1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Int J Ind Ergon. Author manuscript; available in PMC 2015 November 03.

-, HHS Public Access
«

Published in final edited form as:
Int J Ind Ergon. 2014 January ; 44(1): 45-59. doi:10.1016/j.ergon.2013.10.003.

The effects of vibration-reducing gloves on finger vibration

Daniel E. Welcome, Ren G. Dong”, Xueyan S. Xu, Christopher Warren, and Thomas W.
McDowell

Engineering and Control Technology Branch, HELD, National Institute for Occupational Safety
and Health, CDC, MS L-2027, 1095 Willowdale Road, Morgantown, WV 26505, USA

Abstract

Vibration-reducing (VR) gloves have been used to reduce the hand-transmitted vibration
exposures from machines and powered hand tools but their effectiveness remains unclear,
especially for finger protection. The objectives of this study are to determine whether VR gloves
can attenuate the vibration transmitted to the fingers and to enhance the understanding of the
mechanisms of how these gloves work. Seven adult male subjects participated in the experiment.
The fixed factors evaluated include hand force (four levels), glove condition (gel-filled, air
bladder, no gloves), and location of the finger vibration measurement. A 3-D laser vibrometer was
used to measure the vibrations on the fingers with and without wearing a glove on a 3-D hand-arm
vibration test system. This study finds that the effect of VR gloves on the finger vibration depends
on not only the gloves but also their influence on the distribution of the finger contact stiffness and
the grip effort. As a result, the gloves increase the vibration in the fingertip area but marginally
reduce the vibration in the proximal area at some frequencies below 100 Hz. On average, the
gloves reduce the vibration of the entire fingers by less than 3% at frequencies below 80 Hz but
increase at frequencies from 80 to 400 Hz. At higher frequencies, the gel-filled glove is more
effective at reducing the finger vibration than the air bladder-filled glove. The implications of
these findings are discussed.

Relevance to industry—~Prolonged, intensive exposure to hand-transmitted vibration can cause
hand-arm vibration syndrome. Vibration-reducing gloves have been used as an alternative
approach to reduce the vibration exposure. However, their effectiveness for reducing finger-
transmitted vibrations remains unclear. This study enhanced the understanding of the glove effects
on finger vibration and provided useful information on the effectiveness of typical VR gloves at
reducing the vibration transmitted to the fingers. The new results and knowledge can be used to
help select appropriate gloves for the operations of powered hand tools, to help perform risk
assessment of the vibration exposure, and to help design better VR gloves.
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1. Introduction

Prolonged, intensive exposure to hand-transmitted vibration is associated with hand-arm
vibration syndrome (HAVS). Some vibration-reducing gloves have been developed and
applied to attenuate the vibration transmitted to the hand-arm system (Rens et al., 1987;
Goel and Rim, 1987; Reynolds and Jetzer, 1998). The International Organization for
Standardization (1SO) has set forth a standard for the testing and assessment of such gloves
(1SO 10819, 1996). While a few studies reported that some of these gloves could be helpful
(Brown, 1990; Jetzer et al., 2003; Mahbub et al., 2007), there is some doubt as to their
usefulness for attenuating the vibration transmitted to the fingers (Griffin 1990; 1998;
Paddan and Griffin, 2001; Dong et al., 2009). Also as a major concern, these gloves can
substantially reduce the finger dexterity and increase handgrip effort (Wimer et al., 2010).
As a result, some VR gloves may not be comfortable to wear and may cause hand fatigue. In
the worst case, they could become one of the factors resulting in hand injuries due to
overexertion or the cause of safety concerns such as loss of dexterity. Although wearing a
glove when operating a tool is generally recommended for many good reasons, a VR glove
may not be the best choice if its benefits from vibration reduction do not outweigh its
adverse effects. The balance is likely to be tool-specific and working condition- or task-
specific. To help determine the balance, it is important to find how much vibration the
gloves can reduce. While many studies have investigated the vibration transmissibility of
these gloves at the palm of the hand, the current study focused the examination on the glove
transmissibility at the fingers.

Because vibration-induced finger injuries and disorders are the major components of HAVS
(Griffin, 1990), the fingers are critical substructures in the hand-arm system. The assessment
of VR gloves should be partially based on the level of vibration reduction at the fingers.
Largely because of technical challenges, the study of the vibration transmissibility of the VR
gloves at the fingers has been very limited (Griffin et al., 1982; Paddan and Griffin, 2001).
Probably for the same reason, the standardized anti-vibration glove test is based on the
vibration transmissibility of the glove at the palm of a hand along the forearm direction (ISO
10819, 19969, 2013) rather than that at the fingers. However, this standard does indirectly
attempt to address the issue of finger vibration attenuation. This is reflected by one of the
three criteria for defining anti-vibration gloves. This criterion requires that any anti-vibration
glove must be a full-finger glove with the same materials and thickness at the palm and the
fingers in the original standard (ISO 10819, 1996). The primary assumption is that if the
palm and fingers are covered as per the specification, the glove can similarly reduce
vibration transmitted to the palm and fingers; at least, such a glove should be better at
attenuating the finger vibration than one that does not meet this criterion. While this
assumption has not been sufficiently proven and is questionable, this criterion has a practical
problem: the anti-vibration gloves that meet it are usually too bulky to wear. As a result, no
glove manufacturer has actually fully implemented this criterion, although some gloves
available on the market have been certified as anti-vibration gloves. To allow these gloves to
fully comply with the criterion, the requirement in the revised version of the standard has
been revised (ISO 10819, 2013); specifically, the thickness of the glove fingers has been
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relaxed from 100% to =55% of that at the palm of the glove. Obviously, this revision is not
based on the finger vibration attenuation of the gloves but it simply accommodates reality.

Vibration-reducing gloves basically serve as a passive cushion between a hand and a tool at
their interface to reduce the transmitted vibration, similar to the function of a suspension
system (Dong et al., 2009). Like any passive suspension system, the vibration isolation
effectiveness of the glove depends not only on the glove dynamic properties but also on the
effective mass of the glove-hand-arm system. Because the effective mass distributed at the
palm along the forearm direction is generally the highest for a given exposure condition, the
glove is theoretically most effective at reducing the vibration transmitted to the palm in that
direction (Dong et al., 2012). This means that the transmissibility measured with the
standardized test method generally represents the best case for the vibration reduction
capabilities of the glove, as confirmed in a recent study (McDowell et al., 2013). Its
effectiveness could be overestimated if this transmissibility value is used for the assessment.
Because the effective mass of each finger is small in comparison to that of the palm, the
glove is likely only capable of minimal attenuation at the fingers, especially at the fingertips.
Once the vibration transmissibility of the gloves at the fingers is reliably measured, the
overall effectiveness of the glove for vibration attenuation can be better estimated.

One of the methods to measure the vibration transmissibility of the glove fingers is to insert
a finger adapter equipped with a miniature tri-axial accelerometer between the fingers and
the glove material, similar to the palm-adapter method used in the standardized glove test
(1SO 10819, 19969, 2013). Because the mass and dimensions of each finger are relatively
small, compared with the possible mass and dimensions of the finger adapter, the finger
adapter equipped with a conventional miniature accelerometer could change the original
coupling relationship; as a result, the measured transmissibility may not be sufficiently
representative of the actual transmissibility of the glove fingers. Furthermore, the finger
vibration transmissibility could vary greatly at different locations on each finger (Welcome
etal., 2011). Therefore it is difficult to use the finger adapter method to reliably measure the
transmissibility distribution.

Alternatively, the glove finger transmissibility can be indirectly estimated by measuring the
vibrations on the fingers with and without wearing the anti-vibration gloves (Griffin et al.,
1982; Cheng et al., 1999; Paddan and Griffin, 2001). A modeling study demonstrated that
the transmissibility estimated using this relative method is acceptable to approximately
represent that at the glove finger interface (Dong et al., 2009). The major concern of this on-
the-finger method is similar to that of the adapter method: the mass of the accelerometer and
its fixture may significantly affect the finger vibration. In addition, the installation of the
accelerometer on a finger may also apply some artificial constraints to the finger and interact
with and influence its dynamic properties, which may also render the measurement
unreliable. These problems can be avoided by using a laser vibrometer in the measurement.
While the use of a single-direction laser vibrometer for the measurement of hand vibration
transmission has been reported by several researchers (Sérensson and Lundstrém, 1992;
Rossi and Tomasini, 1995; Nataletti et al., 2005; Scalise et al., 2007; Concettoni and Griffin,
2009; Xu et al., 2011), a 3-D vibrometer has also been recently used to measure the
vibration transmitted to the hand-arm system (Welcome et al., 2011). This technique has
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made it possible to conduct reliable 3-D measurement of the finger vibration for examining
the effectiveness of the gloves for finger vibration exposure protection.

Based on these backgrounds, the objectives of this study are to determine whether the anti-
vibration gloves defined by the criteria in the new version of the 1SO standard (1SO 10819,
2013) can reduce the vibration transmitted to the fingers and to enhance the understanding
of the mechanisms of these gloves. Specifically, the vibration transmissibility spectra of the
human fingers with and without wearing a glove were measured in three orthogonal
directions using a 3-D laser vibrometer on a 3-D hand-arm vibration test system. Two
typical vibration-reducing glove types are considered in the experiment under several
different grip forces. The experimental results are used to evaluate the effectiveness of these
gloves for reducing the vibration transmitted to the fingers. To help understand the
mechanisms of the glove effects, the role of the grip force in the finger transmissibility is
also examined.

2. Methods

2.1. Instrumentation

Fig. 1 shows a layout of the basic instrumentation and the subject posture used in this study.
Fig. 2 shows a pictorial view of the experimental setup. A 3-D vibration test system (MB
Dynamics, 3-D Hand-Arm Vibration Test System) was employed to generate the required
vibration spectrum in each of the three directions: Zj, is along the forearm; Y}, is along the
centerline of the instrumented handle in the vertical direction; and X, is the direction normal
to the Yy—2Z;, plane. An instrumented handle equipped with a tri-axial accelerometer
(Endevco, 65-100) and a pair of force sensors (Interface, SML-50) were used to measure the
3-D accelerations and applied grip force. To assure a good signal, a retro-reflective tape was
wrapped on the handle. A force plate (Kistler 9286 AA) was used to measure the push force
applied to the handle. The applied grip and push forces were displayed on two virtual dial
gages on a computer monitor in front of the subject, as also shown in Fig. 1. A 3-D scanning
laser vibrometer (Polytec, 3-D PSV-400) was used to measure the distributed 3-D vibrations
on the surface of the instrumented handle and on the dorsal skin of the fingers. The
measured vibration signals were input to the data acquisition system of the laser vibrometer
for evaluating the vibration transmissibility.

2.2. Measurement conditions and variables

Seven healthy adult males participated in the experiment with informed consent. Their major
anthropometrics are listed in Table 1. The study protocol was reviewed and approved by the
NIOSH Human Subjects Review Board.

As also shown in Fig. 1, the hand and arm postures used in this study were similar to those
required in the standardized glove test (ISO 10819,19969, 2013). Specifically, each subject
applied a power grip on the instrumented handle with a neutral wrist posture. The forearm
was approximately parallel to the floor and aligned with the Zy, axis, the elbow angled
between 90° and 120°, and shoulder abducted between 0° and 30°. Because the finger
biodynamic response is dependent on the applied finger force but largely independent of the
remaining part of the hand-arm system (Dong et al., 2005), three grip-only actions (15 N, 30
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N, and 50 N) were considered in this study, which are likely to be within the range of the
finger forces in the operation of many powered hand tools. In addition, the combined 30 N
grip and 50 N push required in the standardized glove test was also considered as one of the
four hand actions used in this study.

The handle fixture blocked part of the view of the fingers coupled on the handle for a given
orientation of the laser vibrometer. The laser vibrometer would have had to be repositioned
and realigned several times in the experiment for each subject if we measured the vibration
over the full surface of the fingers. This would not only greatly increase the test time and
expense but it could also reduce the consistency and reliability of the measurement. To
maximize the test efficiency and the reliability of the experimental data, the 3-D laser
vibrometer was fixed at an optimized position throughout the entire experiment, and the
measurement was performed in the two areas on the index and middle fingers shown in Fig.
3, assuming that the transmissibility on the left and right hands are not significantly different
under the same test conditions. Pieces of retro-reflective tape were used in the measurement
in order to avoid the effect of hair on the measurement and to maintain good reflection of the
laser, which is also shown in Fig. 3. To avoid any adverse effect of the retro-reflective tape
on the subject skin, a piece of first-aid adhesive tape was placed between the reflective tape
and the skin; this also assured a firm attachment of the reflective tape on the skin.

To help evaluate the finger criterion of the anti-vibration glove defined in the standard (ISO
10819, 19969, 2013), this study considered two typical models of vibration-reducing gloves:
a gelfilled glove (Glove 1) and an air bladder-filled glove (Glove 2), as shown in Fig. 4. The
gel-filled glove cannot be classified as an antivibration glove primarily because its high-
frequency transmissibility (from 200 t01250 Hz) measured in the standardized test is greater
than 0.70 (Welcome et al., 2012), which is higher than that (<0.60) required in the standard.
On the other hand, the air bladder-filled glove can be classified as an anti-vibration glove if
the relaxed finger thickness criterion is used for the judgment (Welcome et al., 2012). To
measure the vibration transmitted through the glove and fingers and reflected off the finger
skin, the top part of the glove fingers was cut off, as also shown in Fig. 4. According to the
major mechanisms of the VR glove (Dong et al., 2009), the major protection from the gloves
comes from the vibration isolation materials between the hand and vibrating surface. The cut
does not change the essential dynamic characteristics of these materials. The major effect of
the cut is to reduce the constraints of the gloves on the fingers, which may change the finger
dynamics. Because the tested VR glove fingers have ample space for each finger, the
original glove constraints are actually small. Hence, the cut is unlikely to have substantial
effect on the finger transmissibility.

The multi-axis vibration controller of the 3-D hand-arm vibration test system was
programmed to generate the same broadband random vibration from 16 to 500 Hz in each
vibration direction. The overall root-mean-square value of the unweighted acceleration in
each direction was 19.6 m/s2. While the mean coherence of the multi-axis vibrations on
powered hand tools is unknown, the coherence for each pair of axes was taken as 0.9 in this
study.
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2.3. Measurement procedures

Before and after each subject test, the 3-D vibrations distributed on the instrumented handle
were measured. The data were used to check the test and measurement systems and to
establish the baseline for evaluating the finger vibration transmissibility with and without
wearing a glove.

The objectives and testing procedures were explained to each subject upon arrival. After
signing the required consent form, the reflective tapes were attached to the measuring points,
and the subject was instructed to practice the grip and push actions with the posture shown
in Figs.1 and 2. Whenever necessary, the height of the force platform was also adjusted so
that the subject could comfortably grip the handle with the required hand and arm postures.

Two consecutive trials of the measurement for each of the 12 test treatments (four hand
forces and three glove conditions including bare hand) were performed. While the
measurement on four of the subjects started on the right hand, the sequence of the treatments
for each hand was randomized. In each trial, the laser vibrometer scanned the defined
measurement points sequentially when the subject was comfortable performing the required
actions and maintaining the required hand forces. Guided by a researcher, the fingers of each
subject with and without wearing a glove were positioned on the handle at similar locations.
Partially because of the limitations of the 3-D vibrometer and partially because it was
extremely difficult to maintain a stable and precise position of the fingers during the
vibration exposure, the three laser beams of the 3-D vibrometer could not be targeted and
focused at exactly the same location on each piece of tape. They were controlled within the
taped area (~0.6 cm?2). The variable measurement duration for each scanning location was
automatically controlled by the vibrometer to achieve sufficient validity of the measurement.
The measurement process for each trial took about 1 minute to complete the scanning of the
points on each hand. After each trial, the subject rested for about one minute before the next
trial. The entire test took about three hours for each subject.

As also shown in Fig. 3, six measuring points were originally designed in each measuring
area but only the first four points in Area 1 were fully measured for all the treatments of
each subject. This was because some of the 3-D laser beams were blocked by the handle
fixture in the treatments of the gloved hand (Fig. 2). The data measured on the four points in
Area 1 and those at the six points in Area 2 were used in the evaluation of the finger and
glove transmissibility spectra.

2.4. Transmissibility evaluation

In principle, the laser vibrometer directly measures the vibration velocity. It was converted
into acceleration by the data acquisition system of the vibrometer. Together with the 3-D
accelerations measured with the tri-axial accelerometer installed in the handle, the vibration
transmissibility was evaluated using the function built in the software of the vibrometer. A
linear average was taken during the measurement duration at each point.

The transmissibility spectrum on the handle surface (Tryangie) approximately at the
corresponding measurement locations on the index and middle fingers in each direction (i)
was evaluated from:
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where Apangle IS the handle surface acceleration measured with the laser vibrometer,
Agxcitation 1S the excitation acceleration measured using the accelerometer installed in the
handle and controlled in the vibration generation, and  is the vibration frequency in Rad/s.
Because it was difficult to determine the exact corresponding points between the handle and
the fingers, the average transmissibility spectrum of the six points measured on the handle in
the finger contact area was used as the baseline transmissibility spectrum in this study.

The preliminary transmissibility spectrum at each point on the fingers (Trgraw) Was evaluated
from:

AFinger- i (w)

(w)=—Tnger G X, Y, and Z), ()

)
FExcitation_ 1((4))
where Aginger is the acceleration measured on the fingers using the laser vibrometer.

These two transmissibility spectra were expressed in an equal frequency band with an
increment of 1.25 Hz. After they were measured, the finger transmissibility spectrum at each
measuring point in each direction (Trginger) Was evaluated using the following formula:

T .
w):M~ i=Xp, Yy, and Zp - (3)

Tr
TrHan(lle_ 7((4}) ’

Finger- i (

Because the vibration-reducing gloves can substantially increase the effective grip size and
the grip effort (Wimer et al., 2010), the positions and orientations of the measuring points on
the fingers relative to the handle may not be exactly the same with and without wearing a
glove. This observation suggests that it may not be very reliable to assess the vibration
attenuation effectiveness of the glove fingers based on the direction-specific transmissibility
spectrum evaluated from Eg. (3). To avoid this problem and to be consistent with the three-
axis method required in 1SO 5349-1 (2001) for the measurement and assessment of the
hand-transmitted vibration exposure, the finger transmissibility in this study was determined
based on the magnitude of the total vibration transmissibility (Trrqta) defined as follows:

J A @)+ A @) A )

w ot @O A ey @ PH A, (@)

lotal

Because the handle vibration magnitude at each frequency in the three directions was
controlled theoretically the same (i.e. Axandie x(@) = Anandle_Y(®) = AHandle_z(®)), the
magnitude of the total finger transmissibility function was also alternatively estimated from
the direction-specific transmissibility functions evaluated from Eq. (3) using the following
formula:
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In reality, there were some minor differences (<5%) among the vibrations measured in the
three axes. Several studies have demonstrated that the glove transmissibility is not
substantially affected by the vibration spectra (Rakheja et al., 2002; Dong et al., 2002;
McDowell et al., 2013; Welcome et al., 2012). For this reason, the two spectra used in the
original glove test standard are replaced with a single spectrum (ISO 10819, 2013). These
observations suggest that the possible minor differences among the three axes vibrations are
unlikely to significantly affect the transmissibility in each axis. The transmissibility values
evaluated using Egs. (4) and (5) should be very similar. This was verified in this study.

After the magnitudes of the transmissibility spectra with and without wearing a glove
(Trrotal_Gloved-hand @Nd TrTotal_Bare-hand) Were obtained, the glove finger transmissibility
spectrum (Trrotal_-Glove) Was computed using the following formula:

T et ctove (W) = [ Toporar ctoved. nana (O] / [Tl orat pave: nana ()] (6)

2.5. Statistical analyses

A general linear model for the analysis of variance (ANOVA) was used to determine the
significance of the effects of glove condition (gel-filled, air bladder, no gloves),
measurement point (10 points shown in Fig. 3), and applied hand force (four levels) on the
vibration transmissibility. Whenever necessary, stratified ANOVAs were also performed to
determine the significance of the finger response differences in different frequency ranges.
The ANOVASs were performed using SPSS statistical software (IBM SPSS Statistics,
version 19.0). Differences were considered significant at the p < 0.05 level.

3. Results

3.1. Dynamic responses of the handle surface

Fig. 5 shows the vibration transmissibility spectra of the six points on the handle in the
finger contact area, together with the mean spectra in the three orthogonal directions. The
magnitudes are generally in the range of 0.95-1.05 and the phase angles are generally in the
range of —5° to 5°, except at some limited frequencies. The vibrations at all the points are
very similar at less than 300 Hz in all the directions. Their differences generally increase
with the increase in frequencies but they are generally within the range of 10% from their
average values. This is partially because the major resonances of the handle are about 600
Hz, as identified on a 1-D test system with an excitation up to 1600 Hz. They have little
influence on the responses of the handle base where the fingers contacted with the handle.
Because the tape adds some constraints and damping to the split handle, it may also reduce
the unevenness to the vibration distribution on the handle.
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Without affecting the basic trends of the near-unity transmissibility spectra, some limited
fluctuations (within £10%) in the range of 100-130 Hz can be observed in Fig. 5. They
result from the global responses of the handle fixture assembly on the flexible linkages
connected to the three shakers (Fig. 2). The mass of the assembly is more than 2.5 kg, which
is more than 7 times of the effective mass of the hand-arm system at more than 100 Hz
(about 0.33 kg according to Dong et al., 2012). As a result, the hand coupling cannot
substantially affect the fluctuations and the fluctuations are also reflected in the finger
response spectra in the same frequency range, as shown in Figs. 6-8. This nature makes it
possible to reduce such errors in the normalization of the spectra using the handle response
as a reference. Because the fluctuations are very similar in the finger responses with and
without wearing a glove, they can be substantially eliminated when Eq. (6) is used to
calculate the final glove transmissibility, as shown in Fig. 9. Similarly, the non-unity
transmissibility (>5%) at some high frequencies (>300 Hz) observed in Fig. 5 can also be
substantially reduced from the normalizations.

3.2. Vibration transmissibility of the fingers

As examples, Fig. 6 shows the averaged magnitudes of the total vibration transmissibility
spectra measured with the seven subjects for the force treatment of 30 N grip and 50 N push.
Each column in the figure displays each of three hand treatments (Bare hand, Wearing
Glove 1, and Wearing Glove 2). Both Egs. (4) and (5) were used in the evaluation of these
spectra. Their differences were generally less than 1% in the frequency range of concern in
this study, with the maximum difference less than 2%. For simplicity, the data evaluated
using Eqg. (5) were applied in the remaining analyses.

Fig. 6 demonstrates that the shape of the finger transmissibility spectrum generally varied
with the measurement point and the measurement area. A statistical analysis of the mean
values of the finger transmissibility over the entire frequency range for the test treatments
was performed. The results are listed in Table 2. They confirmed that the transmissibility
varied significantly with the glove treatment, measurement location/point, and applied hand
force. The interaction between measurement location and applied hand force was significant
as was the interaction between measurement location and glove condition. The interaction
between glove treatment and applied hand force was not significant.

3.2.1. Effects of measurement location on finger vibration transmissibility—As
also shown in Fig. 6, the transmissibility spectra on the index and middle fingernails (P1 and
P2 in Area 1) were similar at frequencies less than 125 Hz, regardless of the glove condition.
While their resonant frequencies peaked at lower magnitudes than the other measurement
points, the vibration at the fingernails was amplified over a wider frequency band than the
others. The highest transmissibility was observed at the points in the neighborhood of the
second knuckle area (P3—P4 in Area 1 and P1-P4 in Area 2). In the major finger resonance
range, the peak vibration in this finger region was twice that of the handle regardless of
glove condition.

3.2.2. Effects of grip force on finger vibration transmissibility—To clearly
demonstrate the grip force effect, the transmissibility spectra at the four points (P1-P4) in
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Area 1 for each test treatment were averaged to represent the mean transmissibility in Area
1. Similarly, the spectra at the six points in Area 2 were averaged to represent that in Area 2.
The results are plotted in Fig. 7. The major resonant frequencies were identified from the
spectra shown in these figures, which are listed in Table 3. Increasing the grip force
increases the resonant frequency in both areas, regardless of the glove condition. While the
peak magnitudes for different forces in Area 1 are similar to each other, the peak
transmissibility amplitude in Area 2 was increased with the higher grip force. While the
transmissibility values at most frequencies in Area 1 are different (p < 0.05), the
transmissibility values at most frequencies in Area 2 below 50 Hz were not significantly
affected by the grip force (p > 0.05). The results shown in Fig. 7 also indicate that increasing
grip force generally reduces the finger vibration at frequencies lower than the finger
fundamental resonance frequency but increases the vibration at higher frequencies.

3.2.3. Effects of glove on finger vibration transmissibility—As shown in Fig. 8,
the gloves affected the vibration transmissibility in the two measurement areas differently.
In Area 1, both gloves generally increased the vibration transmitted to the fingers but the
effects of Glove 2 on the finger vibration were very small at the grip force equal to or higher
than 30 N. In Area 2, the gloves reduced the finger vibration at frequencies below the major
resonant frequency but generally increased the vibration at higher frequencies, which is
similar to the effect of grip force on the finger vibration transmissibility shown in Fig. 7. As
also shown in Fig. 8, the differences — both for amplification and attenuation — from the bare
hand for Glove 1 were generally greater than those of Glove 2 in both finger areas at each
force level.

3.3. Vibration transmissibility of glove fingers

Using Eq. (6), the vibration transmissibility spectra of the glove fingers at the four points
(P1-P4) in Area 1 were calculated from the data shown in Fig. 6. The four spectra are
plotted in Fig. 9, which shows the effects of measurement location on the glove finger
transmissibility. As expected, the transmissibility spectra at low frequencies are very similar
to each other and are close to unity. Their major differences appear at frequencies greater
than 100 Hz.

To clearly identify the effects of hand force on the glove finger transmissibility, the four
transmissibility spectra in Area 1 for each force treatment shown in the left column of Fig. 9
were averaged. The results are shown in Fig.10. There are two major resonances for each
glove. The first one is below100 Hz and the second is at higher frequencies. Both resonances
generally shifted to higher frequencies with the larger grip force actions for both gloves. At
the lowest grip force (15 N) the vibration was amplified over a broad band up to about 350
Hz for Glove 1 and 400 Hz for Glove 2. At the higher force levels, the level of amplification
tended to be reduced in a large frequency range. However, the second resonance for Glove 2
was at a higher magnitude for the 30 N grip and the combination of 30 N grip and 50 N
push. There was some vibration attenuation for Glove 1 at some frequencies in the range of
100-200 Hz. There was also some vibration attenuation for Glove 2 at the 50 N grip force in
the frequency range of 100-300 Hz.
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Similarly, the effects of the measurement location on the vibration transmissibility spectra of
the glove fingers in Area 2 are shown in Fig. 11. The effects of hand force on the mean
transmissibility spectra of the six points in Area 2 are shown in Fig. 12. Similar to those in
Area 1, the transmissibility spectra in Area 2 at the low frequencies are similar to each other
and they are close to unity; the major location effects are evident in the high frequency range
(>100 Hz). As also shown in Fig. 11, there was strong amplification at the middle knuckle of
the index finger for both gloves, which is also similar to the larger amplification at the first
knuckle of the index finger in Area 1 at frequencies above 300 Hz for both gloves shown in
Fig. 9. As shown in Fig. 12, the resonances also generally shifted to a higher frequency with
the larger forces. However, unlike that observed in Area 1, the first major resonant peak in
Area 2 was shifted to more than 100 Hz; the gloves also surprisingly reduced the vibration
transmitted to the fingers between 20 and 80 Hz. The maximum mean reduction was 22%
for Glove 1 and 15% for Glove 2. The specific frequency range of the reduction depended
on the applied grip force. Increasing the force generally shifted the resonances to higher
frequencies.

To clearly demonstrate the glove effect, the overall mean transmissibility spectrum for each
glove was averaged over those measured on all the points at both Areas 1 and 2 for all four
hand/force actions. The results are shown in Fig. 13. Surprisingly, the mean transmissibility
spectra of these two gloves below 150 Hz are very similar to each other. On average, neither
glove significantly (>5%) reduced the vibration transmitted to the fingers at frequencies
below 400 Hz but marginally amplifies (<17%) the vibration through much of the exposure
bandwidth tested. Fig. 13 indicates that Glove 1 is only effective at reducing finger-
transmitted vibration at frequencies above 400 Hz. Similarly, the transmissibility trend
shown in the figure suggests that Glove 2 may only effectively reduce the finger-transmitted
vibration at frequencies above 500 Hz.

4. Discussions

This study used a 3-D laser vibrometer to investigate the effectiveness of the vibration-
reducing gloves for attenuating the vibration transmitted to the fingers. The fingers of the
subjects were exposed to simultaneous random vibration in the three orthogonal directions
over a range including frequencies typical for many tools. The results of this study provide
very useful information to enhance the understanding of the mechanisms of the glove
effects, including the influence of grip force on the mechanisms. They also provide useful
information for assessing whether such gloves are helpful for reducing finger-transmitted
vibration. They may also help better design and evaluate vibration-reducing gloves.

4.1. Mechanisms of bare finger vibration responses

Similar to the hand model proposed before (Dong et al., 2009, 2012), each bare finger in a
grip action can be conceptually considered as a flexible curved beam flexibly connected to a
finger base (the remaining hand substructures) and flexibly attached to the foundation of
motion (handle) along the beam. The fingertip is at the free end of the beam; its effective
mass is smaller than any other finger section and its contact stiffness is likely to be more
than that at other finger contact locations because the highest contact pressure on a smooth
cylindrical handle is usually at the fingertip contact area (Wimer et al., 2010). For these
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reasons, the resonant frequency of the fingertip (Area 1) should be higher than that at the
proximal area (Area 2). This prediction was confirmed from the measured vibration
transmissibility spectra of the bare fingers, as shown in Fig. 7 and Table 3. Increasing the
grip force basically increases the stiffness and damping of the finger structure and its
contacts and connections; hence, increasing the grip force increases the finger resonant
frequency, as also confirmed from the results shown in Fig. 7 and Table 3. This is also
consistent with that observed in the driving-point biodynamic responses of the fingers (Dong
etal., 2008, 2012).

4.2. Mechanisms of glove effects on the finger vibration responses

A major functional mechanism of the VR gloves is their passive suspension effect by
reducing the contact stiffness and providing damping at the hand-handle interface (Dong et
al., 2009). This mechanism seems to play a dominant role in determining the effect of gloves
on the vibration transmissibility at the fingertip area (Area 1). On both gloves, increasing the
grip force increased not only the finger contact stiffness but also the glove contact stiffness
(Dong et al., 2008). As a result, increasing the grip force generally made the glove
suspension function less effective, as also shown in Fig. 10. This is consistent with the
theoretical prediction (Dong et al., 2009). Also consistent with the general principle of the
passive suspension (Harris, 1996), the reduced contact stiffness by the gel-filled glove
(Glove 1) slightly reduced the resonance at Area 1, as shown in Table 3, and increased the
responses in the resonant regions, as shown in Fig. 10. These phenomena are also consistent
with those predicted using a glove model established based on this cushion mechanism
(Dong et al., 2012). The basic effects of the air bladder glove (Glove 2) on the glove
transmissibility shown in Fig. 10 are similar to those of Glove 1. However, Glove 2 (air
bladder glove) had little effect on the resonance frequency of the fingers at the fingertip
area, as shown in Table 3. Its effects on the finger vibration are also generally small,
especially at the grip force equal to or greater than 30 N, as shown in Fig. 8. These are
partially because the pressure at the fingertip area (Area 1) is usually higher than that at
many other locations in the hand contact area (Aldien et al., 2005; Wimer et al., 2010); the
pressure difference makes the air in the fingertip area of this glove partially move to other
locations, especially at the higher force levels. As a result, the air glove fingers cannot
effectively suspend the fingers. This is one of the reasons this glove cannot significantly
isolate the vibration transmitted to the fingers.

The effects of the glove on the finger vibration transmissibility at the proximal area (Area 2)
are basically opposite to those at Area 1. Specifically, the gloves increased the major
resonant frequency, as shown in Table 3; the gloves did not increase the finger vibration at
frequencies lower than the resonant frequency but reduced the vibration relative to the bare
hand. These phenomena suggest that the effects of the gloves have another mechanism: they
do not function as a cushion but they actually increase the system stiffness of the fingers at
Area 2. The stiffness increase is likely to result from the re-distribution of the finger contact
pressure and increased grip effort induced from wearing a glove. Specifically, the gloves
usually wrinkle in a grip action, particularly in Area 2 where the bare finger contact pressure
is usually lower than that in some other areas (Wimer et al., 2010). Unlike the desired glove
cushion function, the wrinkles may actually increase the contact stiffness of the fingers in
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Area 2. Furthermore, to reach the same grip force measured on the handle as that in the bare
hand test, the hand must also grip harder; usually by more than 20% (Wimer et al., 2010).
This may increase not only the finger contact stiffness but also the structural stiffness of
each finger and their connections with the remaining hand-arm substructures. The increased
overall system stiffness increases the resonance frequency of the fingers. This explains why
both gloves increased the resonant frequency at Area 2. This also explains why the effects of
gloves on the finger transmissibility in Area 2 shown in Figs.11 and 12 are similar to the
effects of grip force on the finger transmissibility. Probably because Glove 1 requires more
grip effort (about 35%) than Glove 2 (about 25%) (Wimer et al., 2010; Welcome et al.,
2012), the resonant frequency of the fingers at each force level with Glove 1 is higher than
that with Glove 2, as also shown in Table 3.

According to the resonant frequency formula (= y/stiffness/mass) o the suspension
mechanism (Harris, 1996; Dong et al., 2009), the major reason for the ineffectiveness of the
gloves for reducing the fingertip-transmitted vibration at less than 400 Hz is the effective
mass of the fingertip is too small, relative to the contact stiffness for gloves that are feasible
for practical applications. The suspended effective mass of the glove is also too small to play
an important role except at high frequencies. However, the importance of the fingertip and
glove effective mass generally increases with the increase in frequency as the vibration
becomes more and more concentrated in the contact region with the increase in frequency.
Because the gel-filled glove has more mass than the air bladder-filled glove, the former
generally has a lower cutoff frequency and reduces more high frequency vibration, as shown
in Fig. 13. This explanation is also consistent with that found in a previous study on the
glove material vibration transmission (Xu et al., 2011).

4.3. Implications of the mechanisms and findings

4.3.1. Applied grip force—The results of this study, as shown in Fig. 7, suggest that the
effect of the grip force on finger-transmitted vibration is frequency-specific. If the tool’s
dominant vibration is below 80 Hz, a tighter grip may marginally reduce the finger-
transmitted vibration. However, the tighter grip in this frequency range may increase the
overall vibration transmitted to the entire hand-arm system, as reflected from the increased
biodynamic response of the system (Kihlberg, 1995). Furthermore, increasing the grip force
also increases hand fatigue and the potential for hand injuries (Silverstein et al., 1987).
Hence, increasing the grip force is not an acceptable approach to reduce the finger vibration
in this frequency range. The results shown in Fig. 7 also indicate that the increased grip can
greatly increase the finger vibration at more than 100 Hz, especially in the major finger
resonance range (100-300 Hz) (Dong et al., 2012). While the high finger biodynamic
frequency weighting is also in this frequency range, it may be useful to reduce the finger
vibration by applying a grip force to a tool handle as lightly as possible, especially on high
frequency tools, provided that this is consistent with safe work practice and control of the
tool. This is also consistent with general ergonomic recommendations on the grip force.

4.3.2. The vibration reduction of the gloves in the proximal area—The results of
this study suggest that the VR gloves cannot significantly reduce the vibration at frequencies
less than 400 Hz in the fingertip area, but the gloves can reduce the vibration in the finger
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proximal area below 80 Hz. This is in the range of dominant vibrations of some tools such
as chipping hammers, rivet hammers, and low-frequency grinders. If the finger health effects
are closely related to the vibration in this area, the glove effect may play a certain role in
reducing the health effects. While this hypothesis remains unproven, the above-described
vibration reduction mechanism for the proximal area suggests that some regular work gloves
can be used to achieve the same reduction. This has also been reported in a study (Cheng et
al., 1999). Hence, such vibration reduction is unlikely to be a unique feature of the VR
gloves.

It should also be noted that the effect of the glove on the contact stiffness re-distribution is
likely to be affected by the geometrical shape and size of a tool handle. Hence, the glove
effect on the 40 mm cylindrical handle observed in this study may not be the same as that on
other handles. However, the re-distribution mechanism dictates that the glove may reduce
the finger vibration at some locations in a certain frequency range but the changed contact
stiffness and damping may also increase the vibration at some other locations or at other
frequencies. Whether these changes are beneficial may depend primarily on the tool
vibration spectra and the mechanisms of vibration-induced finger injuries and disorders,
which remain formidable research tasks.

4.3.3. The criterion on the fingers of an anti-vibration glove defined in ISO
10819—According to the anti-vibration glove criteria defined in the new version of the
standard (1SO 10819, 2013), Glove 2 (air bladder-filled glove) is among the best glove
designs (Welcome et al., 2012). However, its overall reduction of the vibration on the
fingers at less than 80 Hz was less than 2%, as shown in Fig. 13. In a large frequency range
(80-400 Hz), this glove amplified the vibration by more than 10% at some frequencies. Its
vibration attenuation at the high frequencies (>400 Hz) is less than that of Glove 1, as also
shown in Fig. 13. A previous study also found that the materials of Glove 1 were more
effective for attenuating high frequency vibrations (Xu et al., 2011).

These observations suggest that the glove finger criterion defined in ISO 10819 (1996
(2013) is not well founded. While the results of this study suggest that using any practical
glove is unlikely to significantly reduce the finger-transmitted vibration, it is not necessary
to require the same materials for every part of the anti-vibration glove. This, however, does
not mean that a full-finger glove is not the best choice, because, in addition to its high
frequency vibration attenuation, the full-finger glove can also provide some other benefits
such as keeping the fingers warm and dry, reducing friction on the skin, and protecting the
fingers from cuts and abrasions. On the other hand, it is excessive to require that the anti-
vibration gloves must be full-fingered. Sufficient finger dexterity is required on some jobs,
such as placing rivets in aircraft maintenance, and it is impossible to perform some tasks
with a full-finger glove not only for working efficiency but also for safety in some cases. If
the task cannot be modified to make it feasible to use a full-finger glove, a partial-finger
vibration-reducing glove may be a better option than a bare hand, which can at least keep the
core part of the hand warm and provide some other protection. Excluding such gloves from
anti-vibration glove designation in the standard could discourage making the best choice for
such situations. Allowing different materials, methods (for instance air bladder or bubble
versus viscoelastic gel or traditional glove materials for warmth etc.), and thicknesses of
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materials for the fingers and palm may offer better possibilities for optimizing the design of
the vibration-reducing gloves. For example, the gel-filled strategy of Glove 1 may be
advantageous for higher frequency tools at the tips of the fingers while the air bladder may
offer advantages to the proximal portion of the fingers and the palm.

4.3.4. Additional comments on glove selection—Considering the vast majority of
the powered hand tools generating their dominant vibrations at less than 250 Hz (Griffin,
1990; 1997), the results of this study suggest that it is very difficult to find or make a glove
that could reduce the vibrations transmitted to the fingers in this frequency range. Therefore,
strategies for reducing the finger-transmitted vibration should primarily depend on the
development and/or selection of better vibration tools, suspended handles, or suspended
adapters (Dong et al., 2009). Once the transmissibility at the palm of a glove meets the
critical high-frequency criterion of the standard (ISO 10819, 19969, 2013), one may pay
major attention to the finger and hand comfort, contact stress reduction, minimizing the
increased grip effort, and finger dexterity in glove selection.

If possible, a combination of a better tool and an appropriate glove is generally considered
as a better strategy. However, the selection of the gloves does not have to be made among
the certified anti-vibration gloves. For example, in the cases of low-frequency (<25 Hz)
vibration tools such as vibrating forks, sand rammers, and tampers, the use of certified anti-
vibration gloves is unlikely to be beneficial. If a suspended handle or adapter is flexible
enough to cancel out the tool vibration, it may then be difficult to control a tool by wearing a
certified anti-vibration glove. In such a case, other less cushioned gloves may be a better
choice. While such gloves may be less effective for vibration reduction at the palm of the
hand, they may not reduce grip strength as much (Welcome et al., 2011). Because the
resilient features of such gloves may be similar to that of Glove 1, their finger vibration
reductions at the high frequencies may be better than that with Glove 2.

The results of this study also suggest that a thick finger glove (Glove 1) can be helpful when
a tool generates significant vibrations at more than 400 Hz. This is primarily because it has
larger suspended effective mass than Glove 2. This suggests that the high frequency
performance of a VR glove may be increased by adding some mass to the VR glove—finger
interface. However, such a modified glove is also likely to further increase the grip effort
because of the further increase in glove thickness (Wimer et al., 2010). A thick or bulky
glove is not a good option if a forceful grip action is required in the tool operation.

5. Conclusions

A 3-D laser vibrometer was used to measure the 3-D vibrations transmitted to the fingers
with and without wearing a glove. The measured data were used to evaluate the total
vibration transmissibility of the glove fingers. This study confirms that the sum of the 3-D
vibrations on the fingers depends on the measurement location and the applied hand force.
This study found that reducing the grip force can reduce the finger resonant frequency and
thus the vibration at higher frequencies, because lowering the grip force reduces both the
finger contact stiffness and the structural stiffness of the fingers themselves. This study also
finds that the gloves’ effects on the finger-transmitted vibration depend not only on the
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passive suspension function of the gloves but also on their influences on the distributions of
the contact pressure and stiffness and on the hand grip effort. However, the importance of
each mechanism varies with the specific location on the fingers. Specifically, the glove
suspension function plays a major role in determining the vibration at the fingertip area. The
response in the proximal area of the fingers seems more affected by the glove-induced
increase in the grip effort and the contact and structural stiffness in this area. This study also
confirms that the suspended effective mass of the glove plays an important role in
determining the high frequency response of the fingers.

The representative glove types examined in this study generally suggest that vibration-
reducing gloves are unlikely to be effective for reducing finger-transmitted vibration
exposure in the dominant vibration frequency range (<250 Hz) of the vast majority of
powered hand tools. Specifically, for the test conditions used in this study, these gloves
increase the fingertip vibration below 400 Hz. While they reduce the vibration in the
proximal area at some frequencies below 80 Hz, the overall vibration reduction on the entire
finger area is either minimal (<3%) or the vibration is amplified below 400 Hz. Therefore,
although the VR gloves can reduce some vibration transmitted to the palm of the hand, it
may be on the conservative side to not account for the glove contribution toward the
vibration reduction in the exposure risk assessment, especially when the vibration-induced
health effects of the fingers are of primary concern.

The results of this study also suggest that the VR glove fingers may only be effective for
reducing finger-transmitted vibration at very high frequencies (>400 Hz or higher).
Although the gel-filled glove is less effective than the air bladder-filled glove for reducing
the palm-transmitted vibration along the forearm direction, the former one is more effective
for reducing the high frequency vibration than the latter one. This suggests that using the
same glove materials throughout the glove does not guarantee the same ranking of the glove
effectiveness at the fingers and palm, which further suggests that the glove finger criteria
defined in the current anti-vibration glove test are not well founded. In other words, it is not
necessary to require the same materials for the fingers and palm of an antivibration glove.
While the results of this study suggest that it is very difficult to design a feasible glove to
effectively reduce the finger-transmitted, especially fingertip-transmitted, vibration in the
tool dominant vibration frequency range, the design of the glove fingers should focus on the
other functions of the glove such as keeping the fingers warm, dry, and clean, reducing
finger contact stresses, minimizing the increase in the grip effort, and protecting the fingers
from cuts and chemical exposures.
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Fig.1.

Subject and measurement setup that includes a 3-D closed-loop controlled vibration
exposure system, a 3-D laser vibrometer, a vibration and response measurement system, a
grip force measurement and display system, and a push force measurement and display

system.
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Fig. 2.
A pictorial view of the coordinate system, the subject posture in the experiment, the

instrumented handle, and its fixture on the 3-D hand-arm vibration test system.
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Measurement points in Measurement points in
Area 2 Area |

Fig. 3.
Six points/locations in each of the two measurement areas: Area 1 — fingernail, first knuckle,

and middle phalangeal dorsum areas on the index and middle fingers of the left hand; Area 2
— middle knuckle, proximal phalangeal dorsum, and third knuckle areas on the index and
middle fingers of the right hand.
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Fig. 4.
Four tested gloves, two for each of the two models: Glove 1 is a gel-filled vibration-
reducing glove; Glove 2 is air bladder-filled vibration-reducing glove.
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Vibration transmissibility spectra of the handle surface in the finger contact area in the three
orthogonal directions.
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Fig. 6.

Comparisons of the mean total vibration transmissibility spectra at the six points in each of
the two measurement areas of the fingers under the 30 N grip and 50 N push action. Only
four points were visible to the laser for Gloves 1 and 2 for Area 1.

Int J Ind Ergon. Author manuscript; available in PMC 2015 November 03.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Welcome et al.

Page 25
— — = 15 N grip ——— 30N grip ~ + = 50 N grip
2.5 25 -
> 1 Bare a‘ 1 Bare
% 2 | Areait % 2 - Area? e
2 15 E 15 -
E 4 4
a 1 g 1
o i
= 05 = 05 -
0 T T 0 T TTTT T
10 100 10 100
25
£ 2 5
=2 2
o 8 15
g 5 1
g g -
i = 05 -
0 - R .
10 100

> 2° ] Glove2 >
= 2 . Areat £
o o
B 15 F
5 G
5 §
£ 05 E 05
10 100 10 100
Frequency (Hz) Frequency (Hz)
Fig. 7.

Comparisons of the finger vibration transmissibility spectra measured under the three grip
forces (15N, 30 N, and 50 N).
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Fig. 8.

Comparisons of the finger vibration transmissibility spectra measured with and without
wearing the vibration-reducing gloves under the four coupling actions (15N, 30 N, 50 N,
and combined 30 N grip and 50 N push).
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Comparisons of the glove vibration transmissibility spectra at the four locations (P1-P4) in

Area 1.
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Fig. 10.

Effects of the force on the mean glove vibration transmissibility spectra in Area 1.
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Fig. 11.

Comparisons of the glove vibration transmissibility spectra at the six locations (P1-P6) in
Area 2.
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Effects of the force on the mean glove vibration transmissibility spectra in Area 2.
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Fig. 13.
Comparison of the overall mean transmissibility spectra at the fingers of the two gloves.
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Results of ANOVA with the mean transmissibility values of the seven subjects.

Source Degreesof freedom F-factor p-Value
Glove 2 6.53 0.002
Force 3 341.82 0.000
Location (point) 9 223.62 0.000
Glove x force 6 029 0.941
Force x location 27 3.57 0.000
Glove x location 18 7.37  0.000
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