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Abstract: Low back pain is a major cause of disability worldwide, often associated with
deficits in trunk extensor strength control. Accurate assessment of trunk extension strength
control is crucial for diagnosing impairments and monitoring interventions. This study
evaluated the reliability of a dynamometry-based protocol for isometric trunk extension
strength control assessment. Twenty-eight healthy volunteers (9 females, 19 males) com-
pleted two sessions, seven days apart. A single-point load cell system, encapsulated within
a 3D-printed structure and connected to a Delsys system® at a sampling frequency of
2000 Hz, was used for data acquisition. Participants performed maximal voluntary contrac-
tions (MVC) and submaximal isometric contractions (SMVC) guided by trapezoidal visual
feedback. Key outcome variables included peak force, mean force, and force steadiness.
Calibration demonstrated high accuracy (R? = 1) with a low root mean square error (0.55 N).
Test-retest analysis showed excellent reliability for peak force (ICC = 0.81, SEM = 0.50,
MDC = 1.39), mean force (ICC = 0.93, SEM = 0.17, MDC = 1.08), and steadiness (ICC = 0.87,
SEM = 0.85, MDC = 2.36), with no significant intersession differences (p > 0.05). This study
demonstrates the high reliability of using dynamometry to assess trunk extension strength
during MVC and SMVC, endorsing the dynamometer as a tool for functional assessment
and the development of personalized rehabilitation and training strategies.

Keywords: low back pain; maximal voluntary contractions; customized dynamometry;
muscle function

1. Introduction

Low back pain (LBP) remains one of the leading causes of disability worldwide,
with approximately 85% of cases lacking a specific peripheral etiology [1]. Despite the
uncertainty surrounding its origin, recurrence rates of 60% to 80% are observed after
the initial episode [2]. It has been hypothesized that weakness and poor endurance of
the paravertebral muscles lead to increased loading on passive spinal structures, such as
intervertebral disks and ligaments, thus contributing to the persistence and chronicity of
pain [3-7]. Among the muscles involved, trunk extensors play a particularly critical role
in both locomotion and postural control. Dysfunction in these muscles not only impairs
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motor capacity but also significantly impacts quality of life, with profound physical and
psychological implications [8-10].

Motor function impairment, characterized by reduced strength and muscle perfor-
mance, can substantially limit autonomy in activities of daily living [11-14]. As such, the
accurate assessment of trunk extensor strength becomes vital across various populations,
including older adults [15,16], individuals with LBP [14,17], and healthy subjects [18,19], as
a means of preventing further musculoskeletal dysfunctions [20,21]. Understanding key
variables such as maximal force production capacity, mean force, and steadiness during
muscle contraction is essential for effectively monitoring therapeutic responses and ensur-
ing accurate interpretation of observable functional changes [22,23]. These assessments
provide invaluable insight into the factors driving the persistence of LBP and the functional
limitations that accompany it [24,25].

Different methods have been employed to assess trunk extensor strength, though their
reliability remains variable [26-31]. The isometric handheld dynamometer (HHD) is widely
regarded as the gold standard for isometric muscle strength evaluation [14,32,33]. However,
previous studies have reported intraclass correlation coefficients (ICC) for different HHD
models ranging from 0.67 to 0.93, with considerable variability attributed to factors such as
participant posture and differing measurement protocols [14,34-36]. Despite its widespread
use, for example, the Lafayette HHD has notable limitations, including high cost, the
requirement for specialized personnel, and stringent control conditions, which can hinder
its broader clinical application [15]. Moreover, the HHD'’s inability to synchronize with
other data acquisition systems limits its utility for real-time feedback during assessments,
particularly when evaluating submaximal isometric voluntary contractions (SMVC). In
such cases, sustaining a steady force is essential for evaluating variables like steadiness.

In contrast, load cell systems offer higher sampling frequencies, which are essential for
detecting immediate variations in force output and improving the precision of strength as-
sessments. However, questions remain about the test-retest reliability of these methods, as
results may be influenced by factors like subject posture during evaluation (prone, seated, or
standing), the type of equipment used, and the fixation methodology of the dynamometer,
which can complicate cross-study comparisons [14,34,36-38]. The lack of standardization in
measurement protocols, along with the influence of gravitational force, can also introduce
biases in the obtained values, further complicating result interpretation. Despite recent
advancements in the reliability of portable dynamometers, uncertainties remain regarding
the impact of posture and testing conditions on the assessment of maximal and submaximal
isometric strength, as well as muscle steadiness during trunk extension [14,28,32,34,35,39].

Given these challenges, the implementation of fixation structures designed to minimize
inertial effects could significantly enhance the accuracy and reliability of measurements,
addressing a critical gap in current strength assessment practices. Therefore, the aim
of the present study is to evaluate the reliability and precision of a dynamometer sys-
tem in measuring both maximal and submaximal isometric strength, as well as muscle
steadiness, during trunk extension. Our hypothesis is that the implementation of these
fixation structures will demonstrate high reliability in the measurements of maximal vol-
untary isometrical contraction (MVC) and SMVC, as well as muscle steadiness during
trunk extension.

2. Materials and Methods
2.1. Force Measurement System

A single-point load cell (Figure 1A) with a maximum reading capacity of 1000 N was
used, measuring trunk extension force along a single axis aligned with the direction of
movement. Its signal was amplified using an AD620 amplifier and transmitted to the analog
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input of the Delsys system (Delsys, Natick, MA, USA), enabling real-time data visualization
and recording at a sampling frequency of 2000 Hz. The load cell was encapsulated within
a 3D-printed structure (Figure 1A) and secured with a screw to ensure unidirectional
force transmission. The system operated through a probe with a metal rod that efficiently
conveyed the applied force to the load cell. After encapsulation, the load cell was fixed
within a rigid structure (Figure 1B), designed to ensure proper participant positioning

within the force measurement system, providing stability during the test.

Figure 1. (A) Load cell encapsulation—detailed and expanded model of the assembly and encapsula-
tion of the load cell in a cross-section; (B) final assembled structure—dynamometer fixed in the metal
structure, present in a cushion table.

2.2. Calibration

The calibration of the described dynamometer was conducted using a universal testing
machine for compression, INSTRON® model 4507 (Instron, Norwood, MA, USA), yielding
a calibration equation (volts-newtons) and ensuring compliance with the ASTM E8/E8M-09
(2010) standard [40].

During the calibration procedure, the INSTRON® system was programmed to apply a
gradually increasing load up to 1000 N, maintain it for a brief period, and then systemati-
cally release it. A total of 14 calibration trials were performed: five in the 0-100 N range
with 20 N increments and nine in the 100-1000 N range with 100 N increments. Each trial
was repeated ten times to establish a robust correlation between the voltage readings and
the applied mechanical load.

2.3. Reliability of Experimental Procedures

The study involved two laboratory visits, separated by a seven-day interval. All
procedures were conducted in accordance with the guidelines of the Declaration of Helsinki,
and all participants provided written informed consent before enrollment. During the first
visit, anthropometric measurements, including height with a Seca 213 portable stadiometer
(Seca GmbH & Co. KG, Hamburg, Germany) and body mass using a bioimpedance
system (InBody 230, InBody Co., Ltd., Seoul, Republic of Korea), were obtained following
manufacturers guidelines. Subsequently, participants underwent a familiarization session,
followed by the evaluation protocol. The evaluation consisted of a MVC assessment,
followed by an SMVC for further familiarization and data collection.

The second visit replicated the procedures performed during the first session to ensure
consistency and reliability of the measurements, as shown in Figure 2. All participants
underwent a structured familiarization process before testing. The assessments were carried



Appl. Sci. 2025, 15, 4081

40f13

out by a physiotherapist with expertise in the field. The study was approved by the Ethics
Committee of the Faculty of Sport, University of Porto (CEFADE 28-2023).

Day 1 Day 2
Test Re-test

Informed
Consent Form

[

Anthropometric 3 -
measurements E
Familiarization ‘ . -
maximal  submaximal 7 Days
Evaluation ‘ . ‘ .
maximal  submaximal maximal  submaximal

Figure 2. Experimental procedures. The figure illustrates the test and retest protocol in two steps
separated by an interval of 7 days. On the first day (test), participants complete an informed consent
form, undergo anthropometric measurements, and perform a familiarization and assessment phase
with maximal and submaximal strength exercises. On the second day (retest), only the evaluation of
the same exercises takes place to compare the results with the first test.

2.4. Sample

The study sample comprised 28 healthy volunteers (9 females, 19 males) with a mean
age of 29.50 & 6.50 years. Their anthropometric characteristics included a mean height of
171.13 £ 7.47 cm, body mass of 74.93 + 11.44 kg, and body fat percentage of 23.06 & 8.01%
(normal). Inclusion criteria required healthy individuals aged 18 to 40 years with no history
of musculoskeletal disorders or recurrent pain in the past six months. Participants were also
required to abstain from anti-inflammatory drugs or analgesics in the 24 h prior to testing.
Exclusion criteria encompassed a history of lumbar injury or surgery, chronic conditions
such as disk degeneration, lumbar osteoarthritis, herniated disk, ankylosing spondylitis,
or any other pathology affecting muscle function, as well as pregnancy. All participants
were regular physical activity practitioners, ensuring a homogeneous and clinically healthy
sample, which minimized confounding factors in the study outcomes.

2.5. Familiarization and Evaluation

The load cell was positioned between the medial border of the scapulae, at the level
of the T7 vertebra, to ensure consistent and accurate measurements. The vertical post for
the load cell was adjustable in height and along the vertical axis of the body, allowing for
compensation of height differences between participants. Additionally, the wedge was
positioned four fingers above the anterior superior iliac spine to ensure proper alignment
and consistency across trials.

2.5.1. Participant Setup and Position

The volunteer was instructed to perform the spine extension, starting at a 20° exten-
sion angle, as shown in Figure 3B. This posture was necessary for executing the trunk
extension task correctly. The trapezoidal reference signal presented on the screen in



Appl. Sci. 2025, 15, 4081

50f13

Figure 3C was used to guide the submaximal voluntary contractions (SMVC) during the

experimental procedures.

Figure 3. Experimental setup: (A) initial position of the volunteer in 20°, (B) volunteer performing
trunk extension, and (C) screen display of the trapezoidal model using Delsys® EMG Works 4.8.0
software (Delsys, Natick, MA, USA).

2.5.2. Familiarization Protocol

During the familiarization phase, participants were instructed to perform five repeti-
tions of trunk extension, maintaining a maximum voluntary contraction (MVC) for five
seconds. After a one-minute rest period, three additional repetitions of a submaximal
voluntary contraction (SMVC) were conducted, with a 30 s rest between them [28]. The
SMVCs were guided by visual feedback from the trapezoidal reference signal, displayed on
a monitor using Delsys® EMG Works 4.8.0 software (Delsys, Natick, MA, USA), which sam-
pled data at 2000 Hz to accurately detect force variations, especially for assessing steadiness
during submaximal contractions. The trapezoidal signal involved a progressive increase in
force from zero to the target value over five seconds, followed by a sustained phase at 20%
of the MVC for 20 s, and a gradual reduction to zero over the final five seconds [41].

2.5.3. Evaluation Protocol

Following the familiarization process and a one-minute rest, a repetition of the MVC
test was performed. From this maximum peak force value, 20% was calculated to execute
the SMVC, in accordance with the procedures established during the familiarization phase.

2.6. Data Processing

Data processing was performed using Matlab® software R2024b (The MathWorks Inc.,
Natick, MA, USA). During MVC, the peak force, considered the maximum force point
during this evaluation, was manually extracted using the Delsys system and normalized to
body mass. No additional signal processing, such as smoothing or filtering, was applied.
Likewise, submaximal force values were derived directly from the raw data without further
processing. During SMVC, the variables mean force and force steadiness were derived from
a 20 s duration. For the analysis of mean force and steadiness, the central five seconds of the
task were considered for data extraction. Mean force values were expressed as percentages
relative to the MVC peak using the following formula: [(SMVC mean/MVC peak) x 100].
Force steadiness was calculated by determining the coefficient of variation (CV) using the
formula: [(standard deviation of mean force/mean force) x 100].

2.7. Statistical Analysis

For the statistical analysis, descriptive statistics were computed for the force mea-
surements obtained in each session. The Shapiro-Wilk test was performed to assess data
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normality. For the calibration data, normality was confirmed, and Pearson’s correlation
was used to analyze the relationship between volts and newtons. Additionally, a residuals
analysis was conducted, including residuals vs. fitted values, heteroscedasticity assessment,
and Q-Q plot of residuals.

For the reliability experimental procedures, the data did not follow a normal dis-
tribution. Therefore, the non-parametric Wilcoxon signed-rank test for paired samples
was applied to evaluate significant differences between mean measurements across the
two sessions (test-retest). The standard error of measurement (SEM) was calculated to
quantify random variation using the formula: SEM = SD x 4/ (1 — r). Furthermore,
the minimal detectable change (MDC), representing the smallest change that exceeds
random variation, was determined using the formula MDC = SEM x 1.96 x /2. The
intra-class correlation coefficient (ICC model 3-K) was calculated to assess measurement
consistency across both sessions, with values ranging from 0 (no agreement) to 1 (perfect
agreement) [42]. Agreement between sessions was further examined using Bland-Altman
plots to visualize potential bias or systematic trends. Additionally, linear regression analysis
was conducted to identify trends in force measurements over the test sessions. The effect
size of the analyses was determined using Cohen’s d criteria, with thresholds defined as
small (d > 0.2), moderate (d > 0.50), and large (d > 0.80) [43]. All statistical analyses were
performed using SPSS Statistics software (IBM Corporation, Armonk, NY, USA, Version 27),
with the significance level set at o = 0.05.

3. Results

Figure 4 presents the calibration of the load cell, accompanied by residual analysis,
which demonstrated linearity with a coefficient of determination (R? = 1), and the applied
linear regression yielded a mean square error of 0.55 N and a sum of squared errors of
7.3183 x 103 N2. Furthermore, the integration of a High-Resolution Digital Extensometer
(HRDE) ensured precise strain measurements, contributing to uniform load distribution
and enhancing the overall reliability of the experimental setup. Minimal data variations
over time indicated high stability, and the near-zero mean of residuals, alongside a variance
of 0.30 N and a standard deviation of 0.55 N, suggests no significant bias in the model.

Table 1 presents the test-retest reliability results for MVC and SMVC of the
trunk extensors.

Table 1. The test-—retest reliability results for MVC and SMVC of the trunk extensors during
spinal extension.

Test/Retest Day 1 Day 2 p Cohen’s d MDC SEM ICC (95% CI) R?
Maximal voluntary contractions (MVC)
Peak force 4.07 3.88 0.81
(N-kg—1) (1.18) (1.23) 0.22 0.58 1.39 0.5 (0.62,0.91) 0.71
Submaximal voluntary contraction (SMVC)
Mean Force 1.88 2.07 0.93
(N-kg~1) (0.39) (0.34) 0.24 0.45 1.08 0.17 (0.84,0.97) 0.88
Steadiness 1.88 2.46 0.87
(%) (1.22) (1.37) 0.83 0.44 2.36 0.85 (0.78, 0.90) 0.40

Legend: Data are presented as mean (SD), Day 1-Day 2 (test/retest), p-value, minimal detectable change (MDC),
standard error of measurement (SEM), intraclass correlation coefficient (ICC model 3-K) with 95% confidence
intervals (CI), and linear regression coefficient of determination (R?).
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Figure 4. Correlation and residuals analysis: (A) correlation; (B) residuals vs. fitted values; (C) het-
eroscedasticity assessment; (D) Q-Q plot of residuals.

Figure 5 presents the Bland-Altman plots for MVC and SMVC, assessing agreement
between test and retest conditions within a 95% confidence interval. For peak force, the
results were t = 2.7, df = 29, p = 0.01, with 96.42% of samples within the limits of agreement.
For mean force, the results were t = 1.4, df = 29, p = 0.20, with 96.42% of samples within the
limits of agreement. For steadiness, the analysis reported t = —1.9, df =29, p = 0.06, with
92.85% of samples within the limits of agreement.
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Figure 5. Bland—Altman plots comparing test and retest conditions for peak force, mean force, and
steadiness during maximum voluntary contraction (MVC) and submaximal contraction. Legend:
* Multiplication between the critical value of the normal distribution (1.96) and the standard deviation
of the differences between the measurements.

4. Discussion

This study aimed to evaluate the reliability and precision of a customized dynamome-
ter in measuring both maximal and submaximal isometric strength, as well as muscle
steadiness, during trunk extension. The results demonstrated high reliability across all
maximal and submaximal tests for peak force, mean force, and force steadiness under both
test and retest conditions, thus confirming our initial hypothesis.

The calibration results validated that the single-point load cell meets research stan-
dards, ensuring that the sensor does not deform within our measurement range. This
guarantees accuracy for both current and future studies involving loads up to 1000 N. The
perfect fit of the linear regression model (R? = 1) confirms precise calibration, while the low
root mean square error (0.55 N) and sum of squared errors underscore data consistency.
These findings indicate that the dynamometer operates within an acceptable margin of
error, comparable to commercial reference devices with an accuracy of +1% [44], as well as
previous studies that have successfully employed similar devices [14,15,34,43,45,46]. Addi-
tionally, the low heteroscedasticity observed in the analysis suggests that when a constant
mass is applied, the voltage readings from the device remain stable without significant
variations, further supporting the device’s reliability. The Q-Q plot of the residuals con-
firmed that the errors are normally distributed, further validating the model’s assumptions.
Consequently, this transducer can be considered a calibrated tool for assessing isometric
trunk strength in practical and research settings.

The reliability analysis showed high agreement between sessions for maximum
strength, average strength, and force steadiness, with no significant differences between
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the two assessment days (p > 0.05), indicating consistent performance across sessions.
ICC values ranged from 0.81 to 0.93, reflecting good to excellent reliability, with SMVC
showing the highest reliability (ICC = 0.93). This suggests that lower-intensity efforts
produce more consistent results than maximal efforts. Compared to previous studies, our
results demonstrate superior reliability in maximum trunk extension strength. For example,
Moreland et al. (1997) [18] reported low reliability (ICC = 0.24), likely due to improper
dynamometer placement, while Valentin et al. (2014) [28] achieved an ICC of 0.90 with a
fixed dynamometer similar to our study. This confirms that fixing the dynamometer to a
stable structure yields reliable and consistent results, consistent with previous findings.

The values of MDC, SEM, and R? further confirm the system’s capability to detect
differences that exceed random variability in peak and mean force variables, enhancing
its sensitivity and utility in performance assessment. The reliability of the measurements,
reflected by an SEM of 0.85% for force steadiness, indicates high precision with a reduced
margin of error. However, the MDC value of 2.36% indicates some variability, suggesting
the potential influence of external factors. This can be explained by the sample composition,
which includes both men and women, whose natural differences in body composition and
force production may affect effort reproducibility, fluctuations in muscle activation, and
motor unit recruitment [32,47,48]. Bland—Altman analyses confirmed that most measure-
ments fell within the limits of agreement between test and retest, indicating acceptable
reproducibility without significant systematic bias. Nonetheless, factors such as neuromus-
cular noise, simultaneous execution of motor tasks, and variations in concentration could
affect trunk force steadiness, emphasizing the importance of comprehensive evaluations of
the system’s reliability [7,39,48,49].

In the literature, various protocols have been identified for evaluating the isometric
strength of the trunk. For instance, utilized a protocol using a handheld dynamometer to
measure maximal lumbar extensor strength at trunk flexion of 30° and prone extension at
0° [34]. This is similar to our choice of a 20° inclination, as increased gravitational force at 0°
may create a mechanical disadvantage for force production [49,50]. Our findings align with
previous research validating the use of dynamometers to assess trunk extensors. Unlike
standing positions, which may introduce support-related variations, the 20° inclination
accounts for biomechanical factors, for example, the stabilization of the pelvis, a reduction
in compensations, and postural stability, and external variables [34]. Controlled inclinations
during isometric strength evaluations have been shown to reduce gravitational effects and
muscular discomfort, thereby improving measurement accuracy [36,51]. Standardization is
particularly crucial for patients with chronic LBP, enabling safer and more precise spinal
extensor assessments [14]. Adopting a reliable position such as the 20° inclination ensures
reliable and clinically relevant outcomes, even for healthy individuals and with mobility
restrictions [17,34].

The assessment of force steadiness is fundamental to understanding motor perfor-
mance, especially in the muscles involved in postural control and affecting movement
efficiency [39,52-54]. Clinically, trunk strength and force steadiness deficits impair quality
of life. In individuals with LBP, muscle instability often contributes to persistent pain and
functional limitations [2,7,27,55]. Dynamometer-based systems provide a precise evalu-
ation of muscle force steadiness, identifying motor control deficits and supporting the
development of more effective rehabilitation strategies. Additionally, the device’s ability
to provide real-time force curve feedback can enhance neuromuscular re-education, mini-
mizing compensatory patterns that exacerbate injuries or lead to new ones [22,29,56]. The
reliability demonstrated by the developed device for trunk force steadiness assessment
has significant implications for tracking functional progress and tailoring therapeutic inter-
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ventions. It offers healthcare professionals, including physical therapists, physicians, and
sports educators, a practical and reliable tool to optimize clinical decision-making.

This study acknowledges certain limitations, including the absence of a gold-standard
device for validating variables such as steadiness across different testing protocols and
postures. Although standardized instructions and consistent verbal encouragement were
provided to minimize external influences, psychological factors like anxiety and stress
may have impacted participants’ performance [57,58]. Additionally, variations in physical
activity levels were not strictly controlled.

Future research should focus on longitudinal studies to assess the dynamometer’s
effectiveness in tracking therapeutic progress and explore its application in diverse pop-
ulations, including older adults, athletes, and individuals with specific musculoskeletal
conditions, while validating its performance against reference methods. Additionally,
studies could investigate the feasibility of using more portable and user-friendly versions
of the dynamometer in clinical and field settings, ensuring that it can be easily incorporated
into routine practice without compromising data accuracy. Exploring the impact of various
environmental and participant factors on the device’s performance would also be critical to
enhance its applicability in different real-world contexts.

5. Conclusions

This study demonstrates the precision and reliability of using dynamometry to as-
sess trunk extension strength during both MVC and SMVC. Calibration results validate
the device’s accuracy, showing high comparability to reference commercial equipment.
Test-retest analysis confirms excellent reliability for both maximal and submaximal ef-
forts across different days. Furthermore, the findings support the viability of evaluating
muscular force steadiness using a dynamometer-based system. The standardization of
the protocol minimizes gravitational effects and muscular discomfort, thereby enhancing
measurement precision. These results endorse the developed dynamometer as a valuable
tool for functional assessment and the development of personalized rehabilitation and
training strategies.
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