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Abstract— Current skeletal muscle conditioning is typically
performed by application of a steady force (load). However, as
confirmed by whole-body-vibration applications, the involvement of neuromuscular reflex due to load variations plays an
important role in muscular conditioning. Therefore, in this
paper we present a prototype for muscular conditioning where
the loading force, which is generated by an electromagnetic
actuator, is modulated over time during the exercise. The
force modulation is controlled by a dedicated control unit
implemented on a personal computer. The determination of
the transfer function of the mechanical transmission to the user
confirms that the force modulation is efficiently transferred up
to 40 Hz. A preliminary validation involved the electromyographic analysis of the muscle activation. A 29 Hz sinusoidal
force modulation around different baseline loads was applied
to both biceps and triceps of 12 subjects. Force modulation
resulted in the hyperactivation of the muscle electrical activity,
which was estimated as the root mean square of the electromyogram, for all baseline loads ranging from 20 to 100 %
of the maximal voluntary contraction. These promising results
confirm the important role of reflex for optimal muscle training
and motivate further research to realize a dynamic load control
based, for instance, on electromyographic features.

I. INTRODUCTION
Current methods for skeletal muscle conditioning in fitness
and rehabilitation are resistance training, where a mechanical
load is applied to specific muscles, and whole body vibration (WBV), where a vibration with a fixed frequency and
waveform is applied to the whole body. Muscle conditioning
is the result of physiological adaptation processes induced
by the training stimuli. The first muscle adaptation is a
neural adaptation. In regular training, this occurs within a
few months. Adaptations of the morphological structure of
the muscle take much longer [1].
Resistance training involves the use of either passive
machines, in which different force levels can be selected by
loading different weights, or electro mechanical machines,
in which a load is generated by an electromagnetic actuator.
This training method can target any specific muscle group.
A limitation of this training strategy relates to the need
of high loads, typically inducing more than 75 % of the
maximal voluntary contraction (MVC), in order to obtain
a substantial recruitment of muscle fibers and, therefore, to
train neuromuscular coordination and maximal strength. In
the deltoids, for instance, a maximal recruitment of fibers
is reached beyond 80 % of the MVC [2]. The number of
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Fig. 1. Example of sinusoidal force modulation at 20 Hz with an amplitude
of 50 N (dashed line). The 150 N baseline load is also shown (solid line).

recruited fibers is proportional to the force produced by the
muscle and it is typically correlated to the root mean square
(RMS) of the electromyogram (EMG), i.e., the electrical
signal that is measured from the muscle fibers [3], [4].
In WBV the body is subjected to a high frequency vibration (typically between 25 and 50 Hz) of the platform where
it stands. The vibration consists of the relative displacement
(few millimeters) between the left and right side of the
platform, typically produced by eccentric electrical motors.
As proven in previous studies, the use of high frequency
vibrations may result in increased uptake of oxygen and
glucose, bone density, and secretion of hormones such as
growth hormone, serotonin, and testosterone [5]–[7]. The
major results concern however improvements in muscle
strength and coordination [1]. This could be expected due to
the relevance of neuromuscular adaptation processes in the
improvement of maximal strength and coordination of fiber
recruitment [5]. An important stimulation to the neuromuscular system is in fact the major characteristic of WBV training,
as also confirmed by electromyographic measurements in the
leg extensor (vastus lateralis) [8].
Despite its simplicity, a significant limitation of this training device consists of the poor control on the major training
parameters. The force applied to the body depends on the
body weight and the acceleration due to vibration. As a
result, the force is also dependent on the vibration frequency.
The interesting training effects of WBV together with its
limitations motivated us to develop a novel prototype for
muscular training, where all the major training parameters
can be independently controlled. Instead of generating and
imposing a displacement in order to apply an accelerationdependent force, we directly control and modulate the force
generated by an electromagnetic actuator. An example of
sinusoidal force modulation at 20 Hz with an amplitude of
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50 N and a baseline load of 150 N is shown in Figure 1. In
contrary to WBV, different mechanical designs allow training
different muscles.
In this study, we present and validate a prototype for arm
muscle conditioning. The force modulation is fully controlled
by computer. Specific measurements were performed that
proved the capability of the whole system to produce an
efficient force modulation up to 40 Hz.
As shown in Figure 1, the sinusoidal force modulation
is superimposed to a baseline load. During the modulation
peaks, the load can be significantly higher than the baseline,
therefore inducing the recruitment of more muscle fibers.
However, the time duration of these stimuli is very short and
they can be easily sustained by the user. In fact, similarly
to WBV training, this type of force modulation, which is
faster than voluntary control mechanisms, involves neuromuscular reflex. Neuromuscular reflex is therefore the main
mechanism through which such a stimulation is processed
by the neuromuscular system to control muscle contraction
and relaxation.
A preliminary validation of the force modulation effects on
the muscles was performed by means of the analysis of the
surface electromyogram (sEMG). Measurements on biceps
and triceps of 12 volunteers were performed for baseline
loads inducing from 20 to 100 % of the MVC with and
without force modulation. The root mean square (RMS) of
the sEMG was used as an index of the muscular activation
level. The results show an electrical hyperactivation, i.e., a
higher RMS of the sEMG, in the presence of a modulated
force for all the MVC percentages.

Fig. 2.
Schematic representation of the prototype for time-modulated
mechanical stimulation of biceps and triceps.

In order to provide an overview of the physiology related
to the mechanical muscle stimulation presented in this study,
in section II-A the major aspects of neuromuscular reflex are
shortly reported. Then, in section II-B, the developed prototype for muscle conditioning is described and characterized.
Finally, in section II-C, the measurement setup and protocol
for sEMG analysis is presented.

The neuromuscular activity can be stimulated when sudden variations of the mechanical load to the muscle occur.
An extreme case is the use of vibrations or force modulation.
Mechanical vibration applied to a muscle (or its tendon)
excites reflex muscle contractions due to the length variation.
The muscle tries to stabilize the joint by damping the
vibration [1], [10]. This phenomenon is referred to as tonic
vibration reflex (TVR). TVR consists of an increase of
motor unit recruitment due to activation of muscle spindles,
mediation of the signals by Ia afferents, and activation of
muscle fibers via large α-motor neurons [1].
TVR is a rather complex phenomenon, which is not
completely understood. It is caused by mono- and polysynaptic reflexes, but the exact pathway is not known. The
Ia spindle afferents seem to stimulate impulses following a
polysynaptic excitatory pathway and a presynaptic inhibitory
pathway [11]. The first is responsible for the TVR while
the latter inhibits vibration-induced reflexes. This is referred
to as vibration paradox. The inhibition is dependent on the
vibration amplitude rather than the vibration frequency [12].
The excitatory component is however dependent on the vibration frequency. The importance of an independent control
on the stimulation parameters (amplitude and frequency of
the force modulation) appears therefore clear. Studies based
on the use of WBV proved that the maximum RMS of the
EMG measured on the leg vastus lateralis is obtained for
vibration at about 30 Hz [10].

A. Neuromuscular control

B. Force modulation prototype

In the skeletal muscles there are several different receptors
that continuously monitor the state of the muscle. The
muscle spindle, which is situated between the muscle fibers,
measures the muscle length and its rate of change. This
information is transmitted through Ia afferent neurons, which
are directly connected to the motor neurons that control the
muscles. This feedback loop is used in the stretch reflex:
when a muscle is stretched, the motor neurons make the
muscle contract to oppose to the stretching [9]. This is
referred to as monosynaptic reflex, as only one synapsis
(from the group Ia afferent to the motor neuron) is involved. However, the group Ia afferents have also multiple
connections to interneurons. These connections are at the
basis of polysynaptic reflexes, which control for instance the
coordination and the reciprocal inhibition between antagonist
muscles.

The general scheme of the prototype is shown in Figure 2. The main components are an electromagnetic actuator
(comprising electrical motor and drive), a mechanical transmission, bio-sensors, and a control unit.
The electromagnetic actuator is an industrial permanent
magnet motor (MSK060C Rexroth IndraDynr) controlled
by a dedicated drive (Rexroth IndraDriver). The drive
receives an input with an arbitrary voltage waveform from
a control unit that is implemented on a personal computer.
This control unit is implemented in LabViewr (National
Instruments) and it controls a PCI-5402 wave generator
(National Instruments) that applies the input voltage to the
motor drive. The drive supplies a current to the motor and
receives position information from the motor.
The control unit can receive inputs from the user or
from selected bio-sensors in order to optimize the loading

II. METHODOLOGY
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C. Measurement setup

Fig. 3. Transfer function of the mechanical transmission between 21 and
40 Hz.

function. Among the possible bio-sensors, sEMG electrodes
are a suitable option to assess the muscle condition and
activation [3], [10].
The mechanical transmission transfers the force generated
by the motor to a rotating lever, which applies the force to
the muscles. The rotation ratio from the motor to the base
of the lever is 128. Since the lever is 130 cm, the resulting
maximum peak force at the grip (lever handle) is larger than
2000 N. In static conditions, the linear relation between the
input voltage to the motor drive and the force at the grip has
been experimentally verified. The correlation coefficient up
to 500 N was equal to 0.999.
In dynamic conditions, the mechanical transmission introduces a damping that attenuates part of the generated force
modulation amplitude. The mechanical transmission can be
modeled by a sixth order linear system, however, for an
accurate determination of the transfer function, experimental
dynamic measurements were performed in the frequency
range between 21 and 40 Hz, which is reported to be the
most effective for WBV [10].
The transfer function of the mechanical transmission was
identified by measuring the angular acceleration of the
motor shaft and the base of the lever during a frequency
sweep ranging from 21 to 40 Hz (Figure 3). The motor
acceleration was measured by the motor drive encoder while
the acceleration at the lever was measured by an optical
rotary encoder (Sick Stegmann HG600) with a resolution of
10.000 pulses/rotation. Part of the mechanical transmission
uses elastic belts, resulting in resonances at low frequencies
(below 20 Hz) and increased damping at higher frequencies
(above 40 Hz).
Since the transmission shows a resonance at 29 Hz (Figure 3) and this frequency is close to the values that are
most effective for muscle activation [10], this frequency was
chosen to test the effect of force modulation on the electrical
activity of the muscles. The determination of the amplitude
of the force modulation is however critical. This amplitude
is determined by the amplitude of the sinusoidal waveform
at the motor drive input. In this study, this amplitude was set
to 1.2 V. Combining the measurement results on the static
relationship between input voltage and output force and on
the mechanical transfer function, 1.2 V corresponds to an
amplitude of the modulation equal to 492 N.

12 Subjects (7 females and 5 males with ages varying
between 20 and 27 years) performed independent isometric
contractions of the biceps and triceps of the right arm at 20,
40, 60, 80 and 100 % of their MVC. The frontal elevation
of the elbow was 30 degrees and the elbow angle was 90
degrees (Figure 2). These contractions, which lasted 15 s
each, were performed without and with 29 Hz sinusoidal
force modulation.
During these contractions, the sEMG of the biceps and
triceps was measured by electrode pairs in a bipolar configuration. The electrode pairs were placed along the fiber direction between the tendon (at the elbow side) and the muscle
belly. Circular Ag-AgCl electrodes of 1 cm diameter were
used. The inter electrode distance was 2 cm. Especially for
low conduction velocities of the motor unit action potentials
(fiber depolarization), larger distances between the electrodes
would introduce a stop-band filter in the bandwidth of
interest [3]. The signals were amplified and digitized at
2048 Hz by a Mobi8 amplifier (TMS International), which
transmitted the measured data to a personal computer by
bluetoothr wireless technology.
For each contraction, the time interval between 2 and 8 s
was processed for the sEMG analysis. The sEMG signal was
preconditioned by a finite impulse response (FIR) band-pass
filter with low and high cut-off frequencies equal to 18.3 Hz
and 500 Hz [3].
In order to assess the electrical activity of the muscle,
the RMS was calculated on the selected time intervals
for each subject and each MVC percentage. Although the
RMS is commonly adopted to estimate the muscle electrical
activity [4], [10], [13], alternative approaches make use of the
average value of the rectified signal [14]. As the difference is
typically minimal [3], in this study we focused our analysis
on the RMS evaluation.
The results could be affected by electromagnetic interference due to coupling with the large intensity currents that
are fed to the electromagnetic actuator. However, as a result
of the active shielding and grounding of the measurement
system, the electromagnetic interference was proven to be
either absent or negligible.
III. RESULTS
A summary of the results of the sEMG analysis with and
without force modulation on 12 volunteers are reported in
Figures 4 and 5 for the biceps and the triceps, respectively.
All the values are normalized with respect of the RMS
measured at 100 % of the MVC without force modulation. In
both muscles an increase of the sEMG RMS can be noticed
for MVC ranging from 20 to 100 % when force modulation is
applied. This increase is however more evident in the biceps.
Table I reports the average RMS increase for all the MVC
percentages when force modulation is applied. The standard
deviation and the statistical significance of the estimates is
also shown. The significance is derived by the Student t-test.
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TABLE I
RMS PERCENT INCREASE DUE TO FORCE MODULATION

MVC
20%
40%
60%
80%
100%

Fig. 4. Mean normalized sEMG RMS measured on the biceps of 12
subjects. The squares and the circles indicate the results without and with
modulation, respectively.

biceps (significance)
161% ± 80% (98%)
133% ± 43% (98%)
130% ± 57% (90%)
118% ± 19% (99.5%)
119% ± 30% (95%)

triceps (significance)
116% ± 64% (75%)
105% ± 40% (70%)
112% ± 60% (70%)
116% ± 42% (85%)
110% ± 36% (80%)

determination of optimal frequencies for different training
objectives, so that not only the neuromuscular stimulation,
but also the stimulation of the muscle metabolism (e.g., oxygen or glucose uptake), could be considered. The flexibility
of the presented prototype will also allow the investigation
of the muscle conditioning effect of modulating waveforms
that are different from the adopted sinusoidal function. Eventually, the acquired insight could permit the implementation
of a dynamic adaptation of the loading function based on the
measurements from specific sensors, such as the electrodes
used in this study.
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Fig. 5. Mean normalized sEMG RMS measured on the triceps of 12
subjects. The squares and the circles indicate the results without and with
modulation, respectively.
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