scale (BWB-800, Tanita Corporation of America, Inc., Illinois, USA). Before hanging the weight set,
the device was zeroed. Readings were taken after a 60 s stabilisation period. Linear calibration equations (one
for each rotation direction) were derived from the recorded sensor outputs and theoretical torque values:

counterclockwise τ = 0.0000317354270010086 × ADC + 0.133360470185269 (1)
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Figure 1. Illustration of the custom-made device, calibration measurement, concurrent validity assessment, and strength test
position.

and

clockwise τ = 0.0000308936870725094×ADC+ 0.0857569175449125, (2)

where τ corresponds to torque and ADC to analogue-to-digital converter output.

2.2. Assessment of concurrent validity of the forearm rotation strength device
The concurrent validity of the custom device was assessed against a high-precision torque transducer to
confirm measurement accuracy post-calibration, ensuring the device’s practical precision matched its
theoretical calibration. Although isokinetic dynamometers are considered the gold standard, our goal was
specifically to assess the practical precision of our calibration method against a reference device that directly
measures torque. A FINAS-accredited calibration laboratory (JAMK University of Applied Sciences, School
of Technology, Calibration Centre, Finland) conducted the measurements to assess concurrent validity.

The gripping handle of the custom-made device was replaced by a metal plate allowing attachment of the
device’s rotating axis to the rotating axis of a high-precision torque transducer (Stahlwille 7722,
STAHLWILLE Tools LLC, Sturtevant, WI, USA) with a measurement range from 2 to 100 Nm (figure 1),
which acted as the reference device. To allow for real-time readings from the custom-made device, the signal
processing pipeline on the microcontroller was adjusted to display current values on the OLED display
instead of the maximum value, as it does in strength testing mode. The measurement protocol included
hanging a set of weights from a lever arm attached to the torque transducer, thereby inducing the same
torque to the custom and reference devices. Four different weights were used three times to induce torque in
each direction so that the recorded torques ranged from approximately 6–26 Nm, corresponding to the range
of forearm pronation and supination torques previously observed by the authors with the custom device
among high-level male and female javelin throwers and volleyball players. The readings of each device were
recorded 60 s after hanging the weight to ensure that the weight had stopped swinging.

2.3. Test-retest reliability measurements
Thirty-five physically active participants, males (n= 20, age= 29.7± 7.6 years, height= 1.81± 0.05 m,
weight= 84.7± 9.9 kg) and females (n= 15, age= 29.6± 6.1 years, height= 1.69± 0.05 m,
weight= 66.5± 10.8 kg) without prior experience of the test protocol participated in the test-retest study.
Participants attended two identically structured testing sessions, scheduled 5–7 d apart and at the same time
of day. They received comprehensive information about the study design and potential risks prior to
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providing written consent. The study was conducted according to the principles of the Declaration of
Helsinki and received approval from the University of Jyväskylä Ethical Committee (1635/13.00.04.00/2022).
Participants were healthy and injury-free at the time of testing.

Warm-up consisted of five minutes of light aerobic exercise on a stationary rowing ergometer at a rating
of 10–12 on Borg’s 15-point rating of perceived exertion (6–20) RPE scale (Borg 1998) and submaximal
strength exercises (ten repetitions of body-weight push ups, dead rows with dumbbells and shoulder presses
with dumbbells). Subsequently, the testing position (figure 1), similar to that used in the study by Axelsson
and Kärrholm (2018), was adjusted. Participants sat upright with their upper body unsupported, feet on the
ground, the testing arm perpendicular to the device handle, shoulder in 0◦ flexion and 0◦ abduction (i.e.
vertical), elbow in 90◦ flexion supported by a wooden block placed on the side, and wrist in neutral position.
The wooden block’s width was individually adjusted to make sure the shoulder position was correct. A strap
was secured around the upper body and the upper arm to ensure that the shoulder position was maintained.
In the test, participants performed two submaximal practice trials at 60% and 80% of their perceived
maximal strength, respectively, with 15 s rest intervals, and two maximal trials with 60 s rest intervals. If an
improvement greater than 5% was observed, additional trials were performed to make sure maximum was
reached. The highest value was used for analyses. Verbal cues (‘Ready-3-2-1-go’) and consistent
encouragement were provided for each repetition. At ‘1’, participants first gradually built tension on the force
transducer, and at ‘go’ they exerted maximal force for approximately three seconds. The clinician monitored
the specified body positions to make sure no compensatory and unwanted movements occurred during any
trial, while the goal was to perform any necessary adjustments and correct false movements already before
and during the practice trials. Forearm pronation test was performed first, followed by forearm supination
test with the same limb. This procedure was then repeated with the contralateral limb. The participant’s
posture was aligned for each limb separately by moving the chair on which they were seated.

2.4. Sample size
The sample size for the test-retest protocol was determined based on the null hypothesis ‘The ICC will not be
higher than 0.85’, with an expected intra-class correlation coefficient of 0.95, according to results from a
previous study (Axelsson and Kärrholm 2018). Using a two-times test-retest approach, the required sample
size for 80% power would be 25 participants (Borg et al 2022).

2.5. Statistical analysis
All analyses were performed in R version 4.4.3 (R Core Team 2024). The alpha level of 0.05 was applied for all
analyses.

Concurrent validity was assessed by comparing the mean absolute and percentage difference (bias)
between the devices using paired samples t-tests, Bland–Altman plots with 95% limits of agreement,
intraclass correlation coefficient model 2 (ICC; calculated for absolute agreement; using psych package
version 2.4.6.26 (Revelle 2024)), and Pearson’s correlation coefficient. Test-retest reliability was evaluated for
both sexes separately and the entire group by Bland–Altman plots with 95% limits of agreement, ICC,
standard error of the measurement (SEM), CV%, and MDC. To further assess both within-subject changes
across sessions and between-group sex differences, a two-way repeated-measures ANOVA with factors Time
(Test, Retest) and Sex (male, female) was performed using the afex package version 1.4-1 (Singmann et al
2024), with the main interest on Time effects and Sex:Time interaction effects. Partial eta squared (ηp2)
determined the variance explained by Sex, Time, and their interaction, and were computed with effectsize
version 1.0.0 (Ben-Shachar et al 2020). Any significant main or interaction effects were followed up by
Bonferroni-adjusted pairwise comparisons of estimated marginal means via emmeans version
1.10.5 (Lenth 2024).

ICCs were used to categorise agreement as poor (<0.40), fair (0.40 to<0.60), good (0.60–0.75) or
excellent (⩾0.75) (Cicchetti 1994). Pearson’s r values were squared, with effect sizes interpreted as small
(r2 ⩾ 0.01), medium (⩾0.09) or large (⩾0.25) (Cohen 1992). SEM was calculated using the formula:
SEM = total SD

√
1− ICC, where SD represents standard deviation. CV% was determined by first

calculating the ratio of the standard deviation to the mean score for each participant’s two test scores. These
individual CVs were then averaged to obtain the overall CV% (Atkinson and Nevill 1998). MDC at 90%
confidence level was calculated using the formula: MDC= 1.65×

√
2× SEM.

3. Results

The differences between the custom device and the reference device are shown in table 1. Mean differences
were significant in both clockwise and counterclockwise directions, with mean bias values of 0.21 Nm (1.4%)
and−0.16 Nm (−1.3%), respectively (both p< 0.001). This is also evident from the Bland–Altman plots in
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Table 1. Concurrent validity statistics.

Mean (95% CI)
absolute
difference

Mean (95% CI)
percentage
difference t statistic p value ICC (95% CI)

Clockwise
(Nm)

0.21 (0.16–0.27) 1.44%
(1.25%–1.62%)

8.60 <0.001 1.00 (1.00–1.00)

Counter
clockwise
(Nm)

−0.16
(−0.19−0.13)

−1.26%
(−1.71%−0.81%)

−10.87 <0.001 1.00 (1.00–1.00)

95% CI= 95% confidence interval; ICC= intraclass correlation coefficient.

Figure 2. Bland–Altman (top panel) and correlation (bottom panel) plots comparing the reference device with the custom device.
In the Bland–Altman plots, the dotted horizontal lines indicate the upper and lower limits of agreement, with the shaded regions
representing their 95% confidence intervals. The shaded area around the mean denotes the confidence interval for the mean
difference between the devices.

figure 2, where the confidence interval of the mean difference between the methods did not overlap zero.
However, the estimates from the two devices showed excellent absolute agreement (table 1), along with
correlations representing large effect sizes (figure 2).

In both sexes and the entire group, the isometric forearm rotation torque test indicated excellent
test-retest reliability for all absolute torque measures and the supination to pronation ratio for both arms,
whereas the dominant to non-dominant arm ratio in supination and pronation exhibited fair to good
reliability (figure 3 and table 2).

None of the measures showed significant Time effects (p= 0.20–0.96) or Sex:Time interaction effects
(p= 0.17–0.76). Sex effects were significant for pronation (dominant arm: F[1, 33]= 32.86, ηp2 = 0.50,
P < 0.001; non-dominant arm: F[1, 33]= 28.04, ηp2 = 0.46, P < 0.001) and supination (dominant arm:
F[1, 33]= 25.68, ηp2 = 0.44, P < 0.001; non-dominant arm: F[1, 33]= 33.32, ηp2 = 0.50, P < 0.001)
torque, but not for ratio metrics (p= 0.09–1.0). For pronation, males exceeded females by 4.42 Nm on the
dominant arm (t[33]= 5.73, p< 0.001) and by 4.23 Nm on the non-dominant arm (t[33]= 5.29,
p< 0.001) and. For supination, the male–female difference was 5.07 Nm on the dominant side (t[33]= 5.07,
p< 0.001) and 5.47 Nm on the non-dominant side (t[33]= 5.77, p< 0.001).
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Figure 3. Bland–Altman plots comparing test and retest values based on the highest recorded values. The dotted horizontal lines
indicate the upper and lower limits of agreement, with the shaded regions representing their 95% confidence intervals. The
shaded area around the mean denotes the confidence interval for the mean difference between test and retest values.
D= dominant arm; ND= non-dominant arm.

4. Discussion

In this study, concurrent validity and test-retest reliability of a custom load cell-based device for assessing
isometric forearm rotation torque were evaluated. The custom device demonstrated excellent concurrent
validity in both rotational directions. Test-retest reliability was excellent for the absolute measures of forearm
pronation and supination torque for both the dominant and non-dominant arms, as well as for supination to
pronation ratios in both arms. Dominant to non-dominant arm ratios in supination and pronation showed
fair and good reliability, respectively.

4.1. Concurrent validity
The validity statistics (table 1 and figure 2) show that the custom device, calibrated with the theoretical
model, is precise within the measured range. The minor differences observed might be due to errors such as
the length of the rotating lever arm not being exactly 95 mm, imperfect centring of the lever arm through the
rotating axis, or inaccuracies during the calibration process, such as errors in measuring the weight sets. For
example, the difference between the reference and custom device in the clockwise direction increased a total
of∼0.2 Nm when the torque was increased from∼6 to∼26 Nm (figure 2). In practice, this corresponds to
an error of 1 mm in lever arm length. Although the differences between the devices were significant, they
remain clinically negligible (<1.5%), and only slightly exceeded the±1% error reported by the
manufacturer for the high precision torque transducer.

To the authors’ knowledge, no similar concurrent validity studies exist for comparison. This study
investigated the device’s technical validity for torque measurement by comparing its estimates with a high
precision torque transducer. In contrast, previous studies had participants perform the same tests on two
different forearm torque measurement devices (Wolf et al 1987, Wong and Moskovitz 2010, Axelsson and
Kärrholm 2018), and therefore their results are not comparable.
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Table 2. Test-retest statistics for each test measure based on the highest recorded values.

Test mean (SD) Retest mean (SD) ICC (95% CI) SEM MDC CV%

Pronation D
(Nm)

All 8.92 (3.04) 9.03 (3.32) 0.96 (0.91–0.98) 0.67 1.56 (17.5%) 4.8
M 10.76 (2.27) 10.98 (2.62) 0.88 (0.74–0.95) 0.82 1.92 (17.8%) 5.3
F 6.46 (2.04) 6.43 (2.17) 0.97 (0.91–0.99) 0.36 0.84 (13.1%) 4.1

Pronation ND
(Nm)

All 8.68 (3.08) 8.88 (3.24) 0.97 (0.94–0.98) 0.57 1.32 (15.2%) 5.1
M 10.41 (2.78) 10.77 (2.80) 0.95 (0.87–0.98) 0.64 1.49 (14.3%) 4.7
F 6.36 (1.61) 6.35 (1.68) 0.93 (0.80–0.97) 0.44 1.02 (16.1%) 5.7

Supination D
(Nm)

All 10.24 (3.94) 10.12 (3.80) 0.97 (0.95–0.99) 0.62 1.45 (14.2%) 4.9
M 12.44 (3.37) 12.26 (3.33) 0.95 (0.89–0.98) 0.72 1.67 (13.4%) 4.7
F 7.30 (2.48) 7.27 (2.18) 0.96 (0.89–0.99) 0.46 1.07 (14.7%) 5.1

Supination ND
(Nm)

All 9.77 (3.93) 9.79 (3.91) 0.96 (0.91–0.98) 0.82 1.92 (19.6%) 5.3
M 12.09 (3.32) 12.16 (3.28) 0.91 (0.80–0.96) 0.96 2.24 (18.6%) 5.1
F 6.68 (2.14) 6.63 (1.95) 0.92 (0.78–0.97) 0.57 1.33 (19.9%) 5.6

Pronation D:ND
(ratio)

All 1.03 (0.14) 1.02 (0.14) 0.47 (0.18–0.69) 0.10 0.23 (22.2%) 7.2
M 1.05 (0.14) 1.03 (0.12) 0.42 (−0.01–0.72) 0.10 0.24 (22.4%) 6.9
F 1.01 (0.13) 1.01 (0.15) 0.55 (0.09–0.82) 0.09 0.22 (21.8%) 7.6

Supination D:ND
(ratio)

All 1.06 (0.15) 1.05 (0.13) 0.67 (0.44–0.82) 0.08 0.18 (17.2%) 6.2
M 1.04 (0.14) 1.01 (0.10) 0.65 (0.30–0.84) 0.07 0.17 (16.3%) 6.1
F 1.10 (0.16) 1.10 (0.14) 0.66 (0.26–0.87) 0.09 0.20 (18.1%) 6.4

Supination:
Pronation D
(ratio)

All 1.16 (0.28) 1.15 (0.29) 0.87 (0.77–0.93) 0.10 0.24 (20.2%) 7.3
M 1.17 (0.25) 1.14 (0.30) 0.88 (0.72–0.95) 0.10 0.23 (19.3%) 7.0
F 1.15 (0.32) 1.16 (0.29) 0.88 (0.68–0.96) 0.10 0.24 (21.1%) 7.7

Supination:
Pronation ND
(ratio)

All 1.13 (0.25) 1.11 (0.26) 0.76 (0.58–0.87) 0.12 0.28 (25.1%) 7.5
M 1.18 (0.24) 1.16 (0.30) 0.83 (0.62–0.93) 0.11 0.26 (22.1%) 6.7
F 1.05 (0.24) 1.05 (0.18) 0.60 (0.16–0.84) 0.13 0.31 (29.1%) 8.6

SD= standard deviation; 95% CI= 95% confidence interval; D= dominant arm; ND= non-dominant arm; ICC= intraclass

correlation coefficient; SEM= standard error of the measurement; MDC=minimal detectable change at 90% confidence level; CV%

coefficient of variation percentage.

4.2. Test-retest reliability
The custom device demonstrated excellent test-retest reliability for absolute measures of forearm pronation
and supination torque in both dominant and non-dominant arms, consistent across the entire group
(ICC= 0.96–0.97). Subgroup analyses indicated that males and females separately also showed excellent
reliability, with ICC values ranging from 0.88 to 0.97 for males and 0.92–0.97 for females. (table 2) These
findings indicate robust measurement consistency suitable for clinical and athletic evaluations and align with
previous studies that have also reported ICCs over 0.90 while using a similar testing position (Axelsson and
Kärrholm 2018, Gwak et al 2021, Herrera-Ligero et al 2023). However, Herrera-Ligero et al (2023) found
slightly lower ICCs, particularly for supination which may be attributed to using only one maximal trial.

MDCs for absolute torque measures ranged between 0.84 and 1.92 Nm (13.1%–19.9%). The relative
values are comparable with those reported for other upper extremity isometric strength tests, such as
shoulder internal and external rotation (Cools et al 2014) and extension (Awatani et al 2016), measured
using a handheld dynamometer, and the ASH-test (a long lever shoulder strength test) measured using a
force platform (Ashworth et al 2018). This similarity supports the clinical relevance and applicability of the
device for reliably monitoring forearm strength changes over time. However, other studies addressing
forearm pronation and supination strength have not reported this metric.

Reliability of the supination to pronation ratio in both arms was excellent (ICC> 0.75). To the authors’
knowledge, there are no studies available for comparison regarding forearm strength, but the values are in
line with the shoulder external/internal rotation strength ratio obtained using a handheld dynamometer
(Conceição et al 2018). In the overarm thrower’s shoulder, evidence indicates that too low external compared
to internal rotator strength reduces training load tolerance (Møller et al 2017) and is a significant injury risk
factor (Whiteley et al 2012, Clarsen et al 2014). Therefore, studying the sensitivity of the balance between
forearm supinators’ and pronators’ strength to indicate training load tolerance and injury risks in the future
could provide valuable insights to enhance performance in sports involving high-intensity upper extremity
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activities, as well as in occupations requiring repetitive and high-load arm movements. However, MDC
values should be carefully considered when interpreting changes in a monitoring context.

The considerably lower reliability of the dominant to non-dominant arm ratios in forearm pronation
(ICC 0.47) and supination (ICC 0.67) observed in the present study is consistent with previous results
(Kramer et al 1994). However, the dominant arm has been observed to demonstrate over 60% higher
pronation torque than the non-dominant arm in healthy tennis players (Ellenbecker et al 2006), a difference
much greater than in healthy general population, where it is less than 10% (Kotte et al 2018). Despite the lack
of reproducibility in dominant to non-dominant ratios, likely due to small variations in the absolute
measures, individuals repeatedly exposed to unilateral upper limb tasks requiring high intensity activities
may still benefit from ensuring that their dominant arm can produce higher forearm rotation torques than
the non-dominant arm. However, it may be reasonable to establish task-specific normative values for
dominant to non-dominant ratios of forearm rotation strength in future studies, which have often not been
reported.

Sex comparisons revealed consistently reliable torque measurements across both males and females,
although males produced higher torques in both pronation and supination tasks (table 2). However,
reliability metrics did not differ meaningfully between sexes, confirming that the custom device provides
robust measurements for both males and females alike. Nonetheless, establishing sex-specific normative
values could further enhance the utility of the device in clinical and athletic contexts.

Previous research indicates that torque output fluctuates depending on body and joint positions,
emphasising the importance of maintaining consistent positioning to achieve reproducible results
(O’Sullivan and Gallwey 2005, Morse et al 2006, Mukhopadhyay et al 2009, Herrera-Ligero et al 2023). Any
changes in posture may therefore have contributed to the observed test-retest differences. Some participants
tended to compensate by tilting their upper bodies mediolaterally in the direction of forearm rotation,
flexing, extending or deviating the wrist, or by abducting or adducting the shoulder. This was counteracted
by the clinician conducting the test, who aimed to teach proper technique during the warm-up trials and
excluded trials performed with incorrect technique. However, day-to-day fluctuations in performance are
natural due to human factors.

4.3. Clinical implications and future studies
A forearm isometric torque measurement device can be built and calibrated with precision comparable to a
high-precision torque transducer using the protocols demonstrated in this study. The test can assess forearm
muscle performance and evaluate an athlete’s or worker’s readiness for repetitive or high-load arm activities.
It could potentially form part of a comprehensive assessment protocol for the entire upper extremity. Future
studies should investigate the test’s sensitivity to cumulative load, its ability to predict upper extremity injury
risk, and its responsiveness to rehabilitation interventions following injuries. Additionally, establishing
sport-, task- and sex-specific normative values among healthy individuals may help identify those at risk of
developing upper extremity injuries.

4.4. Limitations
The test-retest study was conducted in participants who had no prior experience with the test and included
only two repeated measurements. Therefore, conclusions about the long-term repeatability of the
measurements or possible effects of learning cannot be drawn from this study. However, the test protocol was
designed to allow participants to familiarise themselves during the submaximal warm-up trials, as it is
common in clinical practice that individuals are unfamiliar with the test during their initial visit. Displaying
the torque signal on the screen could enhance learning, as it would allow the participant and the clinician to
see how the torque is produced. This, however, would require a different type of display.

In the present study, the effects of long-term use on the validity of the custom device were not
investigated. Therefore, it is recommended to re-calibrate the device once a year (Khodabocus and Balgobin
2011), as factors such as bearing friction may change over time. As demonstrated, the theoretical calibration
method is valid and can be used to ensure measurement accuracy.

5. Conclusion

The custom load cell-based device is a valid and reliable tool for assessing absolute forearm pronation and
supination torque. It is suitable for monitoring absolute torque values, but it may not be reproducible
enough for monitoring dominant to non-dominant arm ratios and supination to pronation ratios.
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