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Abstract Localized muscle fatigue resulting from
30-min sustained and intermittent grip exertions of 5%
maximal voluntary contraction (MVC) with and without
hand-vibration exposure (10 Hz, 7 mm displacement
amplitude) was investigated. Muscle fatigue was quan-
tified by the magnitude of the twitch force elicited in the
right flexor digitorum superficialis muscle of the long
finger using the low-frequency fatigue (LFF) method.
The influence of vibration in the sustained grip exertion
condition exacerbates fatigue as seen with the reduction
in twitch force 30-60 min post-work task. Intermittent
low grip force exertion conditions with and without vi-
bration exposure show negligible fatigue, suggesting the
benefit of rest in the work cycle. Perception of muscle
fatigue was dissociated from the objective measure of
twitch force, suggesting that LFF was not perceived.
The presence of LFF and the lack of perception of LFF
may increase the risk for the development of musculo-
skeletal disorders. The findings of this study may apply
to the design of the work cycles and tasks that require
the use of vibratory tools.
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Introduction

Hand-transmitted vibration is associated with several
health risks such as vascular, neurological and muscu-
loskeletal disorders (MSDs) (Pelmear 1982; Bovenzi
et al. 1987; Engstrom et al. 1990). In addition, vibra-
tion-induced changes in proprioceptive and exterocep-
tive input to peripheral and central sensorimotor loops
contribute to alterations in sensory perception and
motor performance (Goodwin et al. 1972; Roll
et al.1986; Park et al. 1993). Thus far, there have been
few attempts to investigate the health effects associated
with the sensorimotor response induced by vibration
exposure (Martin and Armstrong 1995). We need to
consider the potential risks to health associated with the
persistence of localized muscle fatigue. Several studies
support the theory that fatigue and a lack of fatigue
recovery are potential precursors for injury (Edwards
et al. 1977; Vollestad and Sejersted 1988; Martin and
Armstrong 1995). Muscle fatigue may result from the
influence of vibration exposure as the motor response to
the altered sensory messages includes increases in force
exertion and/or co-contractions (Martin and Park
1997).

The effects of vibration on the neurological network
occur through stimulation of sensory receptors within
the cutaneous, muscular and articular structures
(Johansson 1978; Roll et al. 1986). The vibration-in-
duced activity of these receptors is considered a leading
cause of specific perceptive and sensorimotor effects,
such as an alteration in force control (Gauthier et al.
1981) and position and velocity control of visually
guided hand movements (Gauthier et al. 1981; Martin
et al. 1991; Gerard and Martin 1999).

During gripping tasks, the contribution of the tonic
vibration reflex (TVR) (Hagbarth and Eklund 1966)
superimposed on ongoing voluntary contractions in-
creases the magnitude of the sustained contraction and
subsequent load on the muscles. It has been shown that
the contribution of the TVR to the grip exertion



increases for frequencies up to 100-150 Hz and
decreases beyond this frequency range (Park and Martin
1993). The TVR is also responsible for an alteration in
force control, force variability, and force sensation
(Gauthier et al. 1981; Jones and Hunter 1985). These
phenomena are likely to contribute to muscle stress and
fatigue. It is widely accepted that fatigue is task-depen-
dent and is caused by a combination of processes
(Edwards et al. 1977; Bigland-Ritchie et al. 1979;
Sandercock et al. 1985; Enoka and Stuart 1992;
Moussavi et al. 1992; Johnson et al. 1995). Fatigue
generated by low force exertions over time (sustained or
intermittent <10%) has been primarily associated with
a failure in the excitation—contraction coupling mecha-
nism (Sandercock et al. 1985; Enoka and Stuart 1992).
This type of fatigue may be quantified by low-frequency
stimulation of the muscles (Edwards et al. 1977;
Bystrom and Kilbom 1991; Johnson et al. 1995) and is
named low-frequency fatigue (LFF). The persistence of
LFF may be a precursor for MSDs (Bongiovanni and
Hagbarth 1990; Hagberg et al. 1995) since the recovery
process may exceed 24 h (Edwards et al. 1977; Mellor
and Stokes 1992; Johnson et al. 1995).

Besides the force exposures, alterations in perception
of sensorimotor performance resulting from vibration
exposure are not coherently perceived. A sensation of
improved performance is often reported (Martin et al.
1980, 1991; Gauthier et al. 1981). The dissociation be-
tween perception and performance may further increase
the risk for occupational injuries and compromise
health.

A large proportion of industrial tasks include the use
of hand-controlled vibrating tools, which are associated
with MSDs, and many of these tasks may not require
excessive grip exertion (Armstrong et al. 2002). Fur-
thermore, the influence of vibration on muscle fatigue is
largely unknown. Hence, the objectives of this study
were to quantify the influence of hand vibration on
muscle fatigue resulting from intermittent and sustained
low grip force exertions and determine the relationship
between LFF and fatigue perception. It was hypothe-
sized that (1) vibration exacerbates fatigue; (2) fatigue is
reduced in intermittent grip exertions, and (3) LFF is
not perceived. To test these hypotheses, the objective
and subjective measures of muscle fatigue elicited in the
finger flexor muscles by intermittent and sustained grip
exertions were compared in vibratory and non-vibratory
conditions.

Methods

Vibration frequency and magnitude, grip exertion level and grip
contraction patterns (sustained and intermittent) were selected to
simulate common work tasks involving the use of vibrating tools.
The values selected in the present experiment were derived from
measures collected in real work environments. In this context, the
LFF method was used to quantify the effects of low grip force
exertion (Edwards et al. 1977; Bystrom and Kilbom 1991; Johnson
1998).
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Participants

Twenty subjects (11 male, 9 female) free from any neurological
disorders and with no history of hand—arm vibration syndrome
participated in this experiment as paid volunteers. The subjects
were non-smoking, free of cardiovascular medication, and between
20 and 40 years of age. All participants signed an informed consent
agreement approved by the ethics committee of the University of
Michigan prior to their inclusion in the study.

Twitch force recording

The subjects were seated in a comfortable armchair in an upright
posture, body weight was equally distributed and feet were flat on a
supporting surface. The right arm was resting on an adjustable table
supporting the twitch force measuring apparatus (Fig. 1). The elbow
angle was set in the 120-140° range to obtain full forearm supin-
ation. A metal plate was placed over the hypothenar eminence to
stabilize the supinated forearm posture in relaxed position, and thus
maintenance of the supinated position did not require any voluntary
effort from the subject. Twitch force in the compartment of the
flexor digitorum superficialis (FDS) muscle corresponding to the
right long finger was obtained in response to submaximal electrical
stimulation of the muscle and recorded by a load cell mounted over
the long finger. The load cell was attached to a fixed frame through
an adjustable rod, allowing it to be positioned to accommodate
anthropometric variations between subjects, and placed perpen-
dicular to the palmar surface at the midpoint between the distal and
proximal interphalangeal (DIP and PIP) joints of the long finger.
The adjacent digits were stabilized under Velcro strapping (Fig. 1).

The general location of the 7.5 mm stimulation electrode (In
Vivo Metric) was first determined by performing palpation and
resistive maneuvers on the subject to isolate the FDS muscle. This
was followed by systematic displacement of the stimulation elec-
trode along a grid pattern in the region of the muscle. The optimal
location of the stimulation electrode was determined by the maxi-
mum twitch force generated in the FDS muscle that occurred si-
multaneously with minimal variation of twitch magnitude, relative
to the placement of the electrode. In addition, the final placement
of the stimulation electrode was determined by the subjects’ reports
of maximum sustainable discomfort within the highest level of
stimulus intensity tolerated. (This was done in order to recruit the
largest number of muscle fibers.) This optimal location was clearly
marked, thus allowing identical placement of the stimulation elec-
trode for subsequent experiments.

Electrical pulses of 10-20 mA, and 0.1 ms in duration were
delivered at low frequency (2 Hz) through a Grass medical stimu-
lator (GS880) connected to an isolation unit (SIU5) and a constant
current unit (CCU1A). The 18 mm Ag/AgCl pre-gelled ground
electrode (Agilent Technologies) was placed over the right lateral
epicondyle.

Fig. 1. Low frequency fatigue experimental setup. The load cell
placed over the second phalanx of the middle finger measures the
twitch force elicited in the flexor digitorum superficialis (FDS). The
stimulation electrode was placed over the FDS so as to obtain the
largest twitch with minimal variation and discomfort
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Work task

In a seated upright posture the subject grasped a horizontal handle
equipped with a strain gauge dynamometer connected to a digital
voltmeter. The shoulder was abducted approximately 20° and the
elbow angle was 120°. The forearm was supported and fully pro-
nated, and the wrist was extended approximately 30° (Fig. 2). The
subjects monitored and maintained their grip force exertion by
reading the digital display, thus ensuring a constant level over time
for all work tasks.

Four experimental conditions were tested: sustained (S) and
intermittent (I) grip exertion of 5% MVC, with (V) and without
(NV) vibration exposure. The duration of each work task was
30 min. The intermittent grip exertion condition consisted of a
5-min work, 1-min rest cycle repeated five times. The handle was
attached to the vibrator. In the vibration conditions, vibration was
applied perpendicularly to the handle, along the axis of the fore-
arm. The vibrator was actuated by a sine wave signal generated
through a vibration monitor (Trig-tek 610 M), signal compressor
(Trig-tek 801B) and a power amplifier (Tecron 5530). This servo
control system was used to maintain a constant vibration dis-
placement amplitude. The vibration frequency was 10 Hz and the
displacement amplitude 7 mm.

Subjective evaluation of muscle fatigue

Subjective perception of localized muscle fatigue in the right hand
and forearm was rated on a bipolar scale by placing a mark next to
the number and corresponding verbal descriptor that most closely
matched the level of perception (Fig. 3).

Procedure
All subjects were instructed to minimize physical exertions 24 h

prior to the experiment. Activities such as lengthy computer use as
well as tasks requiring a high level of physical exertion were

Fig. 2. Setup of the work fatiguing task
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7.0 Extreme

Fig. 3. Bipolar rating scale. Each subject indicated on the scale the
perception of muscle fatigue in their right forearm prior to each
LFF measure

strongly discouraged. On the first experimental day, the subjects
were introduced to the experiment, signed the consent forms, and
then the MVC was measured in the work task posture prior to the
first experimental condition. Two trials of approximately 5-s du-
ration and separated by a 3-min rest period were performed. Each
trial consisted of: an initial 1-s rest period, followed by a 1- to 2-s
force build-up and a 2- to 3-s maximum exertion. The highest grip
force level was used as the MVC reference for all experimental
conditions.

For each experimental day, the subjective perception of muscle
fatigue and the objective measure of twitch force were evaluated
before the task began, and then immediately, 30, 60 and 120 min
post-work task, as illustrated by the experimental time line (Fig. 4).

The magnitude of the twitch force (the indicator of muscle fa-
tigue) was calculated as the average of three 30-impulse trains
following a 2-3 min potentiation period during which the twitch
force increases monotonically before reaching a stable plateau
(Johnson et al. 1995). The subjects were exposed to one of the four
randomly assigned 30-min experimental work tasks, which were
presented on non-consecutive days. A randomized block design
was used to control for any potential order effect.

Data analysis

Using subjects as their own control, a repeated measures analysis of
variance (ANOVA) was performed on the average twitch force
measures obtained in each condition and between conditions, to
determine the effects of vibration exposure and work cycles on
muscle fatigue. A Dunnett’s test (¢=0.05) was also used to com-
pare the control (pre-work) measure with the post-work task
measures. An ANOVA and a Dunnett’s test («=0.05) were also
performed on subjective rating measures to determine the influence
of the experimental conditions on subjective perception.

Results
Twitch force

The sustained grip exertion with vibration condition
(SV) showed the greatest decrease of twitch force when
compared to all other conditions and this was seen
60 min post-work task. This was followed by the sus-
tained grip exertion without vibration condition (SNV).
The intermittent grip exertion with vibration condition
(IV) showed some muscle fatigue 30 min post-work task
and recovery to pre-work task measures occurred sooner
than in the SV and SNV conditions. No fatigue was
observed in the intermittent grip exertion condition
without vibration (INV). No gender effect was observed
in the present study (F=0.441; P=0.520); hence data
were pooled for measuring the effects of the experi-
mental conditions on fatigue.

The ANOVA, presented in Table 1, indicated a sig-
nificant influence of the experimental conditions on the

—_—

Work Task 0 5 1.0 2.0 hrs
PFR LFF PFR PFR PFR PFR
MVE LFF LFF LFF LFF

Fig. 4. Experimental time line. Time intervals at which maximum
voluntary contraction (MVC), twitch force (LFF) and subjective
perception of muscle fatigue rating (PFR) are recorded



twitch force (P=0.018). Grip exertion conditions were
significant (P=0.007) whereas interaction between grip
exertion and vibration exposure were not significant
(P=0.475). Vibration was not significant (P =0.325)
but, as demonstrated when comparing like contraction
types, fatigue was greater in the presence of vibration
(Fig. 5). Further, statistical analysis compared the pre-
work task twitch force measure with the time interval
that indicated the greatest decrease in the magnitude of
the twitch force. This corresponded to 30 min post-work
in the IV and INV conditions and 60 min post-work
task in the SV and SNV conditions. This result is in
agreement with previous studies of LFF (Johnson et al.
1995; Johnson 1998).

The SV condition showed a significant decrease
in twitch force of 12.5% followed by the SNV condition,
which induced a modest but non-significant decrease in
twitch force of 7.5% with a relatively full recovery. In the
INV condition alone a negligible decrease in twitch force
of 4.2% occurred, while IV exposure induced only a 5%
decrease in twitch force. In both intermittent grip
conditions, twitch force measures 2 h post-work were
within 4% of the pre-work values, suggesting almost full
recovery.

Perception of muscle fatigue

The ANOVA indicated a significance influence of the
experimental conditions on perception of muscle fatigue
(P=0. 001) when compared to the pre-work measure-
ment. The differences were statistically significant in all

Table 1. ANOVA results for twitch force measures 60 min post-
work task

Condition df F Signifi-
cance
Vibration 1 1.042 0.325
Grip 2 5.987* 0.007
Vibration x Grip 2 0.539 0.475
All conditions 4 3.239*% 0.018
*P<0.05
1.04
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Ctrl 0 0.5 1 15 2 hrs

Fig. 5. Average twitch force response of all subjects in all
conditions as a function of time. The vibration/ sustained grip
exertion (SV) condition elicits the greatest magnitude of twitch
force reduction. (S, sustained; /, intermittent; V, vibration; NV, no
vibration)
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experimental conditions (P <0.001). In the SV and SNV
conditions there was an approximate increase of 3
points, with an average maximum score of 4.10 (1.8)
with vibration and 4.07 (1.5) without vibration, on a 7.5-
point rating scale immediately post-work task. In both
the IV and INV conditions there was an approximate
increase of 2 points, with an average maximum score of
3.0. A decrease below 2 points on the rating scale was
observed 60 min post-work task for all conditions,
suggesting a recovery of the type of fatigue perceived.
The results of the Dunnett’s test showed that per-
ception of muscle fatigue was significantly higher in the
SV condition when compared to the IV and INV. The
difference between SV and SNV conditions, and the IV
and INV conditions did not show any significant effect.
These findings are described in the graph in Fig. 6,
which illustrates that the greatest differences are between
the sustained and intermittent grip exertion conditions.

Discussion

The major findings of the study showed that hand vi-
bration superimposed on sustained low grip force exer-
tion  exacerbates  fatigue.  Sensorimotor  and
biomechanical mechanisms are likely to contribute to an
increase in muscle contractions and thus to the devel-
opment of fatigue. The vibration-induced effect is neg-
ligible for intermittent grip exertion that allowed for a
I-min rest for every 5 min of work. Furthermore, muscle
fatigue was only perceived immediately post-work task
in all conditions, indicating a decoupling with the oc-
currence of LFF at 30-60 min post-work task. This
phenomenon indicates dissociation between perception
of muscle fatigue and motor effects.

Motor effects associated with vibration

The largest decrease in twitch force occurred 1 h post-
work task in the SV condition, when compared to all
other time intervals and conditions. Maximum fatigue
occurred 1 h post-work in the continuous work cycles
and 30 min post-work in the intermittent work cycles.

Perception of muscle fatigue rating scale

Ctrl 0 0.5 1 15 2Hrs

Fig. 6. Perception of fatigue is higher immediately after the work
task and then dissipates quickly. (S, sustained; /, intermittent;
V, vibration; NV, no vibration)
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Recovery occurred sooner in the intermittent work cy-
cles than in the continuous work cycles. Vibration ex-
posure during sustained exertion induced a larger
decrease in the twitch force when compared to the cor-
responding no-vibration condition; however, statistical
significance was not reached. This result can be related
to the post-contraction potentiation effect (Vandervoort
et al. 1983). Indeed, four subjects exhibited a systematic
post-work potentiation in all conditions. This phenom-
enon, known to co-exist with fatigue (Gardner et al.
1989; Green and Jones 1989), is most likely evidenced by
the increase in twitch force observed immediately post-
work in the INV condition where fatigue was negligible.
Thus, post-contraction potentiation would be maximal
in the measurement immediately post-work and would
co-exist and possibly limit or compensate for any de-
crease in twitch force. Hence, despite a marginal statis-
tical result, it can be assumed that vibration can
influence and exacerbates muscle fatigue.

Neural mechanisms associated
with vibration-induced fatigue

Cutaneous, muscle spindle and joint receptors are sen-
sitive to vibration exposure. The sensory receptors en-
code the mechanical stimulation and send these
messages along exteroceptive and proprioceptive neural
pathways to the motoneurons via peripheral loops and
to the central nervous system via supraspinal loops.

Cutaneous pathways have a strong facilitatory in-
fluence on motoneurons of flexor muscles. In addition,
the primary and secondary endings of the muscle
spindles, connected to Ia and II afferent fibers respec-
tively, are very sensitive to the vibratory stimulus
(Burke et al. 1976; Roll et al. 1989) and their strong
facilitatory influence activates the motoneurons. This
vibration-induced contraction, mediated primarily by
the Ia monosynaptic and polysynaptic pathways
(Desmedt and Godaux 1978; Romaiguére et al. 1991)
and cutaneous pathways (Abbruzzese et al. 1978;
Romaiguére et al. 1991), is known as the tonic vibra-
tion reflex. The secondary endings and joint afferents,
in addition to facilitating input to the motoneurons,
send messages to the gamma motoneurons. These
messages increase the sensitivity of the spindles, which
increases the gain of the gamma loop (Johansson et al.
1989; Johansson and Sojka 1991) and thus further
increases facilitatory input to the alpha motoneuron.
All of these “‘positive feedback™ systems act to facili-
tate motoneurons’ accessibility and increase contrac-
tion in the flexor muscles. Simultaneously, an increase
in antagonist muscle co-contraction occurs in order to
maintain the required grip force output, as observed in
earlier studies (Radwin et al. 1987; Park and Martin,
1993). Hence, this reorganization of the motor
command of peripheral and central origins increases
the overall muscle tension and contributes to the
development of fatigue.

Forced firing

Based on the Cinderella hypothesis proposed by Higg
(1991) and supported by other studies (Sjogaard et al.
1996), muscle activity in manual work solicits the con-
tinuous activity of the same pool of muscle fibers. The
process of muscle fiber recruitment and de-recruitment is
based on fiber type and its susceptibility to fatigue
(Henneman and Mendell 1981). It is hypothesized that
the vibration-induced facilitatory drive, as described
above, forces the continuous firing of some motor units,
which eventually leads to an inability of the muscle fibers
to maintain the contraction, resulting in fatigue. This
hypothesis is supported by the synchronization of motor
units firing under vibration stimulation (Lebedev and
Polyakov 1992; Park and Martin 1993) that persists for
over 15 min during vibration (Park and Martin 1993).
This demonstrates the powerful and long-lasting drive of
the vibratory stimulus. Furthermore, the additional re-
cruitment of muscle fibers also contributes to an increase
in muscle tension, yet their inherent susceptibility to
fatigue means they cannot sustain increases in muscle
loads imposed on the system and thus themselves con-
tribute to fatigue.

Biomechanical effects

All of the aforementioned responses to vibration expo-
sure combine to increase muscle tension. In addition, a
biomechanical effect of the 7 mm vibration displacement
amplitude can be observed when the subjects stabilize
the forearm while gripping the handle of the vibrator.
The forearm muscle mass displacement occurs and the
subjects must stabilize this posture, which requires an
increase in muscle co-contraction, and simultaneously
maintain a 5% MVC grip on the handle. Hence, the
hand—arm system stiffens, enabling increased transmis-
sibility of the vibration through the system., More ef-
fort is then required to maintain the grasp on the handle,
contributing to increased fatigue. An increase in trans-
missibility is likely to increase the stretching of the
muscle spindles, which constitutes the facilitatory feed-
back mentioned above.

Intermittent versus sustained grip exertion

There was an influence based on the type of grip exer-
tion. In the IV condition fatigue was observed 30 and
60 min post-work, whereas in the INV condition fatigue
was negligible. These two conditions also show that re-
covery to pre-work conditions occurs more rapidly than
in the sustained grip exertion conditions, with and
without the influence of vibration. Therefore, the benefit
of complete rest in the work cycles was substantiated as
less fatigue and more complete recovery was observed.
In addition, rest significantly minimizes the influence of
vibration.



Perception of muscle fatigue

As previously stated, the LFF method was adapted to
measure long-lasting fatigue phenomena resulting from
low-force static and dynamic work with the hands
(Johnson et al. 1995). The subjective ratings indicated
that the perception of muscle fatigue was only perceived
during and immediately following the work task for all
conditions, yet LFF measures showed that the greatest
reduction in twitch force magnitude occurred 30-60 min
post-work. This suggests that the subjects’ perception of
fatigue may be more strongly coupled to high frequency
fatigue, which is known to recover more rapidly in this
context (Moussavi et al. 1992) and that they did not
perceive the long-lasting effects of LFF. Therefore, it
appears that LFF may not be associated with a specific
perception.

Conclusion

Work task components such as vibration exposure in
combination with low grip force exertions may result in
the persistence of low-frequency muscle fatigue. The
results demonstrated that this type of fatigue was long-
lasting and was not detected by the subject. The absence
of awareness of the persistence of this type of fatigue,
and its eventual accumulation, may contribute to an
alteration of soft tissue structures and increase the risk
for cumulative MSDs.

It is suggested that the use of vibrating tools be spe-
cifically evaluated in terms of physical exposure levels,
such as vibration frequency and magnitude, grip force
exertion, and work cycles to determine the potential
influence and interactions of these parameters on muscle
fatigue and fatigue accumulation. It seems that some
component of rest into the work cycle would be bene-
ficial in reducing the risk associated with certain work
tasks, particularly those with a vibratory component.
The specific influence of vibration has been shown to
increase overall muscle tension and subsequent increase
in fatigue and recovery time.
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