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Abstract

Background: Neuromodulation encompasses a range of methods aimed at selectively
modifying nervous system function to enhance motor and neurophysiological processes.
Although neuromodulation suits have shown benefits in clinical populations, their applica-
tion in sports remains unexplored. Therefore, the aim of this case study was to examine
the acute effects of a neuromodulation suit on the contractile properties of the rectus
femoris muscle in an elite football player. Methods: The subject was an 18.8-year-old
male professional football player. After conducting an anthropometric evaluation, initial
tensiomyography (TMG) was carried out to evaluate the contractile properties of the rectus
femoris, such as delay time (Td), contraction time (Tc), sustain time (Ts), relaxation time
(Tr), and maximum radial displacement (Dm), in both legs. The athlete then donned a
neuromodulation suit set to 20 Hz for a duration of 60 min. Following this, the same
TMG measurements were repeated to assess post-intervention changes. Results: The right
leg showed a reduction in Tc from 33.33 to 31.93 milliseconds (ms); Dm increased from
6.61 to 11.17 millimeters (mm). Conversely, the left rectus femoris exhibited prolonged
Tc from 26.84 to 29.45 ms. Conclusions: A single 60 min session of neuromodulation suit
application produced acute changes in muscle contractile properties. Findings suggest a
potential positive effect on rapid force production and reduced muscle stiffness, alongside
notable inter-limb variability.

Keywords: neuromodulation; muscle contractile properties; tensiomyography; elite athlete

1. Introduction
Neuromodulation encompasses a set of interventions that selectively modify the func-

tion of the nervous system to modulate neurophysiological processes, behavior, or the
clinical course of disease. The literature describes a wide range of approaches, including
operative procedures involving electrical stimulation of peripheral nerves, particularly
vagus nerve stimulation (VNS), as well as non-invasive methods such as transcutaneous
auricular vagus nerve stimulation (taVNS), transcutaneous nerve stimulation (TNS), and
various forms of non-invasive brain stimulation (NIBS), including transcranial magnetic
stimulation (TMS) and transcranial direct current stimulation (tDCS). Additionally, devices
designed to target specific regions of the nervous system are used to achieve analgesic, anti-
inflammatory, or other neurophysiological effects [1–3]. Neuromodulatory interventions
play an important role in the treatment of neurological disorders, which comprise a broad
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spectrum of impairments of both the central and peripheral nervous systems and can affect
motor, sensory, and cognitive functions. These conditions are associated with an increased
risk of disease progression and premature mortality, with the risk further increasing with
chronological age and being slightly more pronounced in men than in women. Given that
neurological diseases rank among the three leading groups of causes of locomotor system
impairment, often resulting in various forms of disability and considerable reductions
in quality of life, the application of neuromodulatory methods represents a relevant and
potentially effective approach within public health [4]. This is particularly significant
considering that the effects of other physical therapy modalities, even when combined
with pharmacotherapy, which remains the cornerstone of treatment for severe neurological
conditions such as cerebral palsy, especially for reducing spasticity, show certain limita-
tions. The effectiveness of targeted pharmacological agents often diminishes over time
due to their limited duration of action, and long-term use may lead to the development
of pharmacological tolerance. Surgical procedures directed at soft tissue structures (mus-
cles, tendons, ligaments) or selective partial neurectomy of nerves affected by spasm also
present inherent limitations, as their effects are often reversible, recovery can be prolonged,
and postoperative pain may be considerable [5]. Non-invasive neurostimulation methods,
including taVNS, TNS, and tDCS, although exhibiting therapeutic potential for modulating
specific neural networks, are characterized by notable methodological constraints. These
techniques generally exert highly localized effects, targeting only a single anatomical re-
gion or functional system at a time. Consequently, the spatial specificity and restricted
range of the stimulation field limit their effectiveness in clinical conditions that require
simultaneous, coordinated, multisystemic, and reciprocally inhibitory neuromodulation.
This limitation is particularly evident in disorders involving diffuse spasticity, generalized
hypertonicity, or widely distributed motor deficits, in which therapeutic benefit would
require the concurrent modulation of multiple neuromuscular units or several cortical and
subcortical regions. Thus, the applicability of these non-invasive procedures is reduced in
complex neurological conditions, where functional dysfunction arises from disturbances in
integrated motor networks rather than isolated neural units [6]. An alternative and more in-
novative approach to overcoming these therapeutic limitations is the use of a non-invasive
neuromodulatory electrostimulation suit. The foundation of this therapeutic concept lies
in the mechanism of reciprocal inhibition, whereby increased sensory afferent signaling
from an activated muscle induces inhibition of its antagonist. Targeted excitation of the
antagonist relative to the spastic muscle group reduces reflex-induced hyperactivity in
the spastic muscle while simultaneously contributing to the functional strengthening of
the often weakened antagonist. This approach aims to restore intermuscular balance and
enhance neuromuscular coordination. The neuromodulation suit can be conceptualized as
an advanced integrated platform, either non-invasive or potentially implantable, that com-
bines neural interfaces, biocompatible materials, and multiple neuromodulatory modalities
to exert precise influence on neural networks and associated physiological functions. Such
a system enables simultaneous activation of multiple peripheral neural structures as well as
flexible adjustment of stimulation parameters, making it suitable for therapeutic strategies
requiring multisite or coordinated neuromuscular modulation [7–10]. Although an increas-
ing body of evidence supports the effectiveness of neuromodulation suits in improving
motor control and functional outcomes in various patient groups with severe neurological
impairments, research examining the use of this technology outside medical settings and
beyond strictly controlled clinical environments remains notably limited [11–13]. To the
best of our knowledge, no experimental studies have investigated the application of a
neuromodulation suit in athletic populations. This gap in the literature is particularly
relevant given the essential role of maintaining optimal muscle tone in athletes and the

https://doi.org/10.3390/app16031155

https://doi.org/10.3390/app16031155


Appl. Sci. 2026, 16, 1155 3 of 10

potential benefits of targeted stimulation in facilitating faster and more efficient neuromus-
cular recruitment. Such modulation may enhance motor skills, improve coordination and
agility, support adaptation to various training loads, reduce injury risks, and ultimately
improve athletic performance. Among the available techniques, tensiomyography (TMG)
provides a precise, quantitative assessment of muscle tone and the mechanical properties
of skeletal muscles. It is a non-invasive technique frequently employed to evaluate the
contractile characteristics of skeletal muscles by observing the radial displacement of the
muscle belly after a controlled electrical stimulus. Its use has grown in sports science and
clinical research due to its portability, user friendliness, and ability to facilitate repeated
measurements without the need for voluntary muscle contraction. Regarding reliability,
numerous systematic reviews and experimental studies indicate that TMG parameters
show good to excellent test-retest and inter-rater reliability in both healthy and athletic
populations. Specifically, the relative reliability, assessed through intraclass correlation
coefficients (ICCs) for essential parameters like contraction time (Tc), delay time (Td), and
maximal radial displacement (Dm), has been shown to range from moderate to high (e.g.,
ICC from 0.70 to 0.99), affirming the consistency of these measurements when standardized
protocols are followed [14,15].

Considering the multidimensional demands of modern sports, examining the effec-
tiveness of neuromodulatory methods in this population represents a particularly relevant
and innovative area of application. Therefore, the primary aim of this case study was to
examine the effects of applying a neuromodulation suit on the contractile properties of the
muscles in an elite athlete.

2. Materials and Methods
The participant included in this study was a professional male football player, 18 years

and 8 months of chronological age, with 12 years included in structured football training.
His dominant leg is the right leg, and he has no history of major lower limb injuries that
could affect muscle contractile properties. Currently competing for the senior team of
Football Club Osijek, a member of the Croatian First SuperSport League, and a player of
the Croatian U19 national team. Within his team structure, the participant played as a
central forward. At the time of the experimental procedure, the participant did not report
any health complaints and was in good general health. Prior to the initiation of the study
and the experimental protocol, the participant was fully informed of all potential risks and
benefits of participation and provided written informed consent.

Experimental Protocol

The experimental protocol was conducted in the official facilities of the club, in the
Department of Physical Medicine and Rehabilitation, under the supervision of a physio-
therapist in the following sequence: First, basic anthropometric measurements of body
height were obtained using an SECA stadiometer. Subsequently, body mass was assessed
using TANITA BC—418MA body composition analyzer, and the relative proportions of
muscle and fat tissue were calculated and expressed as percentages. After completing the
anthropometric assessment, the contractile properties of the rectus femoris muscles of both
legs were evaluated using a TMG device. Measurements were performed as previously and
thoroughly described in official protocol [16] using a digital displacement transducer (GK
40, Panoptik d.o.o., Ljubljana, Slovenia) featuring a spring stiffness of 0.17 N/mm. The sen-
sor was positioned perpendicular to the muscle belly and applied with an initial pressure of
1.5 × 10−2 N/mm2. It was placed at the thickest point of the muscle, determined visually
and through palpation during a voluntary contraction. Muscle stimulation was delivered
via two electrodes (Axelgaard, Pulse, Fallbrook, CA, USA), positioned 2–5 cm apart and
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connected to an electrostimulator (TMG-S1, Furlan and Co., Ltd., Ljubljana, Slovenia).
The participant was positioned in a supine posture following a predefined protocol. In
order to reduce measurement error and obtain the most accurate results, rest periods of
approximately 20 s were allowed between consecutive TMG measurements to minimize
the effects of fatigue and post-activation potentiation. To minimize measurement error and
ensure reproducibility, the exact sensor placement on the muscle belly was marked using a
dermographic pen, allowing consistent positioning across repeated measurements. This
approach reduced variability related to sensor relocation and contributed to the reliability
of the recorded TMG parameters. Stimulation protocol started at an initial frequency of
20 Hz, which was subsequently increased by 10 Hz in each measurement until a plateau
in contractile response was observed. A stimulation frequency of 50 Hz was identified as
optimal, as further increases did not result in additional increases in radial displacement of
the muscle belly. The following muscle contractile parameters relevant to the study were
evaluated: Tc, Td, Ts, Tr, all expressed in milliseconds (ms), as well as muscle displacement
amplitude (Dm), expressed in millimeters (mm). Following the initial TMG assessment,
the participant was fitted with an Exopulse Mollii neuromodulation suit (Inerventions AB,
Danderyd, Sweden) that had been pre-programmed by a certified institution Ottobock
Adria Sarajevo. Neuromodulation suit was configured to target all major muscle groups of
the lower extremities bilaterally. Specifically, stimulation was applied to the anterior muscle
groups (including the quadriceps femoris and tibialis anterior) and posterior muscle groups
(including the hamstrings, gluteal muscles, and triceps surae) of both legs. Low-intensity
electrical stimulation (pulse width 25–175 µs) was applied to target specific muscle groups
at different frequencies: 20 Hz for the quadriceps, 16 Hz for the tibialis anterior, 18 Hz
for the gluteal region, 16 Hz for the hamstrings, and 14 Hz for the triceps surae. These
stimulation frequencies below 20 Hz are commonly used to achieve motor modulation and
reduce spasticity, as repetitive stimulation sequences can induce facilitation and functional
reorganization of sensorimotor pathways. Moreover, they provide a favorable balance
between efficacy and tolerability, which is why such frequencies are frequently employed
as initial or reference values in pilot studies and review articles investigating external neuro-
modulation for motor related outcomes. [10]. By applying a lower intensity impulse to the
posterior thigh muscles compared to the anterior muscles, we aimed to elicit an excitatory
effect in the quadriceps muscles. During the neuromodulation procedure, the participant
remained resting in a supine position for 60 min. The choice of a 60 min session for the
neuromodulation suit application was informed by existing experimental protocols found
in the literature. These protocols often utilize a single 60 min session of Exopulse Mollii
stimulation to investigate its immediate effects on neuromuscular function and spasticity.
For instance, earlier research that examined 60 min of Exopulse Mollii stimulation used
this timeframe to evaluate both objective neuromuscular and clinical outcomes [10].

Upon completion of the 60 min session, the suit was removed, and the same mus-
cle contractile properties were assessed using the TMG device, following the identical
procedure and protocol as in the initial measurement.

3. Results
Table 1 summarizes the participant’s basic anthropometric measurements, including

age, sex, body height and mass, and relative proportions of muscle and fat.

Table 1. Basic Anthropometric Measurements of the Participant.

Gender Age BH (cm) BW (kg) MM (%) BF (%)

Male 18.8 187.00 77.90 50.90 9.40
Legend: BH—body height; BW—body weight; MM—muscle mass; BF—body fat.
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Figures 1 and 2 present the tensiomyographic parameters of the rectus femoris muscle
before (a) and after (b) a 60 min session using the Exopulse Mollii neuromodulation suit. In
Figure 1, the right rectus femoris shows a decrease in Tc from 33.33 ms to 31.93 ms. The
Tr increased from 57.04 ms to 79.88 ms, while the Td slightly dropped from 22.76 ms to
22.53 ms. The Ts rose from 102.28 ms to 118.26 ms, and the Dm increased from 9.13 mm to
9.77 mm. In Figure 2, the left rectus femoris experienced an increase in Tc from 26.84 ms to
29.45 ms. The Tr went up from 67.73 ms to 102.08 ms, and the Td decreased from 24.88 ms
to 23.25 ms. The Ts increased from 111.65 ms to 136.88 ms, and the Dm rose from 6.61 mm
to 11.17 mm. Overall, the neuromodulation session led to distinct, limb-specific changes in
the main TMG parameters (Tc, Td, Tr, Ts, and Dm) from pre- to post-session, as shown in
Figures 1 and 2. Subsequent figures present the TMG parameter results of the rectus femoris
muscle before and after the application of the Exopulse Mollii neuromodulation suit.

  
(a) (b) 

Figure 1. TMG parameters for the right rectus femoris muscle. Graph (a) represents the muscle
contractile parameters before application of Exopulse Mollii suit. Graph (b) represents the muscle
contractile parameters after application of Exopulse Mollii suit. Legend: Y-axis units represent percent
change relative to the reference value provided in the table, Tc—contraction time (ms), Tr—relaxation
time (ms), Td—delay time (ms), Ts—sustain time (ms), Dm—maximal displacement (mm), Ref—
indicates the reference value for football players. Each dot represents the relative change for the
corresponding parameter compared to the reference.

 
(a) (b) 

Figure 2. TMG parameters for the left rectus femoris muscle. Graph (a) represents the muscle
contractile parameters before application of Exopulse Mollii suit. Graph (b) represents the muscle
contractile parameters after application of Exopulse Mollii suit. Legend: Y-axis units represent percent
change relative to the reference value provided in the table, Tc—contraction time (ms), Tr—relaxation
time (ms), Td—delay time (ms), Ts—sustain time (ms), Dm—maximal displacement (mm), Ref—
indicates the reference value for football players. Each dot represents the relative change for the
corresponding parameter compared to the reference.
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4. Discussion
The results of this case study indicate several relevant findings. The participant was

male, 18 years and 8 months old, placing him in late adolescence, a stage in which anthropo-
metric parameters are generally stabilized and body composition closely resembles that of
adult elite athletes. His stature of 187 cm and body mass of 77.9 kg reflect a morphological
profile typical for professional central forwards height combined with a relatively low
body mass for stature contributes to agility, speed, and explosive performance. A muscle
mass percentage of 50.9% is markedly high and consistent with values reported in elite
football players, indicating a high level of training and optimal muscular development
to meet the demands of modern football. The body fat percentage of 9.4% falls within
the ideal range for top level football players (typically 7–12%), confirming good physical
conditioning, a favorable muscle to fat ratio, and low metabolic risk [17–19]. The most
notable observation was the potential effectiveness of the neuromodulation suit in mod-
ifying muscle contractile properties. After one hour of neuromodulatory stimulation, a
reduction in the Tc of the right rectus femoris muscle was recorded (from an initial 33.33 ms
to 31.93 ms). This muscle plays a key role in the kinetic chain due to its biarticular function
and substantially contributes to knee joint stability and balance maintenance during various
movement patterns [20,21]. Additionally, the reduction in the time required to generate
muscle contraction (−1.4 ms in this case) may indicate an improved capacity for force
development, and consequently greater power and speed of movement execution [22–24].
These capabilities are essential determinants of football performance, particularly in ex-
plosive actions such as sprinting, change in direction, and jumping. Collectively, these
findings support the assumption that short-term neuromodulation can induce acute al-
terations in neuromechanical muscle properties, with potential functional implications
relevant to athletic performance. The minimal change in Td indicates that peripheral neural
conduction and excitation contraction coupling remain intact after the intervention. The
observed sustained increase in Tr and Ts suggests alterations in neural control, possibly
due to prolonged excitatory drive or modifications in inhibitory pathways that regulate
muscle relaxation and sustained activation. Since Tr and Ts are modulated by central neural
input and sensorimotor integration, these changes likely reflect central nervous system
adaptations rather than peripheral mechanical factors alone [25]. However, the results
obtained for the left leg revealed a markedly different pattern. The contractile properties of
the left rectus femoris demonstrated a prolonged Tc, increasing from 26.84 ms to 29.45 ms.
This Tc increase of 2.61 ms may be explained by several mechanisms. First, the participant
was right-foot dominant and primarily used the right leg during technical actions with the
ball. Such movement specializations can lead to pronounced biomechanical asymmetries,
which may manifest as differences in muscle mass and neuromechanical responsiveness.
This pattern is expected, as right-footed players predominantly rely on the left leg during
kicking, passing, or take-off movements. In the support phase, the left leg provides stability
and is subjected to increased force generation and higher mechanical loading. Asymmetric
loading can result in divergent motor unit recruitment patterns, potentially contributing to
prolonged contraction times and altered contraction dynamics [26,27]. Furthermore, one of
the indicators of muscle fatigue is Dm. In the initial assessment of the left rectus femoris,
a value of 6.61 mm was recorded, which was substantially below the reference value for
football players (8.01 mm). This reduced baseline Dm value indicates increased muscle
stiffness caused by fatigue, which may influence the central mechanisms of movement
control and subsequently lead to altered motor unit recruitment patterns during electrical
stimulation [27,28]. This heightened stiffness provides important context for interpreting
post-intervention changes. Specifically, the low frequency 20 Hz stimulation, reported to
have an inhibitory effect [10], may have contributed to modulating the neuromechanical
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behavior of the muscle. This is evident in the marked increase in Dm of the right rectus
femoris muscle after treatment (11.17 mm), which indicates reduced muscle stiffness and
enhanced muscle relaxation [28]. A decrease in Td from 24.88 ms to 23.25 ms, coupled with
a 9.7% increase in Tc, may reflect an adaptation in motor unit recruitment. Specifically, the
central nervous system initiates activation more rapidly (shorter Td), while the contraction
develops more gradually (longer Tc), potentially facilitating controlled and sustained force
production rather than rapid, explosive output. The marked increases in Tr from 67.73 ms
to 102.08 ms, and Ts from 111.65 ms to 136.88 ms, suggest prolonged muscle activation
and delayed relaxation, which could indicate enhanced excitatory drive and a possible
reduction in presynaptic inhibition at the spinal level [29]. Importantly, these patterns are
likely indicative of an adaptive neurophysiological approach rather than a deficiency: the
central nervous system might extend activation in the left limb to preserve stability and
enhance proprioceptive feedback, especially if the limb is less dominant or more prone to
disturbances. For instance, in a soccer context, when a player lands on the nondominant
leg following a lateral pass, the muscle might sustain increased tone for a longer duration
to improve postural control and avert ankle or knee instability, even if the contraction
occurs more gradually. These asymmetric adaptations highlight the Mollii suit’s impact on
the central excitatory inhibitory balance and sensorimotor integration, emphasizing that
the observed extension of Tr and Ts is functionally significant and neurophysiologically
driven [25,30]. Also, the asymmetric adaptations observed in the left limb may reflect
central neurophysiological modulation rather than peripheral deficit, where the central
nervous system adjusts excitatory–inhibitory balance to support postural control and motor
output. Similar principles have been described in studies of non-invasive neuromodulation
of spinal circuitry, where targeted electrical stimulation alters spinal network excitability
and motor output patterns. For example, Gerasimenko and colleagues demonstrated that
transcutaneous electrical spinal cord stimulation (tSCS) can modulate spinal locomotor
circuits and facilitate coordinated stepping movements in both non injured and spinal
cord injured human subjects, suggesting engagement of propriospinal and sensorimotor
pathways rather than simple muscle activation alone [31].

Study Limitations

This study has several inherent limitations that should be considered when interpret-
ing the results. First, as a single-subject case study, the findings cannot be generalized
to larger populations, and individual variability may influence the observed neuromus-
cular responses. Second, the absence of a control group limits the ability to determine
whether the changes in TMG parameters are solely attributable to the Mollii suit inter-
vention or may reflect natural variability, learning effects, or other external factors. Third,
measurements were performed only before and after the intervention, without multiple
time points or longitudinal follow-up, which restricts understanding of temporal stability
or potential long-term adaptations. Finally, while TMG provides valuable insights into
neuromuscular function, it does not directly measure central nervous system activity or pro-
prioceptive integration, and thus interpretations regarding neurophysiological mechanisms
remain indirect.

Despite these limitations, the case study provides detailed insights into limb-specific
neuromuscular adaptations to a neuromodulatory intervention, highlighting areas for
future research with larger samples and controlled designs.

5. Conclusions
This case study demonstrates that short-term, 60 min application of the Exopulse

Mollii suit can induce acute, limb-specific neuromuscular adaptations in an elite adolescent
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football player. Changes in tensiomyography parameters indicate that the intervention
can modulate both muscle mechanical properties and central neural control mechanisms.
Specifically, the right limb showed faster contraction and reduced muscle stiffness, reflect-
ing enhanced neuromuscular efficiency, while the left limb exhibited prolonged contraction
and relaxation dynamics, likely representing an adaptive neurophysiological strategy to
support stability and proprioceptive integration. These findings suggest that the potential
of non-invasive neuromodulatory interventions, such as the Mollii suit, may influence
motor unit recruitment, excitatory–inhibitory balance, and postural control, with potential
implications for athletic performance in explosive and stability-demanding actions. How-
ever, as a single-subject pilot study without a control group, these results are preliminary
and should be interpreted with caution. Further research with larger samples, objective
assessments of limb dominance and strength asymmetry, and longitudinal follow up is
necessary to confirm these effects and determine their functional relevance in sport and
rehabilitation contexts.
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