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Abstract 

 

Peripheral feedback is of paramount importance not only for sensory 

perception but also for the neural control of voluntary movements. Cutaneous 

afferents are responsible for a wide range of touch sensation and have a crucial 

role in modulating motor behavior. An exciting effect induced by the stimulation of 

mechanoreceptors at the skin is the improvement of sensorimotor performance. 

The beneficial effect of vibrotactile stimulation is attributed to the occurrence of 

stochastic resonance in the nervous system. The central hypothesis is that a 

specific intensity of vibrotactile stimulus would increase the afferent inflow, 

thereby improving the sensorimotor integration in the central nervous system. In 

this work, we aim at evaluating the effects of a sinusoidal vibrotactile stimulation 

on the neurophysiological control of muscle force. We first explored the effects of 

sinusoidal vibrotactile stimulation on force steadiness during isometric visuomotor 

tasks. We further evaluated the influence of contraction intensity and handedness 

on the motor improvement caused by vibrotactile stimulation. Finally, we 

evaluated the firing properties of a population of motor units recorded during a 

motor-enhanced task. At the end of this material, we will provide novel 

interpretations on the neurophysiological mechanisms behind the influence of 

cutaneous sensory inputs on muscle force control. 

Keywords: motor control; sensorimotor system; motor units; cutaneous 

mechanoreceptors. 

  



Resumo 

 

A realimentação das vias sensoriais periféricas é de suma importância, não 

apenas para a percepção sensorial, mas também para o controle neural dos 

movimentos voluntários. As aferentes cutâneas são responsáveis por uma ampla 

gama de sensações de toque e têm um papel crucial na modulação do 

comportamento motor. Um interessante efeito induzido pela estimulação dos 

mecanorreceptores cutâneos é a melhora do desempenho sensório-motor. O efeito 

benéfico da estimulação vibrotátil é atribuído à ocorrência de ressonância 

estocástica no sistema nervoso. A hipótese principal é que uma intensidade 

específica do estímulo vibrotátil aumentaria o influxo das aferentes, melhorando 

assim a integração sensório-motora no sistema nervoso central. Neste trabalho, 

pretendemos avaliar os efeitos de uma estimulação vibrotátil senoidal no controle 

neurofisiológico da força muscular. Primeiramente, exploramos os efeitos da 

estimulação vibrotátil senoidal na variabilidade da força muscular durante tarefas 

visuomotoras isométricas. Ademais, avaliamos a influência da intensidade de 

contração e lateralidade na melhora motora causada pela estimulação vibrotátil. 

Por fim, avaliamos as propriedades de disparos de uma população de unidades 

motoras registradas durante uma tarefa motora aprimorada pela estimulação 

vibrotátil. No final deste material, forneceremos novas interpretações dos 

mecanismos neurofisiológicos por trás da influência das aferentes sensoriais 

cutâneas no controle da força muscular. 

Palavras-chave: controle motor; sistema sensório-motor; unidades motoras; 

mecanorreceptores cutâneos. 
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Introduction 

 

he central nervous system (CNS) is a complex network with billions of 

neurons interconnected through synapses. The key neural element of 

motor control is the alpha motor neuron (MN) that is located in the ventral 

horn of the spinal cord and the brainstem (HECKMAN; ENOKA, 2012). The 

MN pool (i.e., a collection of MNs innervating a given muscle) integrates not 

only information from the descending tracts from supraspinal structures (e.g., 

brain, brainstem) (LEMON, 2008), but also from sensory afferents, such as 

cutaneous mechanoreceptors and proprioceptive receptors from muscles and 

joints (PROSKE; ALLEN, 2019; PROSKE; GANDEVIA, 2012). 

Stimulation applied to mechanoreceptors of the skin is transduced 

into spike trains traveling through the sensory axons to the CNS (see Figure 

1 for a putative representation of the connections between cutaneous 

afferents and the neuronal circuits in the CNS) (BENSMAÏA et al., 2005; 

SATO, 1961). This afferent information ascends to supraspinal circuits (e.g., 

brainstem, thalamus, cerebellum, and sensorimotor cortex), which are 

responsible for sensory perception and motor control (KANDEL et al., 2013). 

Afferent inputs from cutaneous mechanoreceptors are also integrated into the 

spinal cord circuitry. 

In the spinal cord, cutaneous afferents establish oligosynaptic 

connections with MNs through spinal interneurons (INs) (PIERROT-

DESEILLIGNY; BURKE, 2012). However, there is a differential influence of 

cutaneous inputs depending on the type of MNs, so that high-threshold 

T 
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(large) MNs are excited while low-threshold (small) MNs are inhibited by the 

activity of cutaneous afferents (A sensory afferents) (DATTA; STEPHENS, 

1981; GARNETT; STEPHENS, 1980, 1981). Cutaneous inputs can also 

decrease the presynaptic inhibition of primary afferents from muscle spindles, 

thereby influencing the excitability of MNs (AIMONETTI et al., 2000; 

NAKASHIMA et al., 1990). Moreover, there are shreds of evidence of both 

long-latency inhibition (CHANDRAN et al., 1988) and long-latency excitation 

(PIERROT-DESEILLIGNY; BURKE, 2012) of MNs  through a transcortical 

feedback loop. Therefore, it is evident that the activation of cutaneous 

afferents can largely influence the MN activity and consequently, the motor 

behavior. 

 

Figure 1. Schematic diagram illustrating the putative connections between cutaneous afferents 
and neuronal circuits in the central nervous system (CNS). Aβ cutaneous afferents from the 
index finger project to alpha motor neurons (MNs) innervating the first dorsal interosseous 
(FDI) muscle through oligosynaptic pathways encompassing spinal and supraspinal 

interneurons (INs), along with cortical motor neurons. Cutaneous inputs can also influence the 
activity of primary afferent depolarization (PAD) INs, which are responsible for the presynaptic 
inhibition of Ia afferents from muscle spindles. Adapted from Pierrot-Deseilligny and Burke 
(2012). 
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In the last decades, several studies have been exploring the exciting 

phenomenon of motor improvement caused by either electrical or mechanical 

stimulation of cutaneous mechanoreceptors of the glabrous skin. The 

experimental findings of some reported studies range from improvements in 

postural control (DE NUNZIO et al., 2018; MAGALHAES; KOHN, 2011; 

PRIPLATA et al., 2002, 2003) and force control (GERMER et al., 2019b; 

MENDEZ-BALBUENA et al., 2012; TRENADO et al., 2014a, 2014c)  to the 

reduction of pathological tremor (TRENADO et al., 2014b). The studies 

mentioned above hypothesized the occurrence of stochastic resonance 

phenomenon in the sensorimotor system. They observed that a specific 

stimulation intensity improved sensorimotor performance by increasing the 

sensitivity of the mechanoreceptors or the sensorimotor integration within 

the CNS. Stochastic resonance is a counterintuitive phenomenon in which the 

addition of noise (with a specific intensity) to a nonlinear system may improve 

the transmission or detection of a weak input signal (MCDONNELL; WARD, 

2011; MOSS, 2004). Roughly, one can characterize the integration of 

synaptic inputs by a MN pool as a nonlinear system that would improve the 

transmission of a common input signal by the addition of a “noisy” input 

(cutaneous afferents). 

Albeit the motor improvement caused by cutaneous stimulation has 

been described in several experimental conditions (KURITA et al., 2013, 

2016; MAGALHAES; KOHN, 2011; MANJARREZ et al., 2003; MENDEZ-

BALBUENA et al., 2012; TRENADO et al., 2014b), few studies (KOUZAKI et 

al., 2012; MANJARREZ et al., 2002; TRENADO et al., 2014a, 2014c) devised 

methods to investigate the neurophysiological basis of this phenomenon in 
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the intact motor system. We believe that by using different paradigms to 

investigate the neural pathways that cutaneous afferents establish with the 

CNS (Figure 1), we could improve our knowledge about the mechanisms 

underlying the motor enhancement caused by sensory stimulation. For 

instance, Trenado et al. (2014c) observed that the beta-band corticomuscular 

coherence (a measure of coupling between cortical circuits and the MN pool) 

increased during the application of a Gaussian vibrotactile stimulation while 

the participants performed an index finger sensorimotor task. Also, they 

showed an increased beta-band power of the electroencephalogram 

measured over the sensorimotor area, which is similar to the findings of 

Manjarrez et al. (2002). In another study, Trenado et al. (2014a)  applied 

Gaussian vibratory stimuli filtered in different frequency bands to infer on 

which mechanoreceptor mostly influenced the enhanced sensorimotor 

control. They observed that the steady-state fluctuations of finger position 

(while the participant applied a low-intensity force against a mechanical 

apparatus) were largely reduced when high-frequency vibration (both 

narrowband and broadband) was applied, suggesting that the Pacinian 

corpuscle is the major contributor to the motor enhancement. The Pacinian 

corpuscles are fast adapting receptors that respond to the intensity and 

frequency of the vibration stimulus applied to the skin (BOLANOWSKI; 

ZWISLOCKI, 1984), with a higher sensitivity to frequencies in the range of 

80Hz to 300Hz (ABRAIRA; GINTY, 2013; SATO, 1961). 

One possible question is whether the beneficial effect of vibrotactile 

stimulation in sensorimotor control would occur if a deterministic (sinusoidal) 

vibrotactile stimulation is applied instead of a stochastic vibration. In a 
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psychophysical experiment, Iliopoulus et al. (2014) showed that sensory 

perception could be improved by using either white Gaussian electrical noise 

or a sinusoidal electrical stimulation of sensory afferents. Therefore, we can 

hypothesize that deterministic stimulation might also be used to improve 

motor performance. 

Other aspects were neglected or poorly explored in previous studies. 

For example, one can argue that the beneficial effect of vibrotactile 

stimulation in motor control can be influenced by the contraction intensity 

performed by the participant during the motor task. The increased volitional 

command from descending tracts recruits a large proportion of MNs of the 

pool (DE LUCA et al., 1982; DE LUCA; CONTESSA, 2012), and the interaction 

between the recruitment of higher threshold MNs and the cutaneous inputs 

would produce a differential effect in the motor enhancement caused by 

vibrotactile stimulation. 

Another essential characteristic of the motor system is the differential 

excitability of motor neurons associated with the control of dominant limbs 

(TAN, 1989a, 1989b). Moreover, the neural circuits of the CNS controlling 

non-dominant limbs are thought to be more specialized in the integration of 

proprioceptive feedback than those responsible for the control of non-

dominant limbs (ADAMO et al., 2012; FRIEDLI et al., 1987; HAN et al., 2013a, 

2013b; NAITO et al., 2011). These findings might explain the differences 

observed in force control of the hand’s muscles between dominant and non-

dominant sides (ADAM et al., 1998; GOBLE; BROWN, 2008; YADAV; 

SAINBURG, 2014). Therefore, lateral dominance (or handedness) might be a 
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significant issue when considering the effect of vibrotactile stimulation on 

motor control. 

Lastly, to the best of our knowledge, few studies investigated the 

discharge properties of motor units during a motor task enhanced by sensory 

stimulation. The study by Kouzaki et al. (2012) showed that the variability of 

interspike intervals (ISIs) of soleus motor units decreased during 

subthreshold electrical stimulation applied to the posterior tibial nerve in a 

low-intensity isometric contraction task. Additionally, the referred authors 

reported an unconvincing decrease of motor unit synchronization as 

estimated by the cross-correlogram between pairs of motor units. They 

argued that the decreased ISI variability and decreased motor unit 

synchronization are both responsible for the decreased force variability. 

However, the study by Kouzaki et al. (2012) is limited since they only 

recorded a small number of motor units (10), which is not representative of 

the whole population of motor units active during the task. 

Modern technologies for the recording of high-density surface 

electromyogram (HD-EMG) have been used to estimate the activity of a large 

population of motor units (CASTRONOVO et al., 2015; DE LUCA; CONTESSA, 

2012; DEL VECCHIO et al., 2018), which might be used to provide insights 

regarding the neural drive to the muscle, along with information about the 

common inputs impinging onto the MNs. Since the motor units (the MN and 

its innervating muscle fibers) are the final common pathway for motor control 

(Sherrington, 1925), it is invaluable to know how they behave during a motor 

task enhanced by vibrotactile stimulation. Therefore, this knowledge might 
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provide clues on the neurophysiological basis of the improvement in 

sensorimotor control induced by stimulation of cutaneous mechanoreceptors. 

1 Objectives 

 

The main objective of the present PhD thesis was to evaluate the 

effect of a sinusoidal vibrotactile stimulation on the neurophysiological control 

of muscle force produced by a hand muscle during isometric contractions. 

Specifically, in this work, we will address the following scientific questions:  

1) Does a sinusoidal vibrotactile stimulation improve force steadiness?  

2) Does the contraction intensity influence the improvement of force 

steadiness induced by sinusoidal vibrotactile stimulation? 

3) Does the handedness of participants influence the improvement of force 

steadiness induced by sinusoidal vibrotactile stimulation? 

4) How does sinusoidal vibrotactile stimulation influence the motor unit firing 

properties? 
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Chapter 1 
 

Sinusoidal Vibrotactile Stimulation 

Differentially Improves Force Steadiness 

Depending on Contraction Intensity1 

 

 

Abstract 

Studies have reported the benefits of sensory noise in motor performance, but it is 

not clear if this phenomenon is influenced by muscle contraction intensity. 

Additionally, most of the studies investigated the role of a stochastic noise on the 

improvement of motor control and there is no evidence that a sinusoidal vibrotactile 

stimulation could also enhance motor performance. Eleven participants performed a 

sensorimotor task while sinusoidal vibrations were applied to the finger skin. The 

effects of an optimal vibration (OV) on force steadiness were evaluated in different 

contraction intensities. We assessed the standard deviation (SD) and coefficient of 

variation (CoV) of force signals. OV significantly decreased force SD irrespective of 

contraction intensity, but the decrease in force CoV was significantly higher for low-

intensity contraction. To the best of our knowledge, our findings are the first evidence 

that sinusoidal vibrotactile stimulation can enhance force steadiness in a motor task. 

Also, the significant improvement caused by OV during low-intensity contractions is 

probably due to the higher sensitivity of the motor system to the synaptic noise. 

These results add to the current knowledge on the effects of vibrotactile stimulation 

in motor control and have potential implications for the development of wearable 

haptic devices. 

 

1This chapter is a copy of the manuscript published in the journal Medical & Biological 
Engineering & Computing (DOI: 10.1007/s11517-019-01999-8) with only aesthetical 
modifications. 
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1 Introduction 

oluntary control of human movement is influenced by the action of 

sensory feedback from muscular, cutaneous, and joint receptors. This 

proprioceptive feedback is integrated at different regions of the CNS (e.g., 

the sensorimotor cortex, brain stem, and the neuronal circuits within the 

spinal cord), which modulates the neural drive to skeletal muscles and the 

motor output (PROCHAZKA; ELLAWAY, 2012; PROSKE; GANDEVIA, 2012). 

An intriguing phenomenon that involves the proprioceptive feedback 

system is the improvement of sensorimotor control due to the application of 

an optimal stimulus to sensory receptors. For instance, stochastic vestibular 

galvanic stimulation (MULAVARA et al., 2011; SAMOUDI et al., 2015) or 

stochastic vibrotactile stimulation applied to feet (DETTMER et al., 2015; 

PRIPLATA et al., 2002, 2003, 2006) or to the fingertip (MAGALHAES; KOHN, 

2011) improved balance control in healthy and diseased subjects. Besides, 

the application of either stochastic vibrotactile or electrotactile stimuli 

enhanced tactile sensation (COLLINS et al., 1996; LAKSHMINARAYANAN et 

al., 2015) and sensorimotor performance (MANJARREZ et al., 2002, 2003; 

MENDEZ-BALBUENA et al., 2012; TOLEDO et al., 2017). More recently, 

Trenado et al. (2014b) showed that a stochastic vibrotactile stimulation could 

improve force control in patients with essential tremor. Additionally, in 

another study by Trenado et al. (2014a), the effects of broadband and 

narrowband stochastic vibration were evaluated during the performance of a 

force-matching task at low-intensity contractions (<10%MVC). 

V 
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The results of the papers described above are attributed to the 

occurrence of stochastic resonance in the nervous system (MCDONNELL; 

WARD, 2011; MOSS, 2004). From a theoretical standpoint, the stochastic 

resonance phenomenon consists of an improvement in the transmission 

and/or detection capacity of a nonlinear system when a stochastic noise is 

applied to its input (MCDONNELL; ABBOTT, 2009). However, in the study by 

Durand et al. (2013), a computational neuron model was used to show that 

the detection of a stochastic signal can be improved by the application of a 

sinusoidal (deterministic) signal at the input of the system, in a phenomenon 

referred to as the reverse stochastic resonance. Recently, a psychophysical 

experiment by Iliopoulus et al. (2014) showed that sinusoidal electrotactile 

stimuli could also be used to enhance tactile sensation. The latter results raise 

the question of whether a sinusoidal vibrotactile stimulation would be used to 

improve motor performance similarly to stochastic vibration. Based on the 

results by Trenado et al. (2014a), that showed an improvement in force 

control when a narrowband (250-300Hz) stochastic noise was applied to the 

fingertip, we hypothesize that sinusoidal vibrotactile stimulation with a 

frequency within the sensitivity range of cutaneous mechanoreceptors 

(mostly the Pacinian corpuscles) would improve force control during isometric 

contractions of a hand’s muscle. 

Another factor that influences the motor performance is the 

contraction intensity (JONES et al., 2002; SLIFKIN; NEWELL, 2000; 

WATANABE et al., 2013). Most of the previous studies evaluated the effects 

of vibrotactile stimulation during motor tasks that required low-intensity 

muscle activation (MAGALHAES; KOHN, 2011; PRIPLATA et al., 2002, 2003, 
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2006; TRENADO et al., 2014a, 2014b). The results from these studies cannot 

be directly translated to motor tasks which require an increased level of 

contraction. To the best of our knowledge, no previous study systematically 

evaluated whether the contraction intensity would influence the improvement 

in the sensorimotor control caused by vibrotactile stimulation. One hypothesis 

is that the effect of vibrotactile stimulation would be high during low-intensity 

contractions due to the higher sensitivity of the motor system to presynaptic 

commands in these conditions (DIDERIKSEN et al., 2012).  

In the present study, human experiments were conducted to 

investigate the two scientific problems described above: 1) does a sinusoidal 

vibration improve force steadiness? 2) does the contraction intensity 

influence the improvement of force steadiness caused by vibrotactile 

stimulation? The results of the present study will add to the current 

knowledge on the effects of vibrotactile stimulation in force control. 

Additionally, the results might be invaluable for the development of new 

technologies for the improvement of motor performance and rehabilitation 

(KURITA et al., 2013). Preliminary results were reported as an abstract 

(GERMER et al., 2017). 

2 Materials and Methods 

2.1 Participants 

Twelve healthy young adults (aged 28±2 years, six men) participated 

in the study. All subjects were right-handed (as assessed by the Edinburgh 

Handedness Inventory (OLDFIELD, 1971)), with normal or corrected-to-

normal vision, and reported to have no known neurological, psychiatric or 
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motor impairments. The subjects gave their written informed consent before 

the experiments. 

2.2 Force measurement and vibrotactile stimulation 

Isometric muscle forces were measured with a piezoresistive 

transducer (FlexiForce A201, Tekscan) fixed at the surface of a rigid 

apparatus that will be described below (see Figure 2a). Force signals were 

amplified (FlexiForce Quickstart Board, Tekscan), digitized at 2kHz (USB-

6002, National Instruments), and low-pass filtered (30Hz cutoff frequency). 

Periodic vibratory stimuli (175Hz) were applied to the radial surface 

of the metacarpophalangeal joint of the index finger by a linear resonant 

actuator (C10-100, Precision Microdrives) (see Figure 2a). Stimulus 

frequency was chosen to activate the Pacinian corpuscles in the glabrous skin 

(ABRAIRA; GINTY, 2013; SATO, 1961). The linear actuator was driven by a 

pulse-width modulation (PWM) signal, whose duty cycle was adjusted to 

provide vibrations with different intensities (from zero to 1.50G peak-to-

peak). Vibration amplitudes were measured by a 3-axis analog accelerometer 

(ADXL337, Analog Devices), whose signals were sampled at 2kHz. 
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Figure 2. Schematic representation of the experimental setup and representative data. (a) 
Mechanical apparatus used to record index finger abduction forces. Isometric forces were 
measured at the distal interphalangeal joint (i) by a piezoresistive force transducer. The linear 
resonant actuator and accelerometer were placed at the radial surface of the 
metacarpophalangeal joint of the index finger (ii). All the fingers, but the index, and wrist were 

fixed to the apparatus with Velcro straps. (b) Example of a typical force signal recorded from 

a subject. Six vibrotactile stimuli were randomly applied to the finger skin during force-
matching tasks. Vibrations with five different intensities (marked as V1 to V5) and a no-
vibration control condition (CTR) were applied to the finger skin for 4s each block. The total 
duration of the trial was 30s (initial and final segments of the time series were discarded for 
the analysis). (c) Illustrative analysis of force coefficient of variation (CoV) for one subject. 

The effect of vibration intensities on force variability (relative to the control condition) was 
evaluated at 5% (light gray), 10% (dark gray) and 15% (black) of the maximal voluntary 
contraction (MVC). Black circles depict the optimal vibration, which was defined as the vibration 
amplitude that produced the lowest force CoV (relative to CTR) for each contraction intensity. 

2.3 Experimental protocol 

During the experiments, subjects were comfortably seated in a chair 

with both arms on a table. Shoulders were kept relaxed, and the elbow was 

flexed at 140deg. The left arm was positioned on a custom-made apparatus 

so that the forearm and wrist were immobilized with Velcro straps. A 

manipulandum was used to support the left (non-dominant) hand in a vertical 

position. The index finger was maintained perpendicular to the thumb in an 

extended position (Figure 2a). All the fingers, but the index, were fixed to the 

manipulandum during the tasks. An LCD monitor (Samsung SyncMaster 
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713N, 17”, 1280x1024px) was placed 60cm in front of the subject at the eyes 

level to provide visual feedback of the force. The visual gain was equal to 

8px/%MVC for all subjects. Participants wore a headphone during 

experiments driven by a white Gaussian noise sound to mask the ambient 

noise. 

At the beginning of the experiment three trials were performed to 

estimate the maximal voluntary contraction (MVC) of each subject. Each MVC 

trial lasted 10s and the MVC value was defined as the maximum value from 

the 3 repetitions. Prior to the force-matching tasks, subjects were familiarized 

with the tasks and performed one test trial at each force level (5%, 10%, and 

15%MVC). 

The main experiment consisted of performing isometric contractions 

at three target intensities: 5%, 10%, and 15%MVC. Each contraction 

intensity was evaluated five times in randomized trials lasting 30s each. A 

sequence of five supra-sensory vibrotactile stimuli (amplitude from 0.05G to 

1.50G) and a control condition without vibration (CTR) was applied for 24s 

(4s each intensity) (see Figure 2b). Vibration intensities were presented in a 

random order after 4s from the beginning of the trial. 

2.4 Data analysis and statistics 

Data presented in this paper is available for download in FigShare 

(GERMER et al., 2018a). Force signals were processed offline in MatLab (The 

MathWorks). Recorded data were low-pass filtered (fourth-order Butterworth 

digital filter, 15Hz cutoff frequency), detrended, and cut according to the six 

vibration intensities adopted in each trial (Figure 2b). The initial 0.60s of each 
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vibration block were discarded to avoid transient effects. Force variability was 

measured using the standard deviation (SD) and the coefficient of variation 

(CoV). Dependent variables were analyzed for each vibration intensity for the 

three levels of force. 

The effect of vibrotactile stimulation on sensorimotor performance is 

subject dependent (MAGALHAES; KOHN, 2011; TRENADO et al., 2014c) due 

to differences in cutaneous sensitivity. Therefore, any evaluation based on 

the use of multiple vibration intensities to infer about population outcomes 

would reduce the chance of finding a significant effect (see TOLEDO et al., 

2017) for a discussion on this issue). Similar to other studies previously 

reported in the literature (MENDEZ-BALBUENA et al., 2012; TRENADO et al., 

2014a, 2014b), here we selected the vibration level at which the best motor 

performance was achieved (i.e., the lowest force CoV) so as to normalize the 

beneficial effect of vibrotactile stimulation to force control among the 

participants. The selected vibration for each subject was defined as the 

optimal vibration (OV) while the no-vibration condition was considered as the 

CTR (see Figure 2c for an illustrative example). Consistency of OV was 

measured as the percentage of trials (performed by each subject) that 

effectively decreased force CoV in relation to CTR. Additionally, the likelihood 

of having an improvement by a given vibration at each contraction level was 

measured as the proportion of vibrations that decreased the relative force 

CoV.  

Time-domain and frequency-domain structures of force signals were 

assessed by the approximate entropy (ApEn (SLIFKIN; NEWELL, 1999)) and 

the power spectrum, respectively. ApEn is an estimate of time series 
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regularity (PINCUS, 1991), whose values range between 0 (for a regular time 

series) and 2 (for a completely random time series). The ApEn is calculated 

by Equation 1, where 𝜑𝑚(𝑟) is the conditional probability that 𝑚 consecutives 

values are within a tolerance limit 𝑟 for a time series of length 𝑁. In other 

words, ApEn is a similarity index of data vectors with length 𝑚 along the time 

series. In the present study, ApEn parameters were set as 𝑚 = 2 and 𝑟 =

0.20 𝑆𝐷. 

𝐴𝑝𝐸𝑛 (𝑚, 𝑟, 𝑁) = 𝜑𝑚(𝑟) − 𝜑𝑚+1(𝑟) (1) 

Force power spectrum was estimated using Welch’s method with a 

non-overlapping 3.40s Hanning window. Power spectrum analysis was 

performed in three frequency bands: 0-4Hz (related to the common drive 

(LODHA; CHRISTOU, 2017; NEGRO et al., 2009)), 4-8Hz, and 8-12Hz 

(related to the physiological tremor (NOVAK; NEWELL, 2017)). The relative 

power (with the total power as the reference) was calculated in the three 

frequency bands. The total power was estimated as the area of the force 

power spectra from zero to 15Hz. 

Statistical analysis was performed using SPSS (IBM). A two-way 

analysis of variance with repeated measures (two-way RM-ANOVA) and 

Bonferroni’s post hoc tests were used to compare data between vibration 

conditions (CTR and OV) and contraction intensities (5%, 10%, and 

15%MVC). When an interaction was detected by the RM-ANOVA the simple 

main effects were evaluated with a one-way RM-ANOVA. Since the OV was 

selected out of five vibration intensities there is a probability that the 

reduction in force CoV was due to chance. Nonetheless, it is worth noting that 
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we tried to reduce this probability by repeating each task five times and 

presenting each vibration intensity in a random order across the trials (see 

Figure 2b and description above). Despite this experimental control, we 

decided to correct the significance level α = 0.05 using the Bonferroni’s 

method in order to reduce the probability of type I errors in our analysis, and 

hence the corrected significant level used in the subsequent analysis was 0.01 

(α/5). Additionally, we calculated the partial eta squared (𝜂𝑝
2) to estimate the 

effect size. The effects were considered large for 𝜂𝑝
2 > 0.25 and low for 𝜂𝑝

2 <

0.01 (COHEN, 1988). All data hereafter is presented as mean ± 95% 

confidence interval. 

3 Results 

The average forces performed by the subjects were 4.86 ± 

0.01%MVC, 9.75 ± 0.01%MVC, and 14.67 ± 0.02%MVC for the three 

contraction intensities evaluated. Therefore, all subjects were able to match 

the target force level. Mean force level did not change with the application of 

vibrotactile stimuli (p = 0.843). 

All subjects had an improvement in force steadiness for at least one 

vibration intensity at 5%MVC, and 83.33% of the vibration intensities applied 

were efficient in decreasing force CoV (Figure 3a). However, two subjects and 

one subject did not reduce force variability for any vibratory stimulus in 

10%MVC and 15%MVC (Figure 3b and c), respectively. In total, 45% and 

56.67% of vibration intensities decreased force CoV at 10%MVC and 

15%MVC, respectively. Figure 4 illustrates force CoV during CTR and OV for 

individual trials. OV decreased force CoV in 75 ± 9.80%, 66 ± 14.37% and 
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72.73 ± 13.24% of repetitions at 5%MVC, 10%MVC and 15 %MVC, 

respectively. 

 

Figure 3. Representative force CoV in different vibration intensities relative to the condition 
without vibration (CTR). Values below one (dashed line) indicate a decrease in force CoV as 
compared to the CTR condition. Lines represent individual data (per subject) at 5%MVC (a), 
10%MVC (b), and 15%MVC (c). The optimal vibration (OV) for each subject is marked with a 
black dot. 

 

 

Figure 4. Data from the repetitions performed by each subject (columns) at 5%MVC (a), 
10%MVC (b), and 15%MVC (c). Individual trials are depicted in gray light lines, while the 

average force CoV is represented by black tick lines with error bars (95% confidence interval). 
Missing data (see third and fourth columns in the middle panel and the last column in the 

bottom panel) represent subjects that did not present an OV. 
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Force CoV decreased with the application of an OV and the effect 

depended on the contraction intensity (Figure 5a). There was a significant 

and large interaction between the two factors (force levels and vibration 

conditions, F(2,22) = 6.235, 𝜂𝑝
2 = 0.362, p = 0.007). Albeit vibration 

decreased force variability in all contraction intensities the effect of OV was 

higher at 5%MVC, with a relative reduction of 24.68% (F(1,11) = 22.472, 𝜂𝑝
2 

= 0.714, p < 0.001) as compared to 15.06% (F(1,11) = 17.495, 𝜂𝑝
2 = 0.614, 

p = 0.002) and 15.85% (F(1,11) = 19.351, 𝜂𝑝
2 = 0.638, p = 0.001) at 

10%MVC and 15%MVC, respectively. Simple main effects of contraction 

intensity in force CoV was also found for CTR (F(2,22) = 13.357, 𝜂𝑝
2 = 0.728) 

and OV (F(2,22) = 17.288, 𝜂𝑝
2 = 0.776). Figure 5 shows that force CoV was 

statistically higher at 5%MVC than at 10%MVC (p = 0.001 and p = 0.004 for 

CTR and OV, respectively) and 15%MVC (p = 0.001 and p < 0.001 for CTR 

and OV, respectively). Nevertheless, no significant difference was found 

between the force CoV at 10%MVC and 15%MVC, neither in CTR (p = 0.557) 

nor in OV (p = 0.267). It is worth noting that the relations between force CoV 

and mean force were well fitted by power functions: 𝐶𝑜𝑉 = 𝛼 + 𝛽 × 𝐹𝑜𝑟𝑐𝑒−1 (see 

Figure 6A, 𝑅2=0.972 and 𝑅2=0.978 for CTR and OV, respectively). 

No interaction was observed between force and vibration for the force 

SD (F(2,22) = 0.565, 𝜂𝑝
2 = 0.490, p = 0.576). The RM-ANOVA detected a 

significant and large effect of vibration for the force SD (F(1,11) = 91.634, 

𝜂𝑝
2 = 0.893, p < 0.001) (Figure 5b). Also, Figure 6b shows that force SD 

linearly increased with the contraction intensity (F(2,22) = 38.157, 𝜂𝑝
2 = 

0.776, p < 0.001).  
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The regularity (time-domain structure) of force signals significantly 

decreased (F(1,11) = 25.533, 𝜂𝑝
2 = 0.699, p < 0.001) with the OV since the 

value of ApEn was higher in this condition (Figure 5c). However, there was 

no significant interaction between force levels and vibration conditions 

(F(2,22) = 1.833, 𝜂𝑝
2 = 0.143, p = 0.184), as well as no effect of force level 

(F(2,22) = 0.224, 𝜂𝑝
2 = 0.020 p = 0.801). 

 

Figure 5. Force CoV (a), standard deviation (SD) (b), and approximate entropy (ApEn) (c) at 
three contraction intensities (5%MVC, 10%MVC and 15%MVC) for CTR (black) and OV (gray) 
conditions. Asterisks represent the statistical significance for vibration conditions (OV vs CTR, 
** 0.001 < p < 0.010, *** p < 0.001). 

 

 

Figure 6. (a) Relation between force CoV and the mean force. (b) Relation between force SD 

and the mean force. In both panels, black and open circles represent CTR and OV conditions, 
respectively. Dashed and dotted lines are fittings to the experimental data (see inset equations 

and 𝑅2 values). Black thick line in panel A is the difference between the fittings for CTR and 

OV data. 
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Most of the power (>80%) of force signals was confined in the low-

frequency (0-4Hz) band. For this band, no interaction was found between 

force levels and vibration conditions (F(2,22) = 2.440, 𝜂𝑝
2 = 0.182, p = 

0.110). In the low-frequency band, there was a significant and large decrease 

of relative power with OV (Figure 7a, F(1,11) = 26.271, 𝜂𝑝
2 = 0.705, p < 

0.001), but no significant effect of force level (F(2,22) = 2.334, 𝜂𝑝
2 = 0.175 p 

= 0.120). In the intermediate (4-8Hz) frequency band, no effect was found 

(p = 0.048, p = 0.027 and p = 0.115, for force, vibration, and interaction, 

respectively). In the frequency band associated to the physiological tremor 

(8-12Hz), no interaction was found between force levels and vibration 

conditions (F(2,22) = 1.094, 𝜂𝑝
2 = 0.090, p = 0.353). OV increased the 

relative power of physiological tremor (Figure 7b, F(1,11) = 48.312, 𝜂𝑝
2 = 

0.815, p < 0.001), and although an effect of force level was found (F(2,22) 

= 5.745, 𝜂𝑝
2 = 0.343, p = 0.010), no significant difference was detected in the 

post hoc analysis (p = 0.038, p = 0.034, p = 1.00, for 5% and 10%MVC, 5% 

and 15%MVC and 10% and 15%MVC). It is worth noting that in the analysis 

of the 4-8Hz band one subject was considered outlier and was excluded from 

the analysis. 

  



38 

 
 

 

 

Figure 7. Frequency-domain properties of force signals. (a) Relative power in the low-
frequency (0-4Hz) band. (b) Relative power in the intermediate-frequency band (4-8Hz) (c) 
Relative power in the 8-12Hz band (physiological tremor). Data are presented for the three 
contraction intensities (5%MVC, 10%MVC and 15%MVC) in both CTR and (black) OV (gray) 
conditions. Asterisks represent the statistical significance for vibration conditions (** 0.001 < 

p < 0.010, *** p < 0.001). 

 

4 Discussion 

In the present study, we show that an optimal level of sinusoidal 

vibrotactile stimulation (applied to the skin of the index finger) significantly 

improved force steadiness during an isometric index finger sensorimotor task. 

The relevant (and, to the best of our knowledge, novel) finding was the 

differential effect of OV depending on the contraction intensity. As observed 

in Figure 5A, the reduction in force CoV due to OV was more pronounced 

when the subjects performed contractions at 5%MVC as compared to 

10%MVC and 15%MVC. Additionally, OV significantly changed force 

structure, both in time and frequency domains (see Figure 5c and Figure 7, 

respectively). In the following subsections we shall present a detailed 

discussion of the possible mechanisms behind these findings. 



39 

 
 

 

4.1 On the use of periodic vibrotactile stimulation 

Previous studies evaluated the effects of vibrotactile stimulation on 

the improvement of motor control in different motor tasks (KURITA et al., 

2013; MAGALHAES; KOHN, 2011; MENDEZ-BALBUENA et al., 2012; 

PRIPLATA et al., 2002, 2006; SEO et al., 2014; TRENADO et al., 2014a). Most 

of these studies adopted stochastic vibrotactile stimuli to enhance 

sensorimotor control and, consequently, motor performance. The putative 

mechanism behind these experimental findings is the stochastic resonance 

phenomena occurring in the motor system (MCDONNELL; WARD, 2011; 

MOSS, 2004). Here, we showed that motor performance (quantified by the 

force CoV) could also be improved by high-frequency (175Hz) sinusoidal (i.e., 

deterministic) vibration. 

The motor task performed in the current study is similar to that 

adopted in the study by Trenado et al. (2014a). In the referred study, the 

authors showed that the mean absolute deviation of index finger position 

(while the subject performed a steady force at 8%MVC) was significantly 

reduced when the vibratory stimulus was either a broadband noise (0-300Hz) 

or a narrowband noise (0-15Hz or 250-300Hz), but the effect was more 

significant when the vibration had a high-frequency content. Additionally, 

they did not observe a statistical difference between the broadband 

vibrotactile stimuli and the vibrotactile stimuli confined to frequencies in the 

range 250-300Hz (see their Figure 4). The high-frequency stimulation is 

thought to activate the Pacinian corpuscles in the glabrous skin preferentially 

(ABRAIRA; GINTY, 2013; SATO, 1961). Therefore, our findings suggest that 

irrespective of the nature of vibrotactile stimulation (stochastic or 
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deterministic) the high-frequency content increases the excitability of 

Pacinian corpuscles and, consequently, the afferent inflow through cutaneous 

afferents.  

Freeman and Johnson (1982) showed that cutaneous afferents from 

Pacinian corpuscles phase locked their discharge to high-frequency vibratory 

stimuli. Also, the discharge rate of cutaneous afferents became more regular 

(almost periodic) when high-frequency sinusoidal vibration was applied to 

mechanoreceptors. A recent computer simulation study (DURAND et al., 

2013) showed that periodic stimuli improved the detection of stochastic 

signals in a CA1 neuron model, in a phenomenon referred to as the reverse 

stochastic resonance. Moreover, Iliopoulus et al. (2014)  showed that a 

subthreshold periodic electrotactile stimulation could enhance sensory 

perception. In this vein, the outcomes of the present study might be an 

example of the occurrence of the reverse stochastic resonance phenomenon 

in the optimization of the motor system. 

4.2 Effects of vibrotactile stimulation on force variability 

A relevant finding of the present study was that the effect of OV on 

force CoV depended on the contraction intensity (Figure 5a). We will first 

provide a mathematical argument for this finding. The curve fittings reported 

in Figure 6b show that force SD and the mean force are linearly related (𝑆𝐷 =

𝛼 × 𝐹𝑜𝑟𝑐𝑒 + 𝛽) irrespective of vibration condition. Therefore, it is evident that 

the relation between force CoV and the mean force follows a decreasing 

power function (Figure 6a), with an asymptotically constant value (𝛼) for 

larger forces. The OV reduced force SD irrespective of force level (Figure 5b), 
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thereby reducing the parameter 𝛽 (intercept) of the linear fitting without 

changing the slope (𝛼). In the relation between force CoV and mean force, 

the parameter 𝛽 is responsible for the scaling of the power function, 

particularly for low force values (since there was no change in 𝛼), and this 

explains the significant difference between CTR and OV (thick black line in 

Figure 6A) in low-intensity contractions. 

The linear scaling between force SD and the mean force observed 

here (Figure 6b) is compatible with other studies in the literature that 

evaluated isometric contractions of a hand’s muscle (BAWEJA et al., 2009; 

SLIFKIN; NEWELL, 2000). From a physiological standpoint, this linear scaling 

(frequently referred to as the signal-dependent noise (HARRIS; WOLPERT, 

1998)) is attributed to intrinsic properties of the neuromuscular system (e.g., 

the recruitment order and recruitment thresholds of the motor units, and the 

range of twitch amplitudes of muscle units) (JONES et al., 2002; KEENAN; 

VALERO-CUEVAS, 2007). Other studies, however, argued that the variability 

in the discharge rate of motor units (which is primarily influenced by the 

synaptic noise (CALVIN; STEVENS, 1967)) is also determinant for the scaling 

of force SD with the contraction intensity (MORITZ et al., 2005; WATANABE 

et al., 2013). Nonetheless, Dideriksen et al. (2012) showed that the influence 

of synaptic noise (or discharge rate variability) is limited to low-intensity 

contractions (<10%MVC) due to the filtering effect of the intrinsic properties 

of the neuromuscular system. The difference observed between CTR and OV 

for the parameter 𝛽 (intercept of the linear fittings) can, therefore, be 

physiologically explained by a reduction in the synaptic noise during 

vibrotactile stimulation. The reduced synaptic noise scales the force SD down 
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(Figure 5b and Figure 6b), but the influence of this reduction is prominent in 

contraction intensities where the sensitivity of the motor system to random 

fluctuations is high. 

Hitherto, the reduction of the synaptic noise caused by the OV has no 

plausible explanation. We can only hypothesize that a more periodic 

cutaneous afferent inflow (see Discussion above) would reduce the 

fluctuations of the synaptic current on the motor neurons, thereby reducing 

their discharge rate variability. However, future studies should be carried out 

with similar experimental procedures and the recording of a population of 

motor units to provide further evidence of whether vibrotactile stimulation is 

capable of reducing the synaptic noise at the motor neuron pool. 

4.3 Effects of vibrotactile stimulation on force structure 

The improvement observed in force steadiness was followed by an 

increase in the ApEn of the force (Figure 5c). ApEn is frequently associated 

to the regularity of a given time series (PINCUS, 1991). Therefore, albeit less 

variable the forces produced by the subjects while receiving OV were less 

regular. In the context of isometric force control, Slifkin and Newell (SLIFKIN; 

NEWELL, 1999) showed that an increase in ApEn is followed by an increase 

in the signal-to-noise ratio (1/CoV) of the system. The referred authors 

discussed that a decreased regularity (increased ApEn) is associated to an 

optimized performance of the neuromuscular system, where the information 

transmission is maximized in order to improve the adaptiveness of the system 

(SLIFKIN; NEWELL, 1999). Here, similar conclusions can be drawn. OV might 

be used to enhance the information transmission of the neuromuscular 
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system (by improving the sensorimotor integration (MENDEZ-BALBUENA et 

al., 2012)) so that the relative variability of the motor output is lower. 

However, differently from other studies, ApEn did not depend on contraction 

intensity (OFORI et al., 2012; SLIFKIN; NEWELL, 1999). The latter would 

suggest that force regularity is minimally influenced by contractions in the 

range (5-15%MVC) explored here (SOSNOFF; NEWELL, 2005). 

As to the force power spectra, we observed an increase of the high-

frequency (8-12Hz) content in parallel to a decrease of low-frequency (0-

4Hz) content when an OV was applied (see Figure 7). This shift of power to 

higher frequencies is compatible with a less regular force time series 

(SLIFKIN; NEWELL, 1999). Lodha and Christou (2017) argued, based on 

several experimental results, that a reduction in force variability is associated 

to a decrease in low-frequency fluctuations, which are associated to the 

common synaptic drive to the motor pool (LODHA; CHRISTOU, 2017; MOON 

et al., 2014; NEGRO et al., 2009). Therefore, our findings reinforce this view. 

The physiological mechanism, again, is of difficult explanation without a 

broader investigation of the neural signals (e.g., the activity of motor units) 

involved in the motor task. However, a recent computer simulation study 

showed that Ia afferent activity has a significant influence on force variability 

and power spectrum (NAGAMORI et al., 2018). The authors of the referred 

study showed that a simulated decrease in presynaptic inhibition of Ia 

afferents reduces force CoV, reduces force power in the low-frequency range 

(<5Hz), and increases the power in the frequency range associated to the 

physiological tremor (5-12Hz in that study). These simulation data are similar 

to our experimental outcomes when an optimal level of vibrotactile 
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stimulation is applied. In fact, other experimental data suggest that activation 

of cutaneous mechanoreceptors decreases presynaptic inhibition of Ia 

afferent terminals (AIMONETTI et al., 2000; NAKASHIMA et al., 1990). 

Therefore, an explanation for the present results is that OV would reduce 

presynaptic inhibition and, consequently, increase the feedback gain from Ia 

afferents. 

4.4 Potential implications for the development of wearable 
enhancer devices 

The improvement of motor performance induced by vibrotactile 

stimulation has been arousing keen interest not only for those involved in 

motor control research, but also for those interested in developing the so 

called wearable enhancer devices (KURITA et al., 2013, 2016; PRIPLATA et 

al., 2003). The data provided in the present paper might be of paramount 

importance since the generation of sinusoidal vibration is less challenging 

when compared to the generation of stochastic signals and band-limiting 

filters. If high-frequency sinusoidal vibration (within the sensitivity range of 

Pacinian corpuscles) is employed in a wearable device, there is a single 

parameter (vibration amplitude) to adjust during the tuning of the system. 

The fine tuning of stimulus intensity is required since the effect of vibration 

depends on the contraction intensity required to perform the motor task (as 

we showed in the Results). Nonetheless, we did not find a pattern for the 

relation between vibration intensity for optimal performance and the 

contraction intensity performed by a given subject (data not shown). The 

latter result might be due to the highly nonlinear effect of vibrotactile 

stimulation on the motor system (for instance, see the results from 
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(TRENADO et al., 2014a)), which is also highly nonlinear (i.e., the contraction 

intensity changes the number and the discharge rate of recruited motor units, 

the degree of synchronization between the motor units, the variability of the 

synaptic noise, and the activity of sensory feedback from proprioceptors). 

Additionally, our data suggest that albeit motor performance is consistently 

improved (in approximately 80% of the cases) for forces up to 15%MVC, 

these wearable enhancer devices would produce better results during motor 

tasks which require low-intensity contractions, such as dexterous manual 

manipulation (e.g., gripping, grasping, and pinching) of lightweight objects. 

5 Conclusions 

An optimal level of sinusoidal vibrotactile stimulation improved force 

control in an index finger sensorimotor task, but this effect depended on the 

contraction intensity performed by the subjects. The highest improvement 

caused by the optimal vibrotactile stimulation was observed during low-

intensity contractions, which might be explained by a higher sensitivity of the 

motor system to changes in the synaptic noise in this condition. 

6 Ethical Approval 

All procedures performed in studies involving human participants 

were in accordance with the ethical standards of the institutional and/or 

national research committee and with the 1964 Helsinki declaration and its 

later amendments or comparable ethical standards. The procedures were 

approved by the Research Ethics Committee of the University of Campinas 

(CAAE #59961616.8.0000.5404). 
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Chapter 2 

Improvement of Force Control Induced by 

Vibrotactile Stimulation does not Depend 

on Handedness 

Abstract 

Humans have keen interest in improving their motor capabilities, and hence the 

possibility of having wearable devices for motor enhancement is attracting great 

attention. It is thought that the increased activity of cutaneous mechanoreceptors by 

vibrotactile stimulation would improve sensorimotor integration in the central 

nervous system, thereby enhancing motor performance in several conditions, for 

instance, during force control of hand muscles. Nevertheless, the neural circuits 

controlling hand muscles have lateral asymmetries and differences in the reliability 

to process sensory information from ipsilateral and contralateral limbs. In the present 

study, we will investigate whether the sensory asymmetry due to lateral dominance 

would influence the enhancement of force control induced by vibrotactile stimulation. 

Ten participants performed a visually guided force-matching task while different 

intensities of vibrations were applied to the finger skin. Tasks consisted of abductions 

of the index fingers of non-dominant (ND) and dominant (D) hands (in independent 

trials). Participants performed steady forces at 5% of their maximal voluntary 

contractions estimated from each hand. Force variability (measured as the coefficient 

of variation, CoV) in the condition without vibration was used as the reference 

(control) for later comparison with five vibration intensities. Also, force CoV in control 

condition was compared to those obtained from an OV selected from both hands or 

from a single hand (D or ND). Despite the sensory asymmetries in cortical and spinal 

circuits, the improvement on motor performance induced by vibrotactile stimulation 

did not depend on lateral dominance. Irrespective of the criterion for selection of OV, 

a single intensity of vibrotactile stimulation was capable of reducing force variability 

in both hands without significant difference. These findings have implications to the 

development of wearable motor-enhancer devices. 
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1 Introduction  

he seek of humans for improvements of body capabilities in either normal 

or pathological conditions leads to the development of tools, gadgets, 

treatments, and methods of training. Some of the known treatments are 

whole-body vibration (KAUT et al., 2016), nerve or muscle stimulation 

(JITKRITSADAKUL et al., 2015), and neuromodulation (BOGGIO et al., 2006). 

These treatments, however, can be time-consuming, might not have long-

lasting effects, and can depend on technological support to deliver the 

stimulation. An emerging alternative for the improvement of motor 

capabilities are the so-called wearable motor-enhancer devices. For instance, 

Kurita and collaborators developed an instrumented glove (KURITA et al., 

2013) and a surgical grasping forceps (KURITA et al., 2016) that improved 

sensorimotor performance of users. It is believed that these devices improve 

sensorimotor performance by means of the stochastic resonance 

phenomenon, which is known to improve the sensitivity and/or transmission 

capacity of a nonlinear system in the presence of an optimal level of noise 

applied to its input (MCDONNELL; ABBOTT, 2009). Although the concept of 

stochastic resonance is based on the existence of an optimal level of 

stimulation noise (a given metric of the system output follows an U-like shape 

relation with the input noise (MCDONNELL; ABBOTT, 2009)), Kurita’s works 

suggested that a rigorous optimization is not necessary for a significant effect 

on sensorimotor improvement. 

Previous studies have explored the beneficial effect of vibrotactile 

stimulation in different conditions of the sensorimotor system. For instance, 

during a standing position, a light vibrotactile stimulation to the feet 

T 
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(DETTMER et al., 2015; PRIPLATA et al., 2002) or to the fingertip 

(MAGALHAES; KOHN, 2011) improved balance control. Also, vibrotactile 

stimulation was shown to improve tactile sensation (COLLINS et al., 1996; 

LAKSHMINARAYANAN et al., 2015) and sensorimotor performance 

(MANJARREZ et al., 2002, 2003; MENDEZ-BALBUENA et al., 2012). Recently, 

we showed that an improvement in force steadiness induced by the 

application of vibrotactile stimulation depended on the contraction level of the 

muscle (GERMER et al., 2019b). Not only the reduction in force variability 

was greater during low-intensity contractions but also most of vibration 

intensities applied to the participants improved force steadiness. On the other 

hand, increasing contraction intensity decreased the observed amount of 

improvement, as well as decreased the chances of inducing motor 

improvement. 

Dexterous manipulation of objects requires a complex control of hand 

muscles. To the best of our knowledge, no previous study evaluated whether 

the effectiveness of the motor-enhancer devices would depend on the lateral 

dominance of the user. Asymmetries in the motor lateralization reflect 

asymmetries in the neuronal circuitries involved in a voluntary movement. 

Theories behind handedness are based on the effective role of each limb 

during motor tasks (dynamic-dominance model) (SAINBURG, 2002), and on 

the asymmetry of sensory feedback control of movement (FLOWERS, 1975). 

The former concept suggests that while the dominant (D) limb is specialized 

in skilled dynamic movements the non-dominant (ND) limb has a 

fundamental role for the stabilization of static posture (GOBLE; BROWN, 

2008). Also, the D limb executes automatic movements with a greater 
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involvement of spinal circuits (AIMONETTI et al., 1999; GOBLE; BROWN, 

2008; TAN, 1989a), while the ND limb is highly controlled by supraspinal 

commands (MARCHAND-PAUVERT et al., 1999; PRIORI et al., 1999; 

SEMMLER; NORDSTROM, 1995). Conversely, the latter concept suggests an 

asymmetry in the use of sensory feedback during movement control. 

Specifically, the preferred arm of a given subject relies on visual feedback 

(TASK; HONDA, 1982), whereas the ND arm is mostly influenced by 

proprioceptive feedback (ADAMO et al., 2012; FRIEDLI et al., 1987; HAN et 

al., 2013a, 2013b; NAITO et al., 2011). 

In this study, we aim at investigating the beneficial effect of 

vibrotactile stimulation on motor performance taking into consideration the 

existence of lateral asymmetries in upper limbs. Our previous study already 

showed that the force produced by the muscle of ND limb is improved by an 

optimal vibration (GERMER et al., 2019b). The question here is whether this 

improvement is maintained if the task is performed with the D limb. We 

hypothesize that lateral asymmetries will influence the effects of vibrotactile 

stimulation on the improvement of force control, due to a greater 

specialization of the ND limb in integrating sensory information, along with a 

lower motor neuron excitability as compared to the D limb (AIMONETTI et al., 

1999; MARCHAND-PAUVERT et al., 1999; TAN, 1989a). Preliminary results 

were reported as an abstract (GERMER et al., 2019a). 
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2 Materials and Methods 

2.1 Participants 

Ten healthy young adults (aged 29±2 years, six men) participated in 

the study. One subject was left handed and the others right handed (as 

assessed by the Edinburgh Handedness Inventory (OLDFIELD, 1971)), with 

normal or corrected-to-normal vision, and reported to have no known 

neurological, psychiatric or motor impairments. The subjects gave their 

written informed consent before the experiments. 

2.2 Force measurement and vibrotactile stimulation  

A piezoresistive transducer (FlexiForce A201, Tekscan) was used to 

measure isometric muscle forces (Figure 8a). Force signals were amplified 

(FlexiForce Quickstart Board, Tekscan), digitized at 2kHz (USB-6002, 

National Instruments), and low-pass filtered (30Hz cutoff frequency). 

Vibratory stimuli were induced by a linear resonant actuator (C10-

100, Precision Microdrives). This actuator is relatively small (10mm of 

diameter) and can be easily employed in haptic devices, such as gloves. It 

provides a periodic vibratory stimulus (175Hz, Figure 8b) for the activation 

of Pacinian corpuscles (ABRAIRA; GINTY, 2013; SATO, 1961). In the 

experiments, the actuator was placed in the radial surface of the 

metacarpophalangeal joint of the index finger (Figure 8a). Vibration intensity 

was controlled by adjusting the duty cycle of a PWM signal and ranged from 

zero to 1.47G peak-to-peak (Figure 8c). A three-axis analog accelerometer 

(ADXL337, Analog Devices) measured the vibration intensity (sampled at 

2kHz). 
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2.3 Experimental protocol  

During the experiments, subjects were comfortably seated in a chair 

with both arms on a table. A custom-made apparatus was used to keep the 

elbow flexed at 140deg and Velcro straps immobilized the forearm and wrist 

of the testing hand. A manipulandum was used to support the hand in a 

vertical position, maintaining the index finger perpendicular to the thumb in 

an extended position (Figure 8a). All fingers, but the index, were fixed to the 

manipulandum during the tasks. An LCD monitor (Samsung SyncMaster 

713N, 17”, 1280x1024px) was placed 60cm in front of the subject at eye 

level to provide visual feedback of the force. The visual gain was equal to 

8px/%MVC for all subjects. Participants wore a headphone driven by a white 

Gaussian noise to mask the ambient noise. 

The experiment consisted of two blocks of trials, each performed with 

one hand. The hand to start the task was selected randomly for each subject 

prior to the experiment. At the beginning of each block, three trials were 

performed to estimate the MVC of each subject. Each MVC trial lasted 10s 

and the MVC value was defined as the maximum value from the three 

repetitions. After a familiarization section, participants performed isometric 

contractions at 5%MVC. The selection of the contraction level was based on 

our previous study that showed a higher effect of vibration for this contraction 

intensity (GERMER et al., 2019b). Five trials (30s each) were performed with 

each hand independently. A sequence of five suprasensory vibrotactile stimuli 

(amplitude from 0.03G to 1.47G, Figure 8c) and a control condition without 

vibration (CTR) was applied for 24s (4s each intensity) (Figure 8d). Vibration 

intensities were presented in a random order after 4s of task onset. 
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Figure 8. Schematic representation of the experimental setup and representative data. (a) 
Mechanical apparatus used to record index finger abduction forces. Isometric forces were 
measured at the distal interphalangeal joint (i) by a piezoresistive force transducer. The linear 
resonant actuator and accelerometer were placed at the radial surface of the 
metacarpophalangeal joint of the index finger (ii). The wrist and all fingers, but the index, were 
fixed to the apparatus with Velcro straps. (b) Power spectrum for the acceleration measured 

on the surface of the linear resonant actuator for different vibration intensities (inset) (c) 

Average acceleration measured for each vibration intensity: control (CTR) condition, and five 
different vibration intensities (V1 to V5). (d) Example of a typical force signal recorded from a 
subject. Six vibrotactile stimuli (CTR and V1 to V5) were randomly applied to the finger skin 
during force-matching tasks in blocks of 4s each. The total duration of the trial was 30s. 
Experiments were carried out on dominant and non-dominant hands. Gray lines represent the 
segments used for data analysis. 

2.4 Data analysis and statistics  

Force signals were processed offline in MatLab (The MathWorks). 

Signals were lowpass filtered (fourth-order Butterworth digital filter, 15-Hz 

cutoff frequency), detrended, and cut according to the six vibration intensities 

adopted in each trial. The initial 0.60s of each vibration block were discarded 

to avoid transient effects (Figure 8d). Force variability was estimated using 

the CoV. Time-domain and frequency-domain structures of force signals were 

assessed by the ApEn (SLIFKIN; NEWELL, 1999) and the power spectrum, 

respectively. In the present study, ApEn parameters were set as 𝑚 = 2 and 

𝑟 = 0.20 ∙  𝑆𝐷. Force power spectrum was estimated using Welch’s method with 
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a non-overlapping 3.40-s Hanning window. Power spectrum analysis was 

performed in two frequency bands: 0-5Hz (related to the common drive 

(LODHA; CHRISTOU, 2017; NEGRO et al., 2009)) and 7-12Hz (related to the 

physiological tremor (NOVAK; NEWELL, 2017)). The relative power (with the 

total power as the reference) was calculated in the two frequency bands. The 

total power was estimated as the area of the force power spectra from zero 

to 15Hz.  

The effects of vibrotactile stimulation on force measures were 

compared with the no-vibration condition (CTR) using three methods: (1) 

without selecting an optimal vibration (i.e., all vibration intensities were 

considered in the statistical model); (2) OV selected from the trials performed 

with D and ND hands separately (OV was considered the vibration intensity 

that produced the lowest force CoV in each limb); and (3) the vibration 

intensity associated to the OV estimated from one hand (ND or D) was used 

to estimate the effect on the performance in both hands. The effect of 

vibrotactile stimulation on force CoV was evaluated using the three methods 

described above. However, the effects of vibrotactile stimulation on ApEn and 

relative power of force were assessed only in method (2). Consistency of OV 

was measured as the percentage of trials that effectively decreased force CoV 

in relation to CTR (from five trials). Additionally, the likelihood of having an 

improvement in a given vibration intensity at each hand was measured as the 

proportion of vibrations that decreased the relative force CoV.  

Statistical analysis was performed using SPSS (IBM). Assumptions for 

normality and sphericity were accessed by Shapiro-Wilk test and Mauchly’s 

test of sphericity, respectively. For method (1) described above, a two-way 
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analysis of variance with repeated measures (two-way RM-ANOVA) was used 

to evaluate the effects of vibration intensities (CTR, V1 to V5) and hand (ND 

and D, respectively). Differences between each vibration intensity (V1 to V5) 

with CTR was performed using a paired t-test that were then compared with 

Dunnett’s table (DUNNETT, 1964). The Dunnett’s critical value for a model 

with 45 degrees of freedom and five intensities of vibrations to compare with 

CTR condition is 2.62. Therefore, paired t-tests with t values greater than the 

critical value were considered significant. For method (2), a two-way RM-

ANOVA was used to evaluate the effects of vibration condition (CTR and OV) 

and hand (ND and D). Post hoc test was corrected with Bonferroni method. 

Finally, for method (3), CTR was compared to OV selected from ND (OVND) or 

D (OVD). Therefore, a two-way RM-ANOVA with Bonferroni’s test for multiple 

comparisons was used to evaluate the effect of hand (ND and D) and vibration 

condition (CTR, OVND and OVD). The results for each method were compared 

with Bonferroni’s test. The significance level adopted in this study was 0.05. 

All data hereafter is presented as mean ± 95% confidence interval. 

3 Results 

Participants were able to maintain the contractions at the target force 

level irrespective of the hand (F[1,9] = 0.008, p = 0.929) and vibration 

intensity (F[5,45] = 1.544, p = 0.195). The average forces performed were 

4.74 ± 0.07%MVC and 4.74 ± 0.06%MVC for the ND and D, respectively. 
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3.1 Vibration intensities 

In total, 70% and 66% of vibration intensities applied to the finger 

skin decreased force CoV as compared to the CTR condition for ND and D, 

respectively. There was no significant interaction between the hand used in 

the force task and vibration intensity (F[5,45] = 1.146, p = 0.348). Also, no 

significant main effect of hand was observed (F[1,9] = 2.293, p = 0.164). 

However, a significant main effect of vibration intensity was found (F[5,45] 

= 2.568, p = 0.040). Multiple comparisons showed that vibrations V2 (t = 

3.137, p = 0.005), V3 (t = 3.229, p = 0.004), and V4 (t = 3.310, p = 0.004) 

significantly decreased force CoV as compared to CTR condition (Figure 9a). 

Vibration that most decreased force CoV was V3, with a mean absolute 

difference of 0.55% relative to CTR, which corresponds to 13.70% of 

improvement.  
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Figure 9 - (a) Force coefficient of variation (CoV) for non-dominant (ND, in black) and dominant 
(D, in gray) hands in no-vibration condition (CTR) and in five intensities of vibrations (V1 to 
V5). (b) Vibration intensity selected as optimal vibration (OV) for each subject (columns) for 
ND (black diamond) and D (gray square). (c) Effect of OV (showed in (b)) on force CoV. (d) 
Effect of OV selected from either ND (OVND, demarked as black diamonds in (b)) or D (OVD, 

demarked as gray squares in (b)) on force CoV. Light gray lines indicate average force CoV for 
CTR. † Different from CTR, * Significant differences (** 0.001 < p < 0.010, *** p < 0.001). 

 

3.2 Optimal vibration 

All participants had their force steadiness (force CoV) improved by at 

least one vibration intensity for both ND and D. For half of subjects, OV was 

the same for ND and D (Figure 9b). Consistency of improvement by OV was 

70 ± 14.61% and 84 ± 9.78% of repetitions for ND and D, respectively. Force 

CoV decreased with the application of OV (F[1,9] = 35.395, p < 0.001) but 

there was no significant interaction between factors (vibration condition and 

hand, F[1,9] = 0.724, p = 0.417). Additionally, no difference between hands 

was detected (F(1,9) = 1.579, p = 0.241) (Figure 9c). Force CoV decreased 
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from 4.01 ± 0.61% in CTR to 2.98 ± 0.32% in OV, which corresponded to an 

average improvement of 25.50%. 

When the OV was selected from one hand and applied to classify the 

performance of both hands, a significant decrease of force CoV was still 

observed (effect of vibration condition, F[2,18] = 32.244, p < 0.001). There 

was no significant interaction (F[2,18] = 2.969, p = 0.077) and no effect of 

hand (F[1,9] = 1.461, p = 0.258) (Figure 9d). On average, force CoV 

decreased from 4.01 ± 0.61% in CTR to 3.30 ± 0.53% for OVND (i.e., the OV 

selected from the performance of the non-dominant hand) and 3.18 ± 0.43% 

for OVD (i.e., the OV selected from the performance of the D hand). The 

largest decrease in force CoV was for OVD, with a mean absolute difference 

of 0.83%, which corresponds to 20.70% of improvement. 

Figure 10 summarizes the results from the three methods used for 

the selection of the vibration intensity that most improved force steadiness. 

Since there was no effect of hand in the three methods, data (for ND and D) 

were pooled. As mentioned before, all methods significantly decreased force 

CoV as compared to CTR. Nevertheless, the selection of OV for each hand had 

a greater effect when compared to the V3 (p = 0.001), which was the best 

vibration when all the vibration intensities were considered (see Figure 9a). 
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Figure 10. Force coefficient of variation (CoV) from the condition without vibration (CTR), and 

from the vibration condition selected using the three methods: i) the best performance when 
all vibration intensities were considered in the statistical model (V3); ii) the optimal vibration 
(OV) obtained from each hand separately; and iii) the OV obtained from a single hand (OVD). 
† Different from CTR, * Significant differences (** 0.001 < p < 0.010). 

 

3.3 Force structure 

The regularity (time-domain structure) of force signals significantly 

decreased (F[1,9] = 68.417, p < 0.001) with the OV since the value of ApEn 

was higher in this condition (Figure 11a). However, there was no significant 

interaction between hand and vibration conditions (F[1,9] = 0.345, p = 

0.571), as well as no effect of the hand used to perform the force task (F[1,9] 

= 0.247, p = 0.631). 

Most of the power (>85%) of force signals was confined to the low-

frequency (0-5Hz) band (Figure 11b). For this band, no interaction was found 

between hand and vibration conditions (F[1,9] = 0.223, p = 0.648). Also, no 

effect of the hand used to perform the force task was detected in the analysis 

(F[1,9] = 2.774, p = 0.130). In the low-frequency band, there was a 

significant decrease of the relative power with OV (F[1,9] = 19.955, p = 

0.002). Similarly, the frequency band associated to physiological tremor (7-

12Hz) showed no significant interaction (F[1,9] = 0.001, p = 0.970). The 

hand used to perform the force task had no effect on the performance (F[1,9] 
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= 1.548, p = 0.245), but a significant effect of vibration was observed (F[1,9] 

= 21.942, p = 0.001). Therefore, OV significantly increased relative power of 

physiological tremor (Figure 11c).  

 

Figure 11. (a) Approximate entropy (ApEn) of force signals in CTR and OV conditions. (b) 

Relative power of the force in the frequency band between zero and 5Hz. (c) The same as (b) 
but for the frequency band between 7Hz and 12Hz (physiological tremor). Black bars represent 
data from the non-dominant (ND) hand, while gray bars represent data from the dominant 
hand (D). Asterisks represent the statistical significance (** 0.001 < p < 0.010, *** p < 
0.001). 

4 Discussion 

In the present study, we showed that vibrotactile stimulation applied 

to the skin of the index finger significantly improved force steadiness. The 

effect was observed by either considering the whole set of vibration intensities 

adopted in the study or selecting an optimal vibrotactile intensity (defined for 

each hand independently of from the performance of one specific hand). 

Additionally, we observed that irrespective of the known lateral asymmetries 

in sensory processing by cortical and spinal circuits, the improvement on 

motor performance induced by vibrotactile stimuli did not depend on 

handedness.  
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4.1 Implications for the development of wearable motor-enhancer 
devices 

Our results showed significant reduction in force variability for three 

out of five vibration intensities applied. Moreover, approximately 68% of 

vibration intensities applied significantly decreased force CoV. To our point of 

view, these findings have potential implications to the development of haptic 

enhancer devices. In stochastic resonance phenomenon, the transmission 

capability of a non-linear system is enhanced by the application of an external 

noise (in an optimal range), following a U-like shape (MCDONNELL; ABBOTT, 

2009) so that there is a specific noise intensity that optimizes the system 

performance. Since the effect of improvement on motor performance induced 

by the application of an electrical or mechanical stimulus can be relatively 

small (up to 20% of improvement), it is usually preferable or necessary to 

find the optimal noise (GERMER et al., 2019b; TOLEDO et al., 2017; TRENADO 

et al., 2014c). However, the finding of the optimal stimulus intensity is 

challenging. Different stimulation intensities should be tested in a preliminary 

step to find the subject-specific optimal intensity (TRENADO et al., 2014c), 

and it is necessary to tune the stimulus for each condition of the sensorimotor 

system (e.g., for each contraction intensity (GERMER et al., 2019b)). 

Furthermore, the choice of the optimal intensity is not trivial. For instance, 

OV did not follow a linear pattern with the intensity of contraction (GERMER 

et al., 2019b). As to the development of a wearable device, it is difficult and 

undesirable to predetermine the optimal stimulation intensity. An interesting 

finding of the present study is that it is not necessary to tune the vibration 

intensity to observe a significant improvement in the force steadiness during 
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low-intensity (5%MVC) steady contractions (see Figure 9a). Similar 

conclusions were found in studies by Kurita (2013, 2016) with respect to 

touch sensitivity. Our result is probably due to the success of decreasing force 

CoV with most of vibrations tested. Nevertheless, for a greater enhancement, 

we would suggest finding the optimal vibration for each subject. The vibration 

intensity that most decreased force CoV showed an improvement of 13.70% 

(Figure 9), whereas the improvement was 25.50% when the optimal vibration 

intensity was tuned for both hands. Finally, we showed that the optimal 

stimulus intensity was relatively similar between hands, in a way that good 

results of enhancement (20.70%) could also be accomplished by finding and 

applying OV from only one hand. 

4.2 Effects of vibrotactile stimulation on force variability and force 
structure 

The beneficial effect of vibrotactile stimulation on the motor control 

has been observed in different sensorimotor tasks, specifically the vibration 

has been shown to reduce force and position variability during steady 

contractions (GERMER et al., 2019b; MENDEZ-BALBUENA et al., 2012; 

TRENADO et al., 2014a, 2014c). Our findings support these studies and 

provide further evidences that a sinusoidal vibrotactile stimulus might also 

induce a motor enhancement. Moreover, we showed that the improvement 

was followed by an increase in the ApEn and in the force power spectra at 

higher frequencies band. A reduction in the regularity of the force time series 

(increase in ApEn) and a small shift of the force power spectrum to higher 

frequencies reflect an increase in the complexity of the system output 

(PINCUS, 1991). Moreover, the decreased regularity in the force time series 
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has been associated to an improved adaptiveness of the neuromuscular 

system (SLIFKIN; NEWELL, 1999). The outcomes regarding force regularity 

is in the same direction of our previous findings (GERMER et al., 2019b), and 

support the indirect hypothesis that OV might have improved sensorimotor 

integration in the nervous system (MENDEZ-BALBUENA et al., 2012; 

TRENADO et al., 2014a). Also, a recent computer simulation study has shown 

that the increased participation of Ia afferents in force control leads to a 

decrease in force CoV associated with a shift in the power spectrum to higher 

frequencies (7-12Hz) (NAGAMORI et al., 2018), which is similar to our 

experimental results. It is well known that cutaneous afferents can reduce 

presynaptic inhibition of Ia afferents (AIMONETTI et al., 2000; NAKASHIMA 

et al., 1990), thereby increasing the influence of this afferent input to the 

motor neuron pool. Therefore, we cannot rule out the involvement of Ia 

afferents in our results. 

4.3 Lateral dominance 

We did not observe any difference between D and ND hand for force 

CoV, ApEn, and force power spectrum. These findings support other results 

in the literature where the motor performance during steady contractions was 

equal for both hands. For instance, tremor amplitude during the contraction 

of first dorsal interosseous (FDI) muscle (index finger abduction) was similar 

between hands for right-handed participants (BEUTER, 2000; NOVAK; 

NEWELL, 2017; SEMMLER; NORDSTROM, 1995). Different attributes of the 

neuromuscular system yield force variability (and tremor), from intrinsic 

properties of motor units (e.g., the recruitment order and recruitment 
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thresholds of motor neurons, and the range of twitch amplitudes of muscle 

units) (JONES et al., 2002; KEENAN; VALERO-CUEVAS, 2007) to motor unit 

discharge properties (e.g., motor unit discharge variability and 

synchronization) (MORITZ et al., 2005; WATANABE et al., 2013). As to the 

discharge properties of FDI motor units, results reported in the literature did 

not show significant differences between D and ND hands for the mean 

discharge rate and discharge variability during low-intensity contractions 

(0.50N) (SEMMLER; NORDSTROM, 1995, 1998). However, differences were 

observed during higher-intensity contractions (30%MVC) (ADAM et al., 

1998). Therefore, since in our study the subjects performed low-intensity 

contractions, the similar motor output variability (i.e., force CoV) could be 

attributed to similar discharge properties of individual FDI motor units. On 

the other hand, reports on motor unit synchronization have shown 

contrasting results. There was evidence of higher level of synchronization 

between the motor units of ND hand (KAMEN et al., 1992; SEMMLER; 

NORDSTROM, 1995, 1998), but also for the motor units from D hand 

(SCHMIED et al., 1994). The influence of motor unit synchronization on force 

variability has been a topic of contentious debate in the literature (FARINA; 

NEGRO, 2015). The current view is that the motor unit synchronization has 

little influence on force variability. Therefore, handedness can account on 

lateral asymmetries observed in motor unit synchronization, but these 

differences would not impact the force variability. 

Other contrasting results in the literature concern on the regularity of 

the force signal (entropy) and the relative power in the physiological tremor 

band (7-12Hz). Some studies reported the ApEn and relative power in the 
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tremor band are both similar between D and ND sides (NOVAK; NEWELL, 

2017), or higher in the D side (BEUTER, 2000). However, it is worth noting 

that the statistical effect observed in the latter study was borderline for both 

ApEn (p = 0.046) and relative power (p = 0.046), and hence they should be 

interpreted cautiously. Since ApEn is associated to the adaptiveness of a 

given system (PINCUS, 1991; SLIFKIN; NEWELL, 1999), our results suggest 

that the motor control strategy and motor adaptability are similar to both 

hands (SLIFKIN; NEWELL, 1999).  

4.4 Independence of handedness on the effect of vibrotactile 
stimulation 

In the present study, we showed that OV significantly decreased force 

CoV, but the hypothesis of a higher effect on the ND hand was rejected. Force 

variability has been shown to largely reflect low-frequency fluctuations of the 

discharge rate of motor neurons (LODHA; CHRISTOU, 2017; NEGRO et al., 

2009). The low-frequency fluctuations of the common inputs to the motor 

neuron pool depend on the oscillations from voluntary descending commands 

and sensory afferent feedback. Since we did not observe differences between 

hands on the effect of OV on force steadiness (no significant interaction 

between vibration condition and hand) we would suggest that any potential 

effect of OV should be similar among the neuronal circuits controlling D and 

ND hands. In fact, short-latency cutaneous reflex from wrist extensors 

(thought to involve only spinal circuitry) did not exhibit any asymmetry 

between the D and ND sides (BARSS et al., 2014; MARCHAND-PAUVERT et 

al., 1999). In contrast, the voluntary descending command is thought to 

contribute to lateral asymmetries. It has been shown that the excitability of 
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motor neurons innervating the muscles from the ND hand are more influenced 

by corticospinal activity (PRIORI et al., 1999; SEMMLER; NORDSTROM, 

1995). Since the fluctuations of motor output are strongly influenced by the 

statistics of pre-motoneuronal commands (WATANABE et al., 2013), we 

would also suggest that the similar effect of OV on force CoV between hands 

was governed by the contribution of cutaneous afferent activity on spinal 

circuits rather than supraspinal ones. Otherwise, whether the OV influenced 

the statistics of descending commands a differential effect between hands 

would be expected. Yet, a deeper understanding on the motor unit discharge 

properties is necessary to evaluate these hypotheses. 

The hypothesis of a greater effect of vibrotactile stimulation on the 

ND hand was based on the advantages of the ND side to integrate sensory 

afferent feedback. Psychophysical experiments show a greater accuracy of 

the ND limb during active movement proprioception, thereby supporting the 

latter hypothesis (HAN et al., 2013b, 2013a). Additional support to the 

specialization of the ND side for sensory perception and integration comes 

from a neuroimaging study, where the right hemisphere of right-handed 

participants was significantly more activated than the left hemisphere during 

kinesthetic illusory flexion of the wrist (NAITO et al., 2011). Finally, the 

threshold for sensory perception has been shown to be lower for the ND hand 

(FRIEDLI et al., 1987). Despite having evidence of an advantage of the ND 

side for the integration of sensory feedback, this ability is highly influenced 

by visual feedback (LI et al., 2015). In fact, most of the studies prevent 

participants to rely on visual feedback during the trials (ADAMO et al., 2012; 

HAN et al., 2013b, 2013a; NAITO et al., 2011). Therefore, we hypothesize 
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that the proprioceptive asymmetry was occluded by visuomotor feedback of 

the force we provided during our experiment, which can explain the lack of 

differences between hands on both force variability and the effect of OV. 

5 Conclusion 

An optimal level of vibration improved motor performance by 

enhancing adaptiveness of the system and sensorimotor integration. 

Irrespective of the lateral asymmetries in cortical and spinal levels, 

improvement on motor performance induced by vibrotactile stimuli did not 

depend on handedness. We suggest that either vibrotactile stimulation would 

not activate pathways that project asymmetrically to the central nervous 

system, or the presumed advantage of the ND side on the integration of 

sensory feedback was occluded by the visual feedback provided to the 

subjects in this study. 
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Chapter 3 

Neurophysiological Correlates of Force 

Control Improvement Induced by 

Sinusoidal Vibrotactile Stimulation 

 

Abstract 

Objective. An optimal level of vibrotactile stimulation has been shown to improve 

sensorimotor control in healthy and diseased individuals. However, the underlying 

neurophysiological mechanisms behind the enhanced motor performance caused by 

vibrotactile stimulation is yet to be fully understood. Here we aim to partially 

overcome this gap by evaluating the effect of a cutaneous vibration on the firing 

behavior of a population of motor units in a condition of improved force steadiness. 

Approach. Participants performed a visuomotor task, which consisted of low-intensity 

isometric contractions of the FDI muscle, while sinusoidal (175Hz) vibrotactile stimuli 

with different intensities were applied to the index finger. High-density surface 

electromyogram (HD EMG) was recorded from the FDI muscle, and a decomposition 

algorithm was used to extract the motor unit spike trains. Also, computer simulations 

were performed using a multiscale neuromuscular model to provide a potential 

explanation for the experimental findings. Main results. Experimental outcomes show 

that an optimal level of vibration significantly decreased force variability (estimated 

as the coefficient of variation), the variability of the neural drive to the FDI muscle, 

and the proportion of common inputs to the FDI motor nucleus. However, the 

interspike interval (ISI) variability did not change with the vibration. A mathematical 

approach, together with computer simulation results suggest that vibrotactile 

stimulation would activate a more regular pathway to the motor neuron pool, thereby 

decreasing the variance of the common synaptic input to the motor neuron pool. 

Significance. Therefore, the decreased variability of the common input accounts for 

the enhancement in force control induced by vibrotactile stimulation. 
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1 Introduction 

ince the study by Collins and coworkers (1996) vibrotactile stimulation 

has been shown to improve both sensory perception and sensorimotor 

control in humans. For instance, Priplata et al. (2002, 2003) reported an 

improved balance control when a bandlimited Gaussian vibratory noise 

stimulated the foot soles of young and elderly participants. Similarly, 

Magalhaes and Kohn (2011) showed that vibrotactile noise applied to the 

fingertip of participants during a postural task could reduce the body sway. 

Mendez-Balbuena et al. (2012) and Trenado et al. (2014b) used an index 

finger sensorimotor task to show that stochastic vibrotactile stimulation could 

decrease the mean variation of index finger position in healthy participants 

and patients with essential tremor, respectively. More recently, Germer et al. 

(2019b) reported that a sinusoidal vibrotactile stimulation applied to the 

index finger could also improve force steadiness during isometric contractions 

of the FDI muscle, but the improvement was more significant for low-intensity 

contractions. On top of the behavioral findings described above, 

neurophysiological studies have reported that vibrotactile stimulation could 

increase the power of the electroencephalogram (EEG) recorded in the 

somatosensory area (MANJARREZ et al., 2002), and the beta-band 

corticomuscular coherence (an estimate of the coupling between cortical and 

spinal circuits) (TRENADO et al., 2014c). 

The studies mentioned above allude to the occurrence of stochastic 

resonance phenomenon in the sensorimotor system. Stochastic resonance is 

a counterintuitive phenomenon in which the capacity of a nonlinear system 

to detect/transmit a weak input signal can be improved by the addition of 

S 
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noise with appropriate intensity into the system (MCDONNELL; ABBOTT, 

2009; MCDONNELL; WARD, 2011; MOSS, 2004). Although the occurrence of 

stochastic resonance in an individual neural element is evident (CORDO et 

al., 1996), the neural basis for this phenomenon is somewhat challenging to 

grasp when a more complex system (e.g., the neuromuscular system) is 

taken into consideration. Notwithstanding, the studies reported in the 

literature suggest that vibrotactile stimulation would increase the sensitivity 

of cutaneous mechanoreceptors, thereby improving sensorimotor integration 

in both spinal and supraspinal neural circuits (MAGALHAES; KOHN, 2011; 

MENDEZ-BALBUENA et al., 2012; PRIPLATA et al., 2002; TRENADO et al., 

2014a, 2014b, 2014c). However, these explanations add little to the 

neurophysiological knowledge since no activity of neural elements are directly 

recorded during the motor-enhanced tasks. 

A key element of motor control is the MN and the muscle fibers they 

innervate (i.e., the motor unit (HECKMAN; ENOKA, 2012; SHERRINGTON, 

1925)). Modern technologies for electromyogram (EMG) signal recording and 

processing warrant accurate monitoring of the activity of a population of 

motor units during isometric or quasi-isometric contractions (FARINA et al., 

2016; FARINA; HOLOBAR, 2016; HOLOBAR et al., 2014; MARTINEZ-VALDES 

et al., 2016). Therefore, the analysis of motor unit spike trains yields a more 

precise interpretation regarding the neural control of muscle force. Some 

studies found a relation between the discharge rate variability of motor units 

(primarily estimated as the CoV of the motor unit interspike intervals, ISI) 

and force steadiness (KOUZAKI et al., 2012; LAIDLAW et al., 2000; MORITZ 

et al., 2005). It is well known that the discharge rate variability of motor units 
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is mostly influenced by the synaptic noise (CALVIN; STEVENS, 1967, 1968), 

which is comprised of both common and independent commands impinging 

onto the MNs. More recent findings, however, have shown that force 

variability are more related to the fluctuations of the common synaptic inputs 

received by a population of MNs (FARINA et al., 2014; FEENEY et al., 2018; 

NEGRO et al., 2009), and that the averaging process performed by the MN 

pool filters out the contribution of independent synaptic inputs (FARINA et 

al., 2014, 2016; FARINA; NEGRO, 2015). 

To the best of our knowledge, no previous study evaluated the activity 

of a population of motor units during a motor task enhanced by vibrotactile 

stimulation. The study by Kouzaki et al. (2012) recorded few motor units 

(ten) using intramuscular EMG electrodes during a motor task enhanced by 

subthreshold electrical stimulation delivered percutaneously to the peripheral 

nerve of ankle extensor muscles. They found a decreased ISI CoV and motor 

unit synchronization both associated with an increased force steadiness. 

However, the findings of a motor task enhanced by electrical stimulation 

cannot be directly translated to vibration-induced enhanced motor 

performance. Moreover, the recording of a small sample of neural elements 

precludes a broader overview of the neurophysiological mechanisms behind 

the improved sensorimotor control. 

An improved sensorimotor control would be a result of (1) a reduced 

fluctuation of the common synaptic input, and/or (2) a reduction in the 

synaptic noise. If the latter is the determinant factor, one would expect a 

reduced discharge rate variability of motor units (lower ISI CoV), which is 

similar to the findings of (KOUZAKI et al., 2012). However, if the former 
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mechanism yields the improved sensorimotor control, we will observe a 

reduced variability of the neural drive to the muscle (FARINA et al., 2010, 

2014; NEGRO et al., 2009), along with a decreased proportion of common 

inputs (PCI) to the recruited motor units (NEGRO et al., 2016). Based on 

recent experimental results (presented above) that were able to record a 

large population of motor units, we hypothesize that vibrotactile stimulation 

would influence the fluctuations of the common synaptic input instead of 

changing the independent component of the synaptic inputs to the motor 

neurons.  

In the present study, we aim at providing a neural basis for the 

improved motor performance caused by vibrotactile stimulation. As an 

experimental model, we adopted low-intensity isometric contractions of the 

FDI muscle (index finger abduction) with and without stimulation of 

cutaneous mechanoreceptors by high-frequency sinusoidal vibration 

(GERMER et al., 2019b). Additionally, computer simulations were carried out 

on a multiscale model of the neuromuscular system (CISI; KOHN, 2008; 

WATANABE et al., 2013) as an aid to better understanding the potential 

mechanisms underlying the experimental findings. Partial results were 

presented as an abstract (GERMER et al., 2018b). 

2 Materials and Methods 

2.1 Participants 

Eleven subjects (25 ± 6years, 65.45 ± 7.12kg, 7 men) participated in 

the study. All subjects were right-handed, had normal or corrected-to-normal 

vision, and reported no previous history of neuromuscular diseases. 
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Participants gave their written informed consent before the experiments. The 

procedures were in accordance with the Declaration of Helsinki and were 

approved by the Imperial College Research Ethics Committee. 

2.2 Force measurement and vibrotactile stimulation  

Abduction force of the index finger was measured with a three-axis 

force transducer (Nano25, ATI Industrial Automation) attached to a 

mechanical apparatus (Figure 12a). The force signal was digitized at 2048Hz 

(USB-6225, National Instruments) and lowpass filtered (15-Hz cutoff 

frequency) with a fourth-order Butterworth filter. 

Vibrotactile stimulation was performed by a linear resonant actuator 

(resonant frequency of 175Hz, C10-100, Precision Microdrives) placed on the 

radial surface of the metacarpophalangeal joint (Figure 12a). A previous 

study demonstrated the efficiency of this vibration protocol in improving force 

control (GERMER et al., 2019b). Three intensities of vibration were applied: 

(1) nearly imperceptible low-intensity vibration (0.01G); (2) intermediate-

intensity vibration (0.45G); and (3) high-intensity vibration (1.50G). 
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Figure 12 Experimental protocol and data analysis. (a) Mechanical apparatus used to record 
index finger abduction force. Isometric forces were measured at the distal interphalangeal joint 
and a linear resonant actuator was placed at the radial surface of the metacarpophalangeal 

joint of the index finger (i). A high-density (HD) surface EMG grid with 64 electrodes was 
placed on the first dorsal interosseous (FDI) muscle (ii). (b) Representative recordings of force 
signals from a single participant in CTR (black) and OV (gray) conditions at 5%MVC. Data 

analysis was carried out on data confined between the dashed lines (i.e., between 23 s and 44 
s) so as to avoid non-stationarities. (c) Representative analysis of the influence of vibrotactile 
stimulation on force steadiness (force CoV) for two participants. The effects of low-intensity 
(LV), intermediate-intensity (IV), and high-intensity (HV) vibration on force CoV were 
normalized to the non-vibration control condition (CTR). Black circles depict the optimal 
vibration (OV), which was defined as the vibration amplitude that produced the lowest force 
CoV (relative to CTR) for each participant at each contraction intensity. Note that the 

participant on the right panel did not have an OV at 2.50%MVC. (d) Data analysis performed 
on HD surface EMG signals. Leftmost signals represent the data from the 64 EMG channels 
(rows) recorded during CTR (black) and OV (gray) conditions. The EMG channels were 
decomposed into motor unit spike trains (middle), so that each row represents one motor unit 
and the vertical bars represent the discharge timings. The neural drive to the muscle 

(rightmost signals) was estimated as the smoothed cumulative spike train (sCST), which 
consists of a lowpass filtered (LPF) version (at 2.50Hz) of the cumulative spike trains (see Sec. 

2.5.3 for details). 
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2.3 Recording of high-density surface electromyogram 

A 13x5 flexible grid of electrodes (4-mm interelectrode distance, 

ELSCH064NM4, OT Bioelettronica) was placed on the FDI muscle (Figure 

12a). Skin preparation was performed before placement of the electrode grid. 

HD-EMG signals were recorded with a multichannel amplifier (Quattrocento, 

OT Bioelettronica) in monopolar mode. Signals were bandpass filtered (10-

500Hz) and digitized with 16-bit resolution at 2048Hz. 

2.4 Experimental protocol 

Participants were comfortably seated on a chair with both arms 

resting on a table. A custom-made apparatus supported the right hand in 

vertical position (Figure 12a). Velcro® straps were used to immobilize the 

forearm and wrist. The index finger was aligned with the forearm and the 

thumb was kept in a resting position at the same height as the index finger. 

An LCD monitor was placed ~60cm in front of the subject at the eyes level to 

provide a visual feedback of the force. The target force was showed as a red 

line at the center of the monitor screen, and the force feedback signal was 

provided as a moving yellow line in which the y-axis position corresponded to 

the force component normal to the sensor surface. Participants wore a 

headphone driven by a white Gaussian noise sound to mask the ambient 

noise. 

Experiments started with participants performing their MVC in trials 

that lasted 10s. The MVC was defined as the maximum value of three 

attempts. The experiment consisted of steady isometric abductions of the 

index finger in two contraction intensities (2.50% and 5%MVC). Trials were 
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performed without vibration (control condition, CTR) and with the three 

vibration intensities defined above (low, intermediate, and high). In vibration 

trials, vibratory stimulus started at the beginning of the trial up to its end. 

Prior to the main trials, participants performed eight familiarization tests (all 

combinations of target forces and vibration intensities) that consisted of 

steady isometric contractions with 15s duration. After acquaintance, the 

participants performed the tasks that lasted 45s, and each task was repeated 

three times. The order of presentation of each combination of target force 

and vibration intensity was randomized, and a 30-s resting interval was 

adopted between trials. 

2.5 Data analysis 

2.5.1 Force signals 
Force signals were processed offline in MATLAB (The MathWorks Inc.). 

The force signal was lowpass filtered (fourth-order Butterworth digital filter, 

15-Hz cutoff frequency) and detrended. The initial 23s and last 1s of each 

recording were discarded to avoid non-stationarities of force signals (Figure 

12b). Force variability was measured as the CoV of the force signal. 

For each contraction intensity (i.e., 2.50%MVC and 5%MVC), the 

average force CoVs calculated from the three attempts were compared 

between the vibration intensities. In order to normalize the subject-

dependent effect of vibrotactile stimulation on sensorimotor performance 

(MENDEZ-BALBUENA et al., 2012; TRENADO et al., 2014a, 2014b, 2014c), 

we selected an OV for each participant. OV was defined as the vibration 

intensity that provided the lowest force CoV (Figure 12c) and was determined 
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for each force intensity (GERMER et al., 2019b). Henceforth, all analyses were 

carried out on dependent variables measured in the two contraction 

intensities (2.50% and 5%MVC) and two vibration conditions (CTR and OV). 

2.5.2 HD surface EMG signals 
HD surface EMG signals were decomposed into motor unit spike trains 

using a blind source separation algorithm (Figure 12d) (HOLOBAR et al., 

2014; HOLOBAR; ZAZULA, 2007). The pulse to noise ratio that estimated the 

accuracy in discharge identification was set to 30 dB (HOLOBAR et al., 2014; 

HOLOBAR; ZAZULA, 2007). After the automatic decomposition, the motor 

unit spike trains were visually inspected by an experienced researcher to 

correct for misclassified spikes. Motor units that exhibited intermittent firing 

were discarded from the analysis. 

2.5.3 Motor unit spike trains 
We assessed the mean ISI, as well as the SD and CoV of ISIs. The 

neural drive to the FDI muscle was estimated as the smoothed cumulative 

spike train (sCST, Figure 12d). The CST of each trial was estimated as the 

sum of all motor unit spike trains and normalized by the number of motor 

units. The CST was smoothed using a non-overlapping 400-ms duration 

Hanning window. The mean and CoV of the sCST was calculated for each 

condition. 

The PCI to the motoneuron pool was estimated from the coherence 

function (NEGRO et al., 2016) in the frequency band between 0.20Hz and 

2Hz (Eq. 2). Briefly, for each trial, coherence functions between two groups 

with 𝑚 motor units were computed, where 𝑚 ranged from one to half the 

number of decomposed motor unit spike trains. 
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𝐶�̅�1,𝑓2
=

|𝑚2𝐴|
2

(𝑚𝐵+𝑚2𝐴)2
  (2) 

where, 𝐶�̅�1,𝑓2
 is the average coherence in the frequency band [𝑓1, 𝑓2], 𝐴 and 𝐵 

are parameters to be optimized. 

The parameters 𝐴 and 𝐵 in Eq. 2 are related to the power of the 

common synaptic input, and the squared root of the ratio 𝐴/𝐵 is an estimate 

of the PCI (NEGRO et al., 2016). We solved the nonlinear least-squares 

optimization method with the function 'lsqcurvefit' available in MATLAB. The 

values of 𝐶�̅�1,𝑓2
 were estimated using the pooled coherence between two long 

time series (AMJAD et al., 1997), which comprised the concatenation of all 

possible permutations of groups of 𝑚 motor units or up to a maximum of 

1,000 permutations. Coherence was estimated using the Welch’s averaged 

periodogram with non-overlapping Hanning window of 5-s duration 

(resolution of 0.20Hz). Only trials with at least six motor units were used for 

the PCI analysis. 

2.6 Computer simulations 

2.6.1 Model description 
Computer simulations were carried out using a multiscale 

neuromuscular model extensively described elsewhere (CISI; KOHN, 2008; 

ELIAS et al., 2012; ELIAS; KOHN, 2013; WATANABE; KOHN, 2017, 2015; 

WATANABE et al., 2013). Here we will provide only a brief description of the 

model. The original model was parameterized to represent the leg muscles, 

but in the present study we adapted the model to represent the MN pool 

innervating the FDI muscle. The MN pool consisted of 120 type-identified MNs 
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(101 S-type, 17 FR-type, and 2 FF-type) (ENOKA; FUGLEVAND, 2001). Each 

MN was represented by a two-compartment model (soma-dendrite). The 

soma encompassed the passive properties of the membrane (resistance and 

capacitance), and active ionic currents yielding action potential (fast sodium 

and potassium currents) and afterhyperpolarization (slow potassium) time 

courses. To speed up the simulations, state variables associated to the 

dynamics of ionic currents were simplified using the approach by Destexhe 

(1997). The dendrite was a passive compartment, since we have no clear 

evidence of the involvement of active dendritic currents (e.g., persistent 

inward currents) during low-intensity isometric contractions. Morphological 

and electrophysiological parameters were adopted equal to those reported in 

(CISI; KOHN, 2008; WATANABE et al., 2013), with a piecewise linear 

interpolation of the reference values (see Table 2 in (CISI; KOHN, 2008) and 

Table 1 in (WATANABE et al., 2013)) to represent the population of MNs. 

The MN pool was commanded by a combination of common and 

independent presynaptic inputs (all located at the dendritic compartment). 

Two scenarios were explored: (1) a single common input that represented 

the corticomotor drive (Figure 13a); and (2) two common inputs, where one 

input represented the corticomotor drive and the secondary input was 

adopted to represent the activity from cutaneous afferents (Figure 13b). It is 

worth noting that the cutaneous pathway to MNs is oligosynaptic (PIERROT-

DESEILLIGNY; BURKE, 2012), but for simplicity we assumed that the whole 

circuit would result in a single common input to the MNs. 

Synaptic inputs were represented by a first-order kinetic model 

(DESTEXHE et al., 1994), whose parameters followed those reported in Cisi 
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and Kohn (2008) for excitatory synapses (i.e., reversal potential equal to 

70mV, and time constant equal to 0.11ms). Each synapse from common 

inputs had a maximum conductance of 600nS, while the synapses from 

independent inputs had a maximum conductance of 6,000nS. The latter was 

larger than the former since each MN had a single independent input, while 

common inputs were many (100 for corticomotor drive and 100 for the 

secondary common input). The common inputs were activated by Gamma 

stochastic point processes, while the independent inputs were activated by 

Poisson point processes (mean ISI equal to 50ms).   

 
Figure 13. Schematic diagram of the motor neuron pool model for the two scenarios explored 
here: (a) with a single common input (corticomotor drive), and (b) with two common inputs 
(corticomotor and secondary drives). In addition, in both scenarios each motor neuron received 

independent commands (noise). Common presynaptic commands were represented by 
Gamma point processes with mean interspike intervals (𝜇) and order (𝑘) varying according to 

the values presented between the brackets. 

 

Muscle unit force was produced by the impulse response of a second-

order critically damped system (MILNER-BROWN et al., 1973). Twitch 

amplitudes and contraction times ranged from 1mN to 140mN and 30ms to 

100ms, respectively (FUGLEVAND et al., 1993; MILNER-BROWN et al., 1973). 

The FDI muscle force was computed as the sum of the forces produced by 

each active muscle unit. 
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The model was implemented in Java programming language (Oracle), 

and the differential equations were solved using a fourth order Runge-Kutta 

method with a fixed step (50𝜇s). 

2.6.2 Simulation protocols 
Each simulation had 10-s duration and 17 simulations were performed 

to evaluate the variability between each simulation run. First, the maximum 

muscle force was estimated as the average contraction yielded by a neural 

drive of 30Hz (ENOKA; FUGLEVAND, 2001). Subsequent simulations were 

performed to achieve submaximal muscle force. The commands to the MN 

pool were adjusted so that the mean ISI and ISI CoV from the model were 

both similar to the experimental counterparts.  

In the first scenario (see description above and Figure 13a), we tested 

the hypothesis that the OV would directly influence the variability of a single 

common input (corticomotor drive). Therefore, the order (𝑘𝐶𝑀) of the Gamma 

point process was systematically changed from 4 (control) to 8 and 10 (more 

regular), while the mean ISI (𝜇𝐶𝑀) was set to 20ms. In the second scenario 

(Figure 13b), we added a secondary common input to evaluate the hypothesis 

that the pathway from cutaneous afferents is independent from the 

corticomotor drive and would differentially influence the variance of the global 

common input to the MN pool. We evaluated the effect of the secondary 

common input with the same distribution of the control case (i.e., 𝑘𝑆 = 𝑘𝐶𝑀 =

4) and for a more regular Gamma point process (𝑘𝑆 = 10). The reciprocal of 

the mean ISI (i.e., the mean rate) of the global common input (𝜇𝐺) followed 

Eq. 3, and we evaluated five different combinations [𝜇𝐶𝑀; 𝜇𝑆]: [20; 0]ms, 

[25; 100]ms, [30; 60]ms, [40; 40]ms, and [60; 30]ms. Please, note that in all 
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combinations the mean rate (mean ISI) of the global common input was 

maintained at 50Hz (20ms). 

1

𝜇𝐺
=

1

𝜇𝐶𝑀
+

1

𝜇𝑆
   (3) 

2.6.3 Simulation data analysis 
Simulation data were analyzed in the same way as the experimental 

data (see Sec. 2.5). The dependent variables measured from the simulations 

were: mean force; force CoV; mean ISI from the MNs; MN ISI CoV; mean 

sCST; sCST CoV; PCI; and the resultant variance of the common input 

(estimated from the Gamma point processes). 

2.7 Theoretical calculation of common input variance 

From the theory of stochastic point processes, the variance of ISI of 

a Gamma point process (renewal process) is given by 𝜎𝐼𝑆𝐼
2 = 𝜇/𝑘, where 𝜇 is 

the mean ISI (in milliseconds) and 𝑘 is the order of the Gamma point process. 

Similarly, the asymptotic variance of the firing rate (𝜎𝐹𝑅
2 ) is given by Eq. 4 

(COX, 1962). 

𝜎𝐹𝑅
2 =

𝜎𝐼𝑆𝐼
2 ∙1,000

𝜇3
+

1

6
+

(𝜎𝐼𝑆𝐼
2 )

2

2𝜇4
−

𝜇3

3𝜇3
 (4) 

where, 𝜇3 is the skewness of the ISI distribution. 

In the present study, we would like to calculate the firing rate variance 

of the global common input to the MN pool. Since the corticomotor input is 

assumed to be independent on the secondary (cutaneous afferent) input, the 

firing rate variance is given by Eq. 5.  
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𝜎𝐺
2 = 𝜎𝐶𝑀

2 + 𝜎𝑆
2    (5) 

Substituting the asymptotic variance of each independent input (Eq. 4 for CM 

and S) in Eq. 5, and, for simplicity, ignoring the influence of skewness (i.e., 

the last term of Eq. 4), we can calculate the theoretical variance of the global 

input using the parameters described in Sec. 2.6.2. 

𝜎𝐺
2 = (

1,000

𝑘𝐶𝑀⋅𝜇𝐶𝑀
2 +

1

6
+

1

2𝑘𝐶𝑀
2 ⋅𝜇𝐶𝑀

2 ) + (
1,000

𝑘𝑆⋅𝜇𝑆
2 +

1

6
+

1

2𝑘𝑆
2⋅𝜇𝑆

2)  (6) 

2.8 Statistical analysis 

Statistical analysis was performed using SPSS (IBM). The significance 

level adopted in the study was 0.05. Data are represented as mean ± 95% 

confidence interval. Prior to the regression analysis, a normality test was 

performed using the Shapiro-Wilk method. The effect size was calculated as 

the partial eta-squared (𝜂𝑝
2). Large effects were considered when 𝜂𝑝

2 > 0.25, 

while small effects were considered when 𝜂𝑝
2 < 0.01 (COHEN, 1988). 

For the experimental data, a two-way RM-ANOVA and Bonferroni’s 

post hoc tests were used to compare the dependent variables between 

contraction intensities (2.50% and 5%MVC) and vibration conditions (CTR 

and OV). In order to minimize type I error in our analysis due to the selection 

of an OV out of three vibration intensities, we corrected the significance level 

to 0.017 (0.05/3).  

Computer simulation data were analyzed using a multiple ANOVA and 

Dunnet’s tests to compare the dependent variables measured in different 

input conditions with those in the control condition (𝑘𝐶𝑀 = 4 and 𝜇𝐶𝑀 = 20ms). 
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In the scenario with a single common input (Figure 13a), the control condition 

was compared with two conditions where the order of the corticomotor input 

was changed (𝑘𝐶𝑀 = 8 and 10). Similarly, in the scenario with two common 

inputs (Figure 13b) the control condition was compared with different 

conditions where the intensities of the two inputs were systematically varied 

(𝜇𝐶𝑀/𝜇𝑆 equal to 25/100, 30/60, 40/40, and 60/30). 

3 Results  

3.1 Human experiments 

All the participants were able to maintain the muscle force at the 

target levels regardless of the vibration intensity (𝑝 = 0.758). When the target 

force was 5%MVC at least one vibration intensity was able to decrease the 

force CoV (steadiness) for all participants. However, at 2.50%MVC no OV was 

observed for two participants of the study. Figure 14a and Table 1 show that 

force CoV was significantly decreased (large effect) in OV as compared to the 

CTR condition, irrespective of the force intensity. Also, force CoV was 

significantly larger when the target force was 2.50%MVC. 

In total, 295 (305) and 357 (350) motor units were decomposed in 

CTR (OV) at 2.50% and 5%MVC, respectively. The following analyses were 

performed with the spike trains from these motor units. No interaction 

between force intensities (2.50% and 5%MVC) and vibration conditions (CTR 

and OV) was observed for the dependent variables measured from the motor 

unit spike trains (i.e., ISI CoV, sCST CoV, and PCI; see Table 1). Mean ISI 

and mean sCST were significantly influenced by contraction intensity (mean 
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ISI decreased and mean sCST increased when the force was 5%MVC), but 

they had no significant effect of OV. Conversely, sCST CoV and PCI were both 

significantly decreased by OV (Figure 14c and Figure 14d) but had no effect 

of force intensity. ISI CoV did not change with either force or vibration (Figure 

14b). 

 
Figure 14. Experimental results. (a) Force CoV as a function of force intensities (2.50% and 
5%MVC) and vibration conditions (control, CTR, and optimal vibration, OV). (b-d) The same 
as (a), but for the interspike (ISI) coefficient of variation (CoV), smoothed cumulative spike 
train (sCST), and proportion of common input (PCI), respectively. Error bars represent the 

95% confidence interval (𝑛 = 11). Gray lines indicate individual data (per subject). Asterisks 

indicate significant differences (𝑝 < 0.017). 
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Table 1. Outcomes from the two-way RM-ANOVA performed on the experimental data. 
Asterisks indicate the significant differences (𝑝 < 0.017). Effect size is reported as the partial 

eta-squared (𝜂𝑝
2). 

  
Mean 
Force 

Force 
CoV 

Mean 
ISI 

ISI 
CoV 

Mean 
sCST 

sCST 
CoV 

PCI 

Force 

P <0.001* <0.001* 0.003* 0.312 0.004* 0.087 0.743 

F(1,10) 37944.746 75.691 14.967 1.133 13.616 3.603 0.115 

𝜂𝑝
2 1 0.883 0.599 0.102 0.577 0.265 0.013 

Vibration 

P 0.964 <0.001* 0.354 0.148 0.465 0.012* 0.004* 

F(1,10) 0.002 28.345 0.945 2.465 0.577 9.508 14.225 

𝜂𝑝
2 0.000 0.739 0.086 0.198 0.055 0.487 0.612 

Force vs 
Vibration 

P 0.591 0.070 0.271 0.985 0.199 0.216 0.069 

F(1,10) 0.308 4.115 1.358 0.000 2.909 1.741 4.279 

𝜂𝑝
2 0.030 0.292 0.120 0.000 0.225 0.148 0.322 

 

3.2 Computer simulations 

In the first scenario simulated in this study (see Sec. 2.6.2 for 

details), a more regular corticomotor input (the only common input impinging 

onto the MNs) significantly decreased all dependent variables as compared to 

the control condition (𝑘𝐶𝑀 = 4) (Figure 15), but did not decrease the mean 

force (Table 2). These results are in contrast with the experimental outcomes 

since in the experiments we did not observe significant changes in the ISI 

CoV (see Figure 14b). 
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Figure 15 Computer simulation results for the scenario where the variability of the corticomotor 

input (single common input) was reduced (𝑘𝐶𝑀 = 8 and 𝑘𝐶𝑀 = 10) with respect to the control 

condition (𝑘𝐶𝑀 = 4). Effects on (a) force CoV, (b) ISI CoV, (c) sCST CoV, and (d) PCI. Error 

bars represent the 95% confidence interval (𝑛 = 17). Asterisks indicate significant differences 

(𝑝 < 0.05). 

 

The addition of a secondary input (second scenario described in Sec. 

2.6.2) with 𝑘𝑆 = 4 did not significantly change any dependent variable 

evaluated in the study (see Figure 16a-d). Conversely, Figure 16e-h shows 

that when 𝑘𝑆 = 10 (more regular input) there was a significant decrease in 

force CoV, sCST CoV, and PCI when the intensity of the secondary input 

increased (𝜇𝐶𝑀/𝜇𝑆 = 40/40 and 𝜇𝐶𝑀/𝜇𝑆 = 60/30). Also, in the latter condition, 

no difference was observed for the mean force, mean ISI, ISI CoV, and mean 

sCST among the different combinations of common input intensities, which is 

compatible with the experimental results presented in Sec. 3.1). Table 2 

shows a complete description of the statistics from the computer simulation 

data. 
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Figure 16 Computer simulation results for the scenario where the secondary common input 
was added to the model. (a)-(d) Results achieved when 𝑘𝐶𝑀 = 𝑘𝑆 = 4. (e)-(h) Results achieved 

when 𝑘𝐶𝑀 = 4 and 𝑘𝑆 = 10 (more regular input). Effects are shown for: (a) and (e) force CoV; 

(b) and (f) ISI CoV; (c) and (g) sCST CoV; and (d) and (h) PCI. Error bars represent the 95% 
confidence interval (𝑛 = 17). Asterisks indicate significant differences (𝑝 < 0.05). 

Table 2. Outcomes from the multiple ANOVA performed on the computer simulation data. 

Asterisks indicate significant differences (𝑝 < 0.05). Effect size is reported as the partial eta-

squared (𝜂𝑝
2). 

 
  

Mean 
Force 

Force 
CoV 

Mean 
ISI 

ISI CoV 
Mean 
sCST 

sCST 
CoV 

PCI Variance 

μ
C

M
 =

 2
0

m
s
 Order (kCM) 

P 0.517 <0.001* 0.240 <0.001* 0.115 <0.001* 0.001* <0.001* 

F(2,62) 0.666 60.566 1.462 25.946 2.239 33.045 7.765 28.522 

𝜂𝑝
2 0.21 0.661 0.0445 0.456 0.067 0.516 0.200 0.479 

Multiple 
comparisons 

4 vs. 8 0.225 <0.001* 0.745 <0.001* 0.807 <0.001* 0.033* <0.001* 

4 vs. 10 0.615 <0.001* 0.115 <0.001* 0.998 <0.001* <0.001* <0.001* 

k
S
: 

4
 

Condition 

P 0.097 0.490 0.651 0.049* 0.268 0.307 0.453 0.897 

F(3,64) 2.199 0.815 0.548 2.765 1.343 1.227 0.887 0.199 

𝜂𝑝
2 0.093 0.037 0.025 0.115 0.059 0.054 0.040 0.009 

Multiple 
comparisons 
(μCM = 20ms) 

vs. 25ms 0.726 0.832 0.956 0.998 0.145 0.361 0.777 0.480 

vs. 30ms 0.997 0.867 0.966 1.000 0.098 0.325 0.881 0.596 

vs. 40ms 0.996 0.990 0.977 0.995 0.142 0.073 0.285 0.754 

vs. 60ms - - - - - - - - 

k
S
: 

1
0

 

Condition 

P 0.237 0.003* 0.955 0.014* 0.907 <0.001* 0.006* <0.001* 

F(4,80) 1.414 4.439 0.167 3.331 0.253 7.217 3.942 9.203 

𝜂𝑝
2 0.660 0.182 0.008 0.143 0.013 0.265 0.165 0.315 

Multiple 

comparisons 
(μCM = 20ms) 

vs. 25ms 0.988 0.885 0.901 0.968 0.469 0.066 0.858 0.055 

vs. 30ms 0.999 0.666 0.934 0.998 0.473 0.026* 0.657 <0.001* 

vs. 40ms 0.968 0.012* 0.798 0.316 0.699 <0.001* 0.014* <0.001* 

vs. 60ms 0.794 0.018* 0.772 0.292 0.722 <0.001* 0.028* <0.001* 
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3.3 Variance of the common input 

Figure 17 illustrates the effect of a secondary input on the resultant 

variance of the global common input. These results are based on the 

theoretical approach described in Sec. 2.7. If the corticomotor input was 

represented as a Poisson point process (Gamma point process with order 

𝑘𝐶𝑀 = 1), the addition of a secondary input of any order (𝑘𝑆) decreased the 

resultant input variance (Figure 17a). Conversely, when the regularity of the 

corticomotor input increased (i.e., higher 𝑘𝐶𝑀) the input variance depended 

on the regularity (𝑘𝑆) and intensity (𝜇𝑆) of the secondary input. When 𝑘𝐶𝑀 = 4 

the common input variance decreased only when 𝑘𝑆 ≥ 5, irrespective of the 𝜇𝑆 

(Figure 18b). However, when 𝑘𝑆 = 4 and 𝑘𝑆 = 4, there were optimal regions 

where the balance between the intensities of the corticomotor and secondary 

inputs produced a minimum input variance. For 𝑘𝐶𝑀 = 6 (Figure 17c) a 

decrease in the global common input variance was observed only when 𝑘𝑆 ≥

7, but the observed decrease was almost negligible. Finally, when 𝑘𝐶𝑀 = 10 

the resultant global common input variance increased for any intensity and 

order of the secondary input (Figure 17d). 
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Figure 17. Theoretical analysis on the effects of order (𝑘) and mean intensity (𝜇) of the two 

common inputs (Gamma point processes) on the variance of the global common input (𝜎𝐺
2). 

Panels (a)-(d) show analytical curves for different orders of the corticomotor input (i.e., 𝑘𝐶𝑀 =
1, 4, 6, and 10, respectively). 

 

Figure 18 shows a comparison between computer simulation data and 

the theoretical analysis of the global common input variance. Figure 18a 

shows that when the common input is represented by a single corticomotor 
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input the input variance significantly decreased (as expected from the 

theoretical curve; see dashed line) when 𝑘𝐶𝑀 increased (more regular). When 

the two common inputs are considered in the model, there is no significant 

difference in the input variance when 𝑘𝐶𝑀 = 𝑘𝑆 = 4 (Figure 18b), whereas 

significant differences were observed when 𝑘𝑆 = 10 and 𝜇𝑠 < 60ms (Figure 

18c). These differences in the common input variance are related to the 

changes observed in force CoV, sCST CoV, and PCI from computer simulation 

data. 

 

Figure 18. Variance of the global common input. (a) Relationship between the common input 

variance (𝜎𝐺
2) and the order of the corticomotor input (𝑘𝐶𝑀), which was the single input in the 

model for this scenario. (b)-(c) Input variance when two common inputs are considered in the 
model. Panel (b) shows the relationship between the input variance and the intensity of the 

corticomotor input (𝜇𝐶𝑀) when 𝑘𝐶𝑀 = 𝑘𝑆 = 4, while panel (c) shows the same relationship when 

𝑘𝑆 = 10. Error bars represent the 95% confidence interval (𝑛 = 17). Asterisks indicate significant 

differences (𝑝 < 0.05). 

4 Discussion  

In the present study, we combined human experiments and computer 

simulations to provide clues on the neurophysiological mechanisms behind 
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the improved force control induced by sinusoidal vibrotactile stimulation. In 

the experiments, we observed that an optimal level of vibrotactile stimulation 

(OV) could reduce force variability (CoV) accompanied by a decrease in the 

variability of the neural drive to the FDI muscle (reduced sCST CoV) and a 

reduction in the proportion of common inputs (PCI) to the recruited motor 

units. However, OV did not change ISI variability as compared to the control 

(no vibration) condition. Computer simulations could resemble the 

experimental findings only when a combination of two independent common 

inputs were used in the model, and the secondary input had a lower 

variability. Additionally, from the theory of stochastic point processes, we 

showed that the variance of the global common input could be reduced by an 

appropriate balance between intensity and variability of the two independent 

inputs impinging on the motor pool. Therefore, the experimental findings can 

be explained by a reduction in the variance of the global common input due 

to the activation of a secondary input, which we hypothesize to be the neural 

activity induced by the vibrotactile stimulation. In the following subsections, 

we shall present a detailed discussion on each of these findings. 

4.1 Effects of an optimal vibrotactile stimulation on a population of 
motor units 

 A relevant experimental finding was that OV did not reduce either ISI 

CoV or the relationship between ISI SD and the mean ISI (data not shown), 

but was able to reduce the fluctuations of the neural drive to the muscle 

(estimated as the smoothed CST (FARINA et al., 2014)), as well as the 

proportion of common input (Figure 14 and Table 1). 
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Despite the evidence of correlation between ISI CoV and force CoV 

(KOUZAKI et al., 2012; MORITZ et al., 2005), the current opinion is that the 

low-frequency fluctuations of the common inputs to the MN pool account for 

the motor output variability (LODHA; CHRISTOU, 2017; MOON et al., 2014; 

NEGRO et al., 2009). Although the MN activity is intrinsically nonlinear, the 

population of recruited motor units acts as a lowpass linear system 

(DIDERIKSEN et al., 2012; NEGRO et al., 2009; NEGRO; FARINA, 2011a). In 

other words, the population of motor units linearly transmits the slowly 

varying components of the common input to the motor output and filters out 

the independent synaptic inputs received by each MN (FARINA et al., 2014). 

Our findings support this idea since the reduction in force CoV caused by OV 

was not followed by a reduction in the ISI CoV but by a reduction in sCST 

CoV, which roughly represents the variability of low-frequency components 

(up to 2.50Hz) of the common input. 

The reduction of force CoV in OV was followed by a decrease in PCI. 

PCI is an estimate of the relative proportion between the common inputs 

impinging onto the MNs and the total synaptic inputs (NEGRO et al., 2016). 

This index may also be viewed as the proportion between the common 

fluctuations on MN membrane potential and the total membrane potential 

fluctuations (sum of common and independent inputs). Therefore, a 

decreased PCI could be a consequence of a reduced fluctuation of the 

common inputs and/or an increased fluctuation of the independent inputs. An 

increased synaptic noise (here considered only the independent part of the 

presynaptic commands to the MNs) would produce motor unit spike trains 

with higher variability (CALVIN; STEVENS, 1968). However, as we mentioned 
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above, OV did not change ISI CoV, thereby suggesting that the vibrotactile 

stimulation does not significantly influence the synaptic noise. As a 

consequence, the reduction in PCI likely reflects a decreased fluctuation of 

the common input to the motor pool. 

Another possible explanation for the decreased PCI is a decorrelation 

between the activities of the motor units caused by activation of cutaneous 

afferents. Kouzaki et al. (2012) showed that motor unit synchronization was 

reduced when a subthreshold stochastic electrical stimulation was applied to 

the tibial nerve. Despite the expected difference between the experimental 

protocol of the referred study and ours (i.e., their protocol preferably excited 

muscle afferents), the reduced motor unit synchronization is in the same 

direction of our finding of reduced PCI (although we did not find any difference 

in motor unit synchronization – data not shown). Since PCI is a measure 

derived from the coherence between two motor unit CSTs, it also reflects the 

degree of correlation imposed by common inputs to the MN pool (NEGRO et 

al., 2016). Therefore, the activation of cutaneous afferents by vibrotactile 

stimulation would reduce the corticomotor drive (but the net excitatory input 

is maintained, since we did not observe changes in the mean excitability of 

the motor units in OV as compared to CTR), thereby decreasing the correlated 

discharge of motor units (KOUZAKI et al., 2012; NEGRO; FARINA, 2011b). 

4.2 On the influence of common input statistics 

A theoretical analysis and computer simulations showed that the 

statistical properties of common inputs could largely influence the motor 

output variability, which was similar to the findings of Watanabe et al. (2013). 
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When a single common input was considered in the model (to represent the 

corticomotor drive), the reduced variability of the presynaptic command 

reduced force CoV, ISI CoV, sCST CoV, and PCI (see Figure 15). The latter 

results contrast with the experimental findings and, therefore, suggest that 

vibrotactile stimulation would not directly influence the variance of the 

corticomotor drive, which is compatible with experimental data from monkeys 

(BAKER et al., 2006). When the intensity of the global input was adjusted to 

produce simulated motor unit discharges at the same mean rate of the 

experimental data, the best scenario to reproduce the experimental outcomes 

was with a reduced variability of the second input as compared to the 

variability of the corticomotor drive. In this scenario, the activity of the 

secondary input (along with the corticomotor drive) reduced the force CoV, 

sCST CoV, and PCI, but did not change the ISI CoV (Figure 16 and Table 2). 

The addition of a secondary input would influence the activity of motor 

units in two different (but complementary) ways. First, the analytical 

approach (Figure 17 and Figure 18) demonstrated that the variance of the 

global common input (a combination of corticomotor and secondary inputs) 

is mostly influenced by both the intensity and variability of each input (see 

Eq. 6). With a more regular secondary input, the global common input will 

have a lower variability that implies a more regular neural drive to the muscle 

(sCST with lower variability), and consequently a steadier force (DEL 

VECCHIO et al., 2018; DIDERIKSEN et al., 2012; FARINA; NEGRO, 2015; 

THOMPSON et al., 2018). Second, the activation of the secondary input would 

decorrelate the corticomotor input and MN pool output, similar to the findings 



95 

 
 

 

by Negro and Farina (2011b). Both factors (i.e., reduced global input variance 

and decorrelation of corticomotor drive) lead to a reduction of the PCI. 

Nonetheless, so far, we explained the reduction of force variability 

caused by vibrotactile stimulation based on analyses that consider a 

population of motor units. When individual motor units were evaluated, we 

did not find modifications in ISI variability between CTR and OV conditions 

(Figure 14). A simple decrease in the common input variance will lead to a 

decrease in ISI CoV, as observed in the simulations with a single common 

input (Figure 15). The addition of a second input is not expected to change 

this property, but a reduction in the ISI CoV did not accompany the lower 

variance of the global input when the second input was added. It is well 

known that MN ISI variability depends on both afterhyperpolarization time 

course and the high-frequency fluctuations of the membrane potential 

(CALVIN; STEVENS, 1967; MATTHEWS, 1996). The former is an intrinsic 

property that is implausible to be influenced by OV. Therefore, a possible 

explanation for the unchanged ISI CoV is that the addition of a secondary 

input changed the low-frequency power spectrum of the global synaptic input 

but did not significantly alter its high-frequency content. Alternatively, Negro 

and Farina (NEGRO; FARINA, 2011b) showed that the nonlinearity in the 

spiking generation process produces constructive and destructive 

interferences when two common inputs concurrently activate the MN. This 

interference induced by the two inputs limits the transmission capacity of any 

common input to the output of a single MN, and hence the independent 

synaptic noise will play a significant role in shaping the variability of the MN 
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ISIs. Since we did not change the independent noise across simulated 

conditions, the ISI CoV did not change accordingly.  

Another insight provided by the theoretical analysis and computer 

simulations is on the existence of conditions with increased common input 

variance depending on the combination of regularity and intensity of the two 

common inputs. In our study and several others published elsewhere 

(GERMER et al., 2019b; MENDEZ-BALBUENA et al., 2012; TRENADO et al., 

2014a, 2014c), the beneficial effect of vibrotactile stimulation was not 

observed for some intensity of a vibratory stimulus. For a single subject, some 

intensities worsen force control (i.e., increase force CoV, see Figure 12c for 

an example). Also, the vibration intensity for optimal performance is 

frequently different across the subjects (TRENADO et al., 2014c). A possible 

explanation is that the global common input variance depends on a balance 

between the regularities and intensities of the two inputs (Figure 17). Small 

modifications in both variability and/or intensity of the corticomotor drive or 

cutaneous afferent drive would produce an input variance that is higher (or 

equal) than (to) a control condition, thereby decreasing (or unchanging) the 

motor performance. 

4.3 On the role of cutaneous afferents on motor unit activity and 
force enhancement 

Hitherto, our focus was on the influence of optimal vibrotactile 

stimulation on the activity of motor units. However, other experimental 

studies using different protocols have shown that stimulation (either electrical 

or mechanical) of cutaneous afferents can (i) reduce the presynaptic 
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inhibition of Ia muscle spindle afferents  (AIMONETTI et al., 2000; ILES, 

1996; NAKASHIMA et al., 1990), (ii) induce differential excitatory and 

inhibitory effects on high-threshold and low-threshold motor units, 

respectively (DATTA; STEPHENS, 1981), and (iii) influence the recruitment 

pattern of motor units by changing their recruitment thresholds (GARNETT; 

STEPHENS, 1981). Since we evaluated the activity of a population of motor 

units rather than tracking individual motor units between vibration and no-

vibration conditions, we cannot rule out the possibility that cutaneous 

afferents would induce differential excitatory/inhibitory effects on the motor 

units. However, a different experimental protocol is necessary to explore 

these aspects of our vibrotactile stimulation protocol. 

Changes in presynaptic inhibition can also be a putative 

neurophysiological mechanism underlying the findings of the present study. 

Aimonetti et al. (2000) reported that cutaneous vibration could reduce 

presynaptic inhibition of Ia terminals without changing the mean discharge 

rate of the motor units. A recent computer simulation study showed that force 

CoV, common drive index, and motor unit coherence decreased with an 

increased gain of the monosynaptic Ia pathway (NAGAMORI et al., 2018). In 

this vein, the Ia afferent activity would also comprise the hypothetical 

secondary input of our model, and its effects would be quite similar to those 

described in the previous sections. Nonetheless, the relative contribution of 

Ia and cutaneous to the finding should be evaluated in another protocol 

mixing vibrotactile and electrotactile stimulations.  

Additionally, even in our protocol, we cannot rule out a direct 

activation of Ia afferents due to the proximity between the vibrotactile 
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actuator and the metacarpophalangeal joint. However, there is an extensive 

literature showing that tendon vibration would influence the activity of motor 

units differently from the findings reported here (BARRERA CURIEL et al., 

2019; KIEHN; EKEN, 1997; MOSIER et al., 2017; TENAN et al., 2019). For 

instance, tendon vibration increases motor unit firing rate (KIEHN; EKEN, 

1997), decreases discharge variability (HARWOOD et al., 2014), and changes 

the recruitment strategy of motor units (XU et al., 2018). Since we did not 

observe most of these effects in our data (notably, the increase in firing rate 

and ISI variability), we suggest that the direct activation of Ia afferents by 

our vibrotactile stimulation is minimal, and another neurophysiological 

mechanism is behind the findings reported elsewhere (e.g., tonic vibration 

reflex). 

Our computer simulation results suggest that vibrotactile stimulation 

would activate a more regular (less variable) pathway during an OV condition. 

This hypothesis is plausible since the Pacinian corpuscles (thought to be 

activated by our stimulation protocol (ABRAIRA; GINTY, 2013)) have a 

preferred firing range, which depends on the vibration intensity and frequency 

(BOLANOWSKI; ZWISLOCKI, 1984). Spike train histograms from the Pacinian 

afferent activities exhibited a marked periodicity with small deviations from 

the preferred firing frequency. This feature is still present even when a 

bandlimited (100Hz to 300Hz) stochastic input is applied to the 

mechanoreceptor (BOLANOWSKI; ZWISLOCKI, 1984). Therefore, our results 

and interpretations can also be useful to explain the experimental outcomes 

from studies that used a stochastic vibrotactile stimulation to improve force 

control (MENDEZ-BALBUENA et al., 2012; TRENADO et al., 2014a, 2014c). 
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Chapter 4 

Final Comments 

 

s final comments, it is of paramount importance to discuss the results 

presented in the previous chapters in an integrative manner. Here we 

will provide the putative mechanisms (based on our previous results) behind 

the beneficial effect of vibrotactile stimulation to motor performance. 

In Chapter 3, we provided evidences that force variability is highly 

influenced by low-frequency fluctuations of the common input to the motor 

neuron pool, which is translated to the neural drive to the muscle. We 

explored (using a neuromuscular model) a representative scenario in which 

the motor neuron pool received a common input (from descending drive and 

proprioceptive feedback), a secondary common input (from cutaneous 

afferents), and independent synaptic noise. In another scenario, we 

represented the inputs to the motor neuron pool as a single common input 

and independent noise. We showed that the fluctuations of the global 

common input, which influenced the force variability, could be modulated by 

the statistics of the two common inputs. In other words, specific conditions 

of the neural system, given by the combination of the voluntary drive, 

proprioceptive feedback and cutaneous (exteroceptive) commands, would 

lead to either a reduction or an increase in force variability. We suggest that 

an optimal level of vibrotactile stimulation would induce a neural condition in 

which a more regular discharge of cutaneous afferents impinging to spinal 

A 
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and supraspinal neurons would reduce the low-frequency fluctuations of the 

common input, and consequently the neural drive to the muscle and the 

motor output (force). 

With the previous results in mind, we can reinterpret the results from 

Chapter 1, where we showed that the application of a sinusoidal 

(deterministic) vibration can be used to improve force control in an isometric 

condition. Other studies have shown that stochastic vibrotactile stimulation 

was also effective in improving motor performance. The similarity between 

our protocol and those based on stochastic inputs (MENDEZ-BALBUENA et al., 

2012; TRENADO et al., 2014a, 2014c) would be attributed to the transduction 

property of Pacinian corpuscles in the glabrous skin, which discharges 

regularly regardless of the stimulus nature (stochastic or deterministic). 

Therefore, the application of either deterministic or stochastic vibrotactile 

stimuli in the sensitivity range of Pacinian corpuscles would induce a motor 

improvement due to the low variability of cutaneous afferent discharges. 

However, future studies using stochastic and deterministic vibrotactile 

stimulations in the same protocol are necessary to support this idea. 

Another key finding described in Chapter 1, was the differential effect 

of OV depending on the contraction intensity. A more prominent effect of OV 

was observed during low-intensity contractions. In the discussion of that 

Chapter (which was already published in a journal (GERMER et al., 2019b)), 

the analysis of the signal-dependent noise of muscle force (i.e., the relation 

between force SD and mean force level (JONES et al., 2002)) lead to the 

conclusion that OV would reduce the synaptic noise in the motor neuron pool. 

Taking the results of Chapter 3 into consideration, the latter conclusion turns 
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out to be partially true. The synaptic noise has two sources of randomness: 

(1) the randomness of common inputs; and (2) the randomness of 

independent inputs. Computer simulations combined with analysis of motor 

unit spike trains showed that the independent term would not change with 

the OV (CALVIN; STEVENS, 1968). However, the variance of the global 

common input is reduced due to the activity of cutaneous afferents. 

Therefore, the synaptic noise would be only partially reduced by OV, and the 

influence of higher frequency components of the synaptic inputs to the motor 

neuron pool seemed to be of little relevance (since the ISI CoV did not 

change) for the reduction of fluctuations of muscle force caused by 

vibrotactile stimulation.  

Following a decrease in the force CoV, we reported a shift of the force 

power spectrum to higher frequency components, along with an increased 

ApEn (decreased regularity) (Chapters 1 and 2). The decrease in the 

proportion of low-frequency fluctuations in the force time series is in line with 

a reduced low-frequency fluctuation of the neural drive (Chapter 3). 

Moreover, we suggested that these results would reflect an increased activity 

of Ia afferents due to the reduction of presynaptic inhibition of Ia terminals 

caused by increased cutaneous activity (see the discussion of Chapters 1 and 

2). The role of Ia afferents is out of the scope of this work, but an increased 

Ia inflow would also be represented as a second common input to the motor 

neurons, and hence all the interpretations based on cutaneous activity could 

be valid in this condition. Nonetheless, further studies are necessary to 

elucidate the role of presynaptic inhibition on the observed motor behavior. 
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An increase of ApEn with OV reflects a decreased regularity of the 

force time series. Similarly, it may also represent an increased complexity of 

the system output, which might be related to the number of components or 

processes contributing to the force control (SLIFKIN; NEWELL, 1999). We 

suggest that the increased afferent inflow would contribute to the neural 

control strategies during the stabilization of force in a target level, and hence 

OV would maximize the adaptiveness of the system. It is not clear, however, 

the correlation between complexity of the force structure (ApEn) and the 

fluctuations in the common input. Further investigations are needed for a 

better understanding of the neural mechanisms behind modifications of ApEn. 

Finally, in Chapter 2, we showed that irrespective of lateral 

asymmetries in the sensory processing at cortical and spinal levels, the 

improvement of motor performance induced by vibrotactile stimulation did 

not depend on handedness. Our hypothesis was that the presumed advantage 

of the non-dominant hand in integrating sensory inputs was somehow 

occluded by the visual feedback provided to the subjects in our experimental 

protocols (LI et al., 2015). In this condition, it is possible that the common 

input to motoneurons in the dominant and non-dominant sides were similar, 

and hence any influence of OV in reducing the equivalent common input 

would occur in both sides. 

In sum, with this study we were able to provide additional data to the 

literature regarding the improvement of force control caused by vibrotactile 

stimulation. The neurophysiological interpretations are novel and based on 

experimental data from a population of human motor units, which were 

recorded for the first time in a motor-enhancement protocol with vibrotactile 
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stimulation. Additionally, the possibility of using sinusoidal vibrotactile 

stimulation to improve force control is quite relevant to the development of 

haptic devices for motor rehabilitation and motor performance. 
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