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ABSTRACT 

VIBRATION TRANSMISSION CHARACTERISTICS AND GRIP STRENGTH 

PRESERVATION OF ANTI-VIBRATION GLOVES 

 

Karim Hamouda, Master of Applied Science 

Concordia University, 2016 

Exposure to hand-transmitted vibration (HTV) arising from operating hand-held power 

tools has been associated with various health consequences such as vascular, neurological and 

musculoskeletal disorders of the hand-arm system, which are collectively termed as hand-arm 

vibration syndrome (HAVS). In order to decrease the effects of HTV, substantial efforts have been 

made to protect the operator from the vibrating tools and decrease the vibration exposure. One of 

the convenient means to isolate the hand from the vibrating tool handle is the anti-vibration (AV) 

glove. These gloves are constructed from different isolation materials, which are capable of 

reducing the vibration transmitted to the hands. Vibration isolation performance of AV gloves has 

been widely evaluated based on measurements of vibration transmitted to the palm of the hand 

following the method recommended in ISO 10819 (2013). The standard does not require the 

measurement of transmitted vibration at the fingers side, and consider similar vibration isolation 

performance of the gloves at the palm and the fingers. The standard also does not address the effect 

of AV gloves on the hand grip strength, which can be a reason for not wearing these gloves by tool 

operators. This dissertation seeks to develop a finger adapter capable of measuring the transmitted 

vibration to fingers and assess the AV gloves based on the integrated performance of vibration 

isolation at palm and fingers as well as the grip strength preservation. 

Three different finger adapters (a steel ring, a split ring and a Velcro adapter), each 

instrumented with a tri-axial accelerometer, were developed and assessed to measure the vibration 

transmitted to the index and the middle fingers. The assessment of the three adapters showed that 

the Velcro adapter exhibit relatively lower inter-subject variability and yields resonably good 

agreements with the data reported in a recent study that measured fingers vibration using laser 

vibrometer. The effectiveness of the Velcro finger adapters was further explored through their 

ability of generating repeatable and reproducible vibration measurements. Good repeatability was 

observed from the vibration transmissibility measured during three trials perfromed with bare hand 

fingers. In the reproducibility tests, the subjects were asked to remove and reinstall the finger 
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adapters between the trials. The assessment results showed that the obtained vibration 

transmissibility measurements were reproducible within each subject.  

In order to enhance the understanding of fingers vibration, an investigation was conducted 

through measurements of vibration transmissibility of four different vibration reducing (VR) 

gloves at the middle phalanges of index and middle fingers using two Velcro finger adapters. Four 

male subjects participated in the measurements, which were conducted under the standardized 

vibration spectrum and the spectra of three different hand tools. Vibration transmissibility of the 

gloves were also measured at the palm using the standardized palm adapter. The frequency 

response functions (FRFs) of gloves at the index and middle fingers were utilized to estimate the 

vibration transmissibility of the gloves under different tool spectra. Only two gloves would be 

considered as AV gloves, although these showed fingers vibration amplification. The FRF method 

of estimating fingers vibration responses resulted in reliable prediction of the perfromance for 

different tools. 

Furthermore, 12 male subjects participated for assessment of integrated performance of 12 

different VR gloves in terms of vibration transmission performance at the palm and fingers, as 

well as the effect of gloves on the grip strength preservation. The grip strength magnitude was 

measured using the cylindrical handle utilized in the vibration transmissibility measurements. The 

overall vibration transmissibility of the gloves at the fingers were obtained using the frequency 

weighting recommended in the standard and the reported fingers weighting. All the gloves 

attenuated fingers vibration in the 10–200 Hz frequency range, with exception of only two gloves. 

At greater frequencies (>200Hz), majority of the gloves amplified the middle finger transmitted 

vibration, while only a few gloves showed vibration amplification at the index finger. The effect 

of different frequency weightings on the vibration isolation performance of gloves at the fingers 

was only evident in the high frequency range (200–1250Hz). Only four gloves passed the 

standardized screening criteria despite their vibration amplification at the fingers. All the gloves 

resulted in reduced hand grip strength with only one exception. 
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1. INTRODUCTION AND LITERATURE REVIEW 

1.1 Problem statement  

Workers exposed to long periods of hand transmitted vibration (HTV) arising from operation 

of power tools may experience disorders in the vascular, neurological and musculoskeletal 

structures of the hand-arm system, often referred as hand-arm vibration syndrome (HAVS) [1]. It 

has been reported that 4.6% to 10.9% of the workers population is exposed to HTV in the European 

countries, while the greatest exposure occurred in the construction (63%), manufacturing and 

mining (44%), and agricultural and fishing (38 %) sectors [2, 3]. The effects of long-term 

occupational exposure to HTV have been the focus of many epidemiological and clinical 

investigations [4, 5]. These suggest that the neural effect could cause numbness and pain in the 

arms, hands and fingers, and disturbance to operators’ sleep rhythm. The early signs of this 

symptom is fingertip blanching, which may lead to white fingers with the continued exposure. 

Numbness that occurs with blanching of fingers may persist with decreased tactile and temperature 

sensitivity [6]. The muscular effects of HTV exposure have been related to muscles weakness, 

joints pains, and loss of grip strength and manipulation ability [7-9]. The exposure to HTV has 

also been associated with bones injuries such as cysts, vacuoles and an over-representation of 

carpal bone vacuoles, scaphoid fracture non-union and wrist joint arthrosis due to prolonged 

exposure to vibration [10, 11].  

Owing to large magnitudes of HTV and its effects on operators’ health, considerable efforts 

have been made towards decreasing the exposure through design of low vibration power tools, 

isolation of tool handles from the vibration source [12-16], isolation of the hand from the handle 

[17-20] and designs of tool supports [21-23]. Among these, the exposure reduction via isolation 

of the hand from the vibrating tool handle using anti-vibration (AV) gloves is considered as most 

convenient. The AV gloves are designed with vibration isolation materials such as air bladder, gel 

and gel-foam, which could provide attenuation of handle vibration transmitted to the hand and 

hand-arm structure. The isolation effectiveness of AV gloves is, invariably, evaluated through 

measurements in the laboratory using the method defined in ISO 10819 (2013) [24]. The 

standardized test involves measurement of the transmitted vibration at the glove-palm interface 

using a palm adapter equipped with a three-axis accelerometer. The standard also defines screening 

criteria for gloves to be classified as anti-vibration in the medium (25–200 Hz) and high (200–
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1250 Hz) frequency ranges. The standardized method requires measurements of vibration only at 

the palm of the hand, assuming similar characteristics of vibration transmitted to the fingers of the 

hand. The measurements of vibration at the fingers, however, poses complex challenges. Three 

recent studies have employed a finger adapter, laser vibrometer and wooden disc to capture the 

fingers vibration [20, 25, 26]. These have shown that characteristics of fingers vibration differ 

substantially from that of the palm. A glove considered anti-vibration on the basis of the palm-

transmitted vibration alone thus may or may not provide attenuation of vibration transmitted to the 

fingers. The effectiveness of AV gloves in limiting the vibration transmission to fingers, however, 

has not yet been attempted except in two recent studies [20, 25]. 

Moreover, the AV gloves generally employ relatively thick isolation materials to achieve 

greater damping and thus vibration isolation performance. The gloves thus adversely affect the 

grip strength and hand dexterity of the workers [18, 27]. The standardized method, however, does 

not address these aspects, although it requires same isolation materials at both the palm and fingers, 

while the material thickness at the fingers must be at least 60% of that at the palm. The loss of 

dexterity may encourage workers to function without the gloves and thereby increase the exposure 

and the risk of HAVS. The performance of different AV gloves have been reported in many 

studies, which are invariably based on vibration transmitted to the palm alone. It is vital that the 

performance of gloves be assessed considering not only the vibration transmitted to the palm but 

also the fingers, and preservation of grip strength and manual dexterity. 

This dissertation research is aimed at developing methodologies for assessing integrated 

performance of AV gloves including the vibration transmission to the palm and fingers of the hand, 

and preservation of grip strength. An adapter is developed for measuring vibration transmitted to 

the index and middle fingers of the hand. Experiments were designed and performed to measure 

the grip strength reduction, and palm and finger vibration transmission performance of 12 different 

gloves under the standardized broadband random vibration excitation and fixed hand grip and push 

forces. The study included gloves made of gel, gel-foam, and air pockets. A total of 12 adult male 

subjects participated in the study involving 13 different hand treatments, including the bare hand. 

The data were analyzed to quantify the degree of grip force reduction, and palm and fingers 

vibration transmissibility. The applications of the standardized Wh and a reported fingers 

frequency-weightings are further discussed, and the results are used to provide guidance on designs 

and screening criteria for AV gloves.  
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1.2 Nature of tool vibration  

Protecting workers from HTV requires good understanding of the nature of vibration caused 

by different hand-held power tools. The reported longitudinal and cross-sectional epidemiologic 

studies have mostly concentrated on two classes of power tools, namely, pneumatic tools and 

electrically operated tools [28]. As examples, Tables 1.1 and 1.2 respectively, summarize the 

ranges of vibration measured at different tools’ handles in terms of rms acceleration, and the 

frequency ranges and directions of dominant handle vibration. The directions of vibration (Xh, Yh, 

Zh) refer to the hand coordinate system defined in the international standard ISO – 5349-1 (2001) 

[29] (Fig. 1.1). From the reported data, it is evident that the dominant handle vibration generally 

range from 25–150 Hz, although vibration at frequencies as high as 2000 Hz have been widely 

reported, especially for percussion tools. The reported data further show that the magnitudes of 

handle vibration arising from different tools could vary widely among different tools and could be 

as high as 2014 m/s2 for impact type of tools. 

Table 1.1: Acceleration levels measured on different tools reported in different studies [28] 

Type of Tool Un-weighted Acceleration (m/s2) 

Chipping hammer [30-33] 251-2014 

Riveter [34] 1183 

Pedestal grinder [35-37] 122-382 

Jack-leg drill [38-40] 121-362 

Grinders [41, 42] 20-205 

Pavement breaker [43] 195 

Chain saws[39] 75 

 

Table 1.2: Frequency ranges and directions of dominant vibration caused by different hand-held 

power tools. 

Type of Tool Frequency range (Hz) Directions of vibration 

Heavy duty sander[44] 70-150 Xh, Yh, Zh 

Orbital sander [44, 45] 60-125 Xh, Yh, Zh 

Vertical polishers [44] 70-125 Xh, Yh, Zh 

Chain saws [19, 46-49] 63-125 Xh, Yh, Zh 
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Pneumatic hammers [49, 50] 40-80 Zh 

Chipping hammers [41, 46, 51] 25-125 Xh, Yh, Zh 

Electrical impact drills [19] >500 Xh, Yh, Zh 

Vertical grinders [41, 46] 40-80 Xh, Yh, Zh 

 

 

 

Figure 1.1: Coordinate systems for the human hand [29] 

 

1.3 Vibration exposure Guidelines  

The exposure of the hand to handle vibration is generally expressed in terms of rms 

acceleration in the one-third octave bands ranging from 6.3 Hz and 1250 Hz. A number of 

organizations, namely, the British standards Institute (BSI) [52], American National Standard 

Institute (ANSI) [53] and American conference of Government Industrial Hygienists (ACGIH) 

[54], have defined hand-transmitted vibration exposure limits in terms of rms acceleration up to 

1000 Hz, as shown in Figure 1.2. These were intended for providing guidance for protecting a 

majority of workers from serious impairment due to HTV [28]. Although, the symptoms of the 

hand-arm vibration have been widely documented in many occupations, only a few studies have 

proposed dose-response relationships [55, 56].  
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Figure1.2: Hand-Arm vibration exposure limits recommended by different organizations [28] 

 

The exposure to HTV is mostly assessed using the guidelines and methods recommended in 

the international standard, ISO–5349-1 (2001) [29]. The standard defines the Wh-frequency 

weighting, shown in Figure 1.3(a), for estimating the HTV exposure in terms of frequency 

weighted rms acceleration, and a dose-response relation for predicting the onset of VWF on the 

basis of 8-hour equivalent exposure A(8), shown in Figure 1.3(b). The frequency-weighted HTV 

exposure is obtained from the handle vibration measured along the three translational directions 

(Xh,Yh, and Zh), as shown in Figure 1.1. The dose-response relation in the standard provides the 

probable exposure duration in terms of number of years (Dy) likely to produce white fingers among 

10% of the exposed population.  

 

 

 



  

6 

 

 

(a) 

 

(b) 

Figure1.3: (a) Wh-frequency weighting; and (b) dose-response relation described in  

ISO–5349-1 (2001) [29] 
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1.4 Control of hand Transmitted Vibration (HTV)  

Owing to the severe health effects of HTV among the hand tools operators, considerable 

efforts have been made towards protecting operators from HAVS. These include the efforts in 

assessment of potential risks and those aimed at reducing the magnitudes of HTV exposure. Only 

limited efforts, however, have been made in isolating the handle from the vibrating source or 

reducing the tool vibration due to the compact design of hand-held power tools, complexities in 

implementing different isolation mechanisms within the tool, additional cost of these mechanisms, 

reduced efficiency and robustness of the tool, and lack of customer interest [13, 57]. As an 

example, Ko et al. (2011) [58] evaluated the vibration attenuation performance of four different 

suspended anti-vibration handles installed on a petrol-driven grass trimmer. The study included a 

commercially available polymer material handle and three steel and aluminum handles mounted 

on a grass trimmer through two rubber mounts. The study also evaluated the effect of spacing 

between the two rubber mounts. The results revealed that not all the rubber mounts can effectively 

reduce HTV and the mild steel handle with closely spaced rubber isolators revealed the best 

vibration isolation along all the three axes. Golycheva et al. (2004) [14] developed an experimental 

rig and proposed the use of vibration isolator between the vibrating casing and the tool handle to 

reduce the high-frequency components of acceleration transmitted to an operator. The study also 

proposed a dynamic absorber attached to the handle that suppresses the dominant harmonics of 

tool operating speed. The results suggested that the vibration absorber and isolator could 

significantly reduce the HTV without significant increase in the mass of the tool. The isolator and 

the absorber, however, could limit the maneuverability of the tool by the operator.  

Lindell (2011) [13], proposed the design of a tuned vibration absorber and isolation system 

between the tool impact mechanism and the casing (tool handles) for a pneumatic percussion tool. 

The proposed design showed substantial potential for reducing transmitted vibration from 20 m/s2 

to 2.7 m/s2 (weighted hand-arm vector sum acceleration). Practical use of the tuned vibration 

absorber in the hand-held power machines, however, may be limited because it is tuned to one 

particular frequency and it is only effective over a narrow band of frequencies. It can also cause 

an undesirable increase in weight of the tool [13, 14, 59]. Lindell et al. (2015) [15], hence, 

introduced a nonlinear tuned vibration absorber (NTVA) for use in the pneumatic percussion tools. 

The study compared the vibration reduction performance of a tool with a NTVA and with a linear 

tuned vibration absorber. The results showed that the NTVA could yield 95% in the transmitted 
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vibration, while the linear vibration absorber showed about 60% reduction. The NTVA also 

revealed relatively broader effective frequency range as compared to the linear absorber.  

The variations in tool load and operating conditions could also affect the tool operating 

frequency range, which also may reduce effectiveness of the NTVA. Another study by Moschioni 

et al. (2011) [12] proposed two different designs of anti-vibration handles to reduce the HTV due 

to an impact wrench. It was concluded that the handles could reduce the transmitted vibration from 

12.4 m/s2 to 5.3 m/s2 and 8.2 m/s2. The vibration reduction effectiveness of these handles, however, 

showed dependence on the forces exerted by the operators. Furthermore, McDowell et al. (2015) 

[21] assessed the performance of mechanical arms designed to support horizontal and vertical 

pneumatic grinders employed in surface grinding tasks. The assessments were conducted by 

measuring the tool handle vibration with and without the supporting arms. The study concluded 

that the supports do not offer notable reductions in HTV for most of the tested grinders. The study 

further reported increase in the grinding task time due to use of the mechanical arms system, which 

would increase the daily-time weighted HTV exposures.  

Alternatively, anti-vibration (AV) gloves made of vibration isolation materials have been 

widely recommended for limiting the HTV exposure, while providing protection against cuts and 

bruises. Such gloves, however, tend to limit the manual dexterity of the operator, and adversely 

affect the grip strength [18, 27, 60]. Moreover, the reported studies show either limited or 

negligible vibration attenuation by most of the anti-vibration gloves. Studies on recent designs of 

AV gloves, however, show notable vibration attenuation performance of gloves at the palm, 

especially in the high frequency ranges [19, 61]. The assessments of vibration attenuation 

performance of AV gloves, however, is challenging. The method of assessment and the associated 

challenges are discussed in the following section.  

1.5 Performance measurements of AV gloves 

1.5.1 Vibration isolation measurements  

The vibration isolation effectiveness of AV gloves have been widely assessed in the 

laboratory using a standardized methodology defined in ISO 10819 (2013) [24]. Many studies 

have investigated the vibration isolation effectiveness of AV gloves at the palm using the 

standardized method [1, 18, 61-66]. Briefly, the method requires three subjects to perform the 

glove vibration transmissibility tests. As illustrated in Figure 1.4, the test utilizes an instrumented 
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handle mounted on an electrodynamic vibration exciter. The handle is capable of generating band-

limited random vibration in the 25–1600 Hz frequency range along the forearm (Zh-axis), and 

measurements of the hand push and grip forces. Each subject is required to place a light weight 

palm adapter equipped with a tri-axial accelerometer (Figure 1.5) between the palm and the glove, 

while applying 30 N grip and 50 N push forces to the handle. Bare-adapter acceleration 

transmissibility measurement is also required to establish a reference transmissibility of the palm 

adapter. The standardized methodology requires the evaluation of glove vibration isolation 

effectiveness in the medium (M: 25–200 Hz) and high (H: 200–1250 Hz) frequency ranges. The 

frequency-weighted acceleration (rms) measured at the handle and the palm held adapter are 

computed using the Wh-weighting function defined in ISO–5349-1 (2013) [24] and shown in 

Figure 1.3(a). The vibration transmissibility of a glove is subsequently calculated as a ratio of the 

weighted rms acceleration measured at the palm of the hand with the glove to that of the handle. 

The obtained vibration transmissibility is then normalized with respect to that of the bare hand 

(adapter). The vibration transmissibility is computed using total vibration method (vector sum of 

the three-axis vibration) to compensate for the errors due to misalignments of the adapter with 

respect to the axis of vibration [65]. The standard also provides a screening criteria for the glove 

to be considered as an AV glove. A glove is concluded as an AV glove, when the frequency 

weighted palm acceleration transmissibility values in the M- and H-frequency ranges do not 

exceed 0.9 and 0.6, respectively. The standard also requires that the glove must employ identical 

vibration isolation material at the palm and the fingers regions, while the material thickness around 

the fingers must be at least 60% of that at the palm. 

 

Figure 1.4: Schematic diagram of standard method setup – (ISO 10819) [24] 
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Figure 1.5: Palm adapter aligned with the direction of vibration (ISO 10819) [24] 

1.5.2 Limitations of the standardized method  

The test method recommended in ISO 10819 (2013) [24] for the screening of AV gloves 

may be considered effective, however, with some limitations. As example, the standardized 

method requires three subjects to participate in measurements of the glove transmissibility, which 

may lead to large inter-subject variability. Different studies have reported large variability in the 

glove transmissibility associated with different subjects [18, 67-71]. A glove certified as an AV 

glove by one laboratory may fail on the basis of experiments conducted in another laboratories, 

depending on the physical attributes of the selected subjects. The earlier version of the standard 

(ISO 10819, 1996) [72] required three trials per each subject, while the revised version (ISO 10819, 

2013) [24] requires five trials. Increasing the number of trials may improve the reliability of the 

standardized test, while increasing the cost and time of the assessments. The reliability of the 

measurements could be enhanced by increasing the number of subjects. 

Furthermore, the glove is only considered as an AV glove if the fingers section of glove 

employs same vibration reducing (VR) material at that of the palm. Considering similar VR 

material shows that the standard (ISO 10819, 2013) [24] may have assumed similar glove vibration 

isolation performance at the palm and the fingers. However, the reported studies have shown 

considerable differences in the vibration transmissibility characteristics of fingers as compared to 

that of the palm [17, 19, 26]. The studies also reported that the gloves exhibit different vibration 

isolation performance at the palm as compared to that at the fingers, irrespective of the VR material 

used. Moreover, it is recommended by the standard that the thickness of the VR material at the 

fingers section should be equal to or greater than 60% of that at the palm. This could make the 

glove bulky and increase the required grip strength as well as deteriorate the hand dexterity [18, 
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19, 27, 60]. Hence, it is believed that the standard should also address the effectiveness of the 

gloves at the fingers in addition to the effect of VR materials thickness on the manual dexterity 

and grip strength.  

It has been suggested that the vibration isolation effectiveness of AV gloves is tool-specific 

considering wide variations in the magnitudes and frequency ranges of vibration of different tools. 

Rakheja et al. (2002) [64] compared different tools vibration spectra with the standardized 

frequency spectrum recommended for the glove test (ISO 10819, 2013) [24]. The study concluded 

that the standardized spectrum does not characterize the vibration characteristics of most of the 

tools considered. Consequently, the vibration isolation effectiveness of a glove for specific tools 

cannot be evaluated using the standardized criteria in the M- and H-frequency ranges. A recent 

study reported the tool-specific isolation performance of an AV glove at the palm and fingers [19]. 

The study showed that the AV glove cannot reduce the vibration transmitted to the palm and 

fingers for most of the low-frequency hand power tools considered, such as rammers and vibrating 

forks (Dominant frequencies ≤ 25Hz). However, when considering majority of the hand power 

tools (e.g., chipping hammers, rock drills, and sanders) the AV glove considerably reduced the 

transmitted vibration to the palm, with only slight vibration reduction at the fingers. The AV glove 

considered in that study marginally reduced the vibrations at the fingers with tools that generate 

high frequency vibration (>250 Hz). 

1.5.3 AV glove design  

Various types of gloves have been developed for use in the hand power tools and machines, 

in order to protect the workers from HTV apart from cuts, abrasion, and cold/hot environments. 

Different VR materials have been employed in gloves such as gel, air bladder (interconnected air 

pockets with pump or independent air pockets), gel-foam and rubber. The vibration isolation 

effectiveness of different gloves have been extensively studied through laboratory experiments [1, 

17, 18, 20, 64-66, 68, 70, 73, 74]. As an example, Rakheja et al. (2002) [64]; Dong et al. (2002) 

[65]; Welcome et al. (2012) [18] reported the vibration isolation performance of two types of 

gloves (air and gel) at the palm under standardized spectrum. Both gloves showed comparable 

performance in the M-frequency range, while the air glove exhibited relatively greater vibration 

attenuation in the H-range as compared to the gel glove. Similarly, McDowell et al. (2013) [61] 

reported comparable performance of air and gel gloves at the palm in the M-frequency range, while 
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the gel glove showed superior vibration attenuation performance in the H-frequency range when 

compared to that of the air gloves considered in the study. The results contradicted the findings 

reported by Rakheja et al. (2002) [64], Dong et al. (2002) [65], and Welcome et al. (2012) [18].  

When testing the gloves with different hand power tools the air glove showed either 

comparable (road breaker and nutrunner) or relatively better (chain saw, orbital sander, chipping 

hammer and riveter) vibration isolation performance than that of gel glove [64]. Only a few studies 

have attempted measurements of vibration transmitted to the fingers of a gloved hand. Welcome 

et al, (2014) [20] reported that both air and gel gloves exhibit unity vibration transmissibility in 

the 10-80 Hz frequency range, with slight vibration amplification in the 80–400 Hz frequency 

range. The study also reported that the gel glove is more effective for reducing the high frequency 

vibration than the air glove. Hence it can be concluded that the isolation performance of AV gloves 

depends on the type of the VR material employed in the glove. 

1.5.4 Vibration transmission characteristics of AV gloves 

AV gloves amplify the palm transmitted vibration in the low frequency range (10–40 Hz) 

and attenuate the vibration at frequencies greater than 25–30 Hz [17, 18, 61, 75, 76], which is 

believed to be the palm fundamental resonant frequency [17]. Different from the palm, fingers 

possess relatively smaller effective mass with fundamental resonant frequencies lies in the 100–

200 Hz frequency range [17, 20]. A recent study concluded that AV gloves slightly reduce fingers’ 

vibration at frequencies <80 Hz, while they amplifies the transmitted vibration in 80–400 Hz 

frequency range [20].  

Isolation effectiveness of AV gloves is tool-specific and does not seem to depend on the 

magnitude of vibration. It, however, strongly depends on the dominant frequency of the vibrating 

tool [64]. Generally, AV gloves isolation performance at the palm is better with tools that possess 

dominant frequencies >25 Hz such as chipping hammers or riveting hammers, when compared to 

the road breakers, vibrating forks or rammers [19, 64, 74]. Similarly for fingers, the AV gloves 

may reduce the fingers transmitted vibration only at high frequencies >400 Hz, which is produced 

from tools with dominant frequencies in very high frequency ranges such as electric impact drill 

[19, 20].  
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1.5.5 Grip strength preservation 

As stated earlier, a glove that is classified as AV glove and satisfies the isolation material 

thickness criteria, could be bulky. Such a glove may thus require higher grip strength (force) than 

that required by the bare hand. Generally, increasing the grip effort could increase the risk of hand-

arm musculoskeletal disorders (MSDs) [77-79]. In order to comprehend the effect of different 

gloves on grip strength, jamar dynamometer handles have been mostly used for the measurement 

of grip strength [27, 80, 81]. Grip strength is the total contact force measured when an individual 

applies a power grip to a handle with maximum voluntary contraction (MVC) [27], and it is the 

scalar sum of fingers and palm forces minus the push force (Figure 1.6) [82]. Jamar dynamometers, 

however, possess different handle geometry, which may provide underestimates of the palm and 

fingers contact force. It has been suggested that grip strength measured with such handles may not 

be fully representative of grip forces applied to tools’ handles [27]. 

 

Figure 1.6: Schematic of push and grip forces [82] 

Cylindrical handles were alternatively employed in different studies in order to overcome 

the deficiencies of the jamar dynamometer [18, 27, 82-84]. Grip strength reduction is generally 

affected by glove thickness. As the glove thickness increases the grip strength reduction increases 

when comparing same type of gloves employing different thickness [81], however, this is not the 

case when considering gloves with different VR materials [27]. The grip strength reduction by a 

glove is also reported to the glove material properties (stiffness). Welcome et al. (2012) [18] 

reported that gel gloves exhibit higher grip strength reduction compared to air glove, while Wimer 

et al. (2010) [27], reported comparable or higher reduction of gel glove when compared to air 

gloves. Furthermore, the grip strength reduction of an AV glove is also affected by the handle 

diameter. Smaller diameter handles revealed relatively smaller grip percentage reduction [27], 

which also permit greater hand grip strength [85]. Reducing the stiffness of the glove by choosing 

softer materials could improve grip strength reduction performance. 
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1.5.6 Hand dexterity 

Another drawback could result from a thick AV glove, is the deterioration of the manual 

dexterity of the hand. Generally, gloves increase the task time when compared to the bare hand 

[83, 86-89]. Bensel (1993) [90] and Muralidhar et al. (1999) [91] conducted two different studies 

in order to study the effect of different gloves thickness on the hand dexterity. Both studies reported 

that thicker gloves took longer completion time compared to less thick ones. Dianat et al. (2010) 

[92], investigated hand performance capabilities (muscle activity, dexterity, touch sensitivity, 

finger pinch and forearm torque strength) when performing a light assembly task with bare hands 

and while wearing cotton, nylon or nitrile gloves. Participants worked with a screwdriver to fit two 

components together using screws. The study concluded that wearing gloves significantly 

increased the muscle activity, pinch strength and discomfort but reduced the dexterity and touch 

sensitivity. Different dexterity tests and assessments of gloves have been critically reviewed in the 

literature [60, 93]. The reported studies, invariably, considered only protective gloves, while the 

studies on dexterity performance of AV gloves could not be found. The process of choosing an 

appropriate dexterity assessment test that reflects an actual industrial task could be difficult. AV 

gloves are expected to possess poor dexterity performance due to large thickness compared to that 

reported in the literature. Assessments of AV gloves should take in account the effect of glove on 

preservation of grip strength as well as hand dexterity.  

1.6 Objectives of the study 

The overall objective of this dissertation research is to contribute towards developments in 

methods for assessing integrated performance of AV gloves in terms of vibration isolation at the 

palm and the fingers as well as grip strength preservation. The specific objectives of the study 

included: 

a. Design and develop a finger adapter for measurement of vibration transmitted to the 

index and middle fingers of a gloved hand; 

b.  Develop a methodology for assessing fingers’ vibration transmission performance of 

VR gloves;  

c. Assess integrated performance of 12 different VR gloves through measurements of 

vibration transmitted vibration to the palm and the fingers of the hand, together with 

grip strength preservation; 
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d. Explore effectiveness of transfer function method for predicting vibration transmission 

performance of the VR gloves at the fingers under the vibration spectra of selected 

hand tools. 

The study was conducted in three stages. During the initial stage, the reliability of three 

different finger adapters (a steel ring, a split ring and a Velcro adapter) was assessed through the 

measurements of vibration transmitted to mid-phalanges of the index and middle fingers of bare 

hand. The measurements were performed using the method similar to that described in ISO 10819 

(2013) [24] for measurement of vibration transmitted to the palm of the hand. During the second 

stage, Velcro finger adapters were used to measure the vibration transmission characteristics of 4 

different VR gloves (air, gel, hybrid and leather) at the middle phalanges of the index and middle 

fingers using a sample of 4 subjects (hand sizes: 8-9). Standardized palm adapter was also used to 

measure the vibration transmissibility of the gloves at the palm. Fingers and palm vibration 

transmissibility characteristics of 4 gloves were also measured under three different tool spectra 

(road breaker, nutrunner and orbital sander). The measured frequency response functions (FRFs) 

of the 4 gloves were used to estimate the vibration transmission performance of the gloves at the 

fingers under the selected hand tools vibration spectra. In the third stage of the study, 12 VR gloves 

(air, gel, hybrid, gel-foam and leather) were assessed based on their integrated performance of 

vibration isolation effectiveness at the palm and the fingers, and the grip strength preservation. 

The vibration transmissibility measurements of the gloves were performed under the standardized 

spectrum, however, that of grip strength were conducted under static grip conditions. The 40 mm 

cylindrical handle utilized in the vibration transmissibility tests was also used to measure the grip 

strength preservation performance of the gloves. 12 subjects with different hand sizes (7-10) 

participated in the experiments. Two groups of subjects (each group included three randomly 

chosen subjects) were also used to evaluate the repeatability and reproducibility of the fingers 

vibration measurements by the Velcro adapters. The vibration isolation effectiveness of the VR 

gloves were evaluated using two different frequency weightings including the standardized Wh-

weighting and a finger weighting, Wf. 

1.7 Organization of the thesis  

This dissertation is organized in a “Manuscript” format consisting of four chapters. Chapter 

two briefly presents the development and reliability assessment of different designs of finger 
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adapters that were utilized for characterizing fingers vibration. In this chapter, the vibration 

transmission characteristics of four different gloves were measured at the palm and fingers under 

the standardized broad-band vibration spectrum and vibration spectrum of selected hand power 

tools. The vibration transmissibility magnitudes at the mid-phalanges of the fingers of the gloved 

hand were obtained using standardized hand weighting (Wh) and a finger weighting (Wf) proposed 

in [94]. The validity of frequency response function (FRF) method to predict fingers vibration 

transmission characteristics of VR gloves for a few selected tools was also assessed. The 

measurement methods and the results have been presented in the following manuscript: 

Hamouda, K., Rakheja, S., Marcotte, P., Dewangan, K.N., “Fingers vibration transmission 

performance of vibration reducing gloves”. Under review, Int. J. of Industrial Ergonomics 

(Submitted: January 2016) 

This paper describes the design of three different finger adapters (a steel ring, a split ring 

and a Velcro adapter). Each finger adapter integrated a miniature tri-axial accelerometer, 

weighting 1 gram, for measuring the vibration transmitted to mid-phalanges of the fingers. The 

effectiveness of the adapters were assessed in terms of repeatability and reproducibility of 

measurements. The vibration measurements were conducted following a method similar to that 

described in ISO 10819 (2013) [24]. The instrumented handle was subjected to standardized 

vibration spectrum, while each subject was advised to apply 305N grip force and 508N push 

force with the bare hand. The measured vibration transmissibility responses showed that the split 

ring and the Velcro finger adapters revealed measured responses comparable to those in a recent 

reported study [20]. The measurements with the Velcro adapter, however, revealed relatively lower 

inter-subject variability compared to the split ring adapter. Furthermore, the subjects reported 

relatively greater comfort with Velcro adapter. The Velcro finger adapters were thus used for 

measurements of index and middle fingers vibration responses. The vibration transmission 

characteristics of four different gloves (air, gel, hybrid and leather) were subsequently measured 

at the palm and middle phalanges of the index and middle fingers of the gloved hands of 4 subjects. 

The hybrid glove was constructed from air bladder in the palm region and gel pad at the fingers 

side. The vibration measurements were performed under the standardized vibration spectrum using 

same posture and hand forces as recommended in ISO 10819 (2013) [24]. The overall vibration 

transmissibility magnitudes of the gloves for the fingers were obtained in both M- and H-frequency 

ranges using the standardized hand-weighting (Wh) as well as the fingers-weighting (Wf) that was 
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proposed in [94]. The vibration transmission characteristics of the gloves were also measured at 

both fingers under the spectra of three different power-hand tools (road breaker, nutrunner and 

orbital sander). The FRF of each glove measured under the standardized spectrum was used to 

estimate the fingers vibration responses under these selected tools vibration spectra. The estimated 

vibration responses at the fingers using the FRF method under the vibration spectra of the selected 

tools showed good agreements (-11%–13%) with the measured responses for all the gloves. The 

results showed that only the air and hybrid gloves could provide slight vibration attenuation at the 

index finger when compared to the measurements obtained with the bare hand. All the gloves 

showed middle finger vibration amplification. At the palm, the vibration attenuation was evident 

for the air and hybrid gloves above 40 Hz, while the gel and leather gloves revealed nearly unity 

transmissibility in most of the frequency range. Following the AV gloves screening criteria defined 

in ISO 10819 (2013) [24], only the hybrid glove could be designated as an anti-vibration (AV) 

glove, although it exhibited middle finger vibration amplification in the H-frequency range (200–

1250 Hz).  

Chapter three presents the following article highlighting the assessment of integrated 

performance of the VR gloves in terms of vibration isolation at the palm and the fingers as well as 

the grip strength preservation:  

Hamouda, K., Rakheja, S., Marcotte, P., Dewangan, K.N., “Fingers’ vibration transmission 

and grip strength preservation performance of vibration reducing gloves”. To be submitted 

in J. of Applied Ergonomics (April 2016) 

The paper describes the method to assess ability of the Velcro fingers adapters to generate 

repeatable and reproducible vibration measurements. Two groups (each involving three subjects) 

participated in these experiments. In the repeatability measurements, the first group of subjects 

were asked to install the Velcro finger adapters on the middle phalanges of the index and middle 

fingers. Following same method recommended in ISO 10819 (2013) [24], the vibration 

transmissibility characteristics of the bare hand were measured and repeated three times. Same 

procedures were followed for the reproducibility of measurements, where the subjects were asked 

to remove and re-install the finger adapters between the successive trials. The results showed the 

ability of Velcro finger adapters to yield repeatable and reproducible measurements.  

The second phase of experiments involved the integrated performance assessments of the 

VR gloves based on the vibration transmissibility at the fingers and the palm, along with the grip 
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strength preservation. 12 different VR gloves were used including three air bladder, three gel, three 

hybrid, two gel-foam gloves and a leather glove. Following the test methodology described in the 

first article (Chapter 2), the vibration transmission characteristics of the 12 VR gloves at the palm 

and the fingers were measured under standardized vibration spectrum using a sample of 12 

subjects. The instrumented cylindrical handle (40 mm diameter) was further utilized to measure 

the grip strength magnitude of the 12 subjects with and without the VR gloves under static power 

grip condition. The vibration transmissibility results showed that all the gloves attenuate the 

vibration transmitted to the fingers in the 10–200 Hz frequency range, except for one of the air and 

gel gloves considered in the study. At frequencies greater than 200 Hz, majority of the VR gloves 

started to amplify middle finger vibration, while a few gloves followed this trend for the index 

finger also. Following the standardized screening criteria recommended in ISO 10819 (2013) [24], 

only four gloves (namely: air 1, gel 2, hybrid 1, hybrid 3) could be designated as VR gloves, despite 

their amplification of vibration at the fingers. The two weightings, Wh and Wf were subsequently 

used in obtaining fingers vibration transmissibility, which showed important significance of the 

weighting when assessing finger vibration performance of the VR gloves. Gel 2 glove marginally 

reduced the fingers vibration in the H-frequency range, irrespective of the weighting method used. 

In the M-range, air 1 glove exhibited the best performance at the index finger considering Wh-

weighting and at the middle finger when Wf-weighting was considered. The results further showed 

that the air 1 glove yielded the highest grip strength reduction (41%), although it does not possess 

the greatest thickness. Comparable grip strength reduction among the gloves 27-33% were 

observed, with exception of the leather glove (16%). 

 

Chapter four summarizes the major contributions and conclusions together with some 

recommendations for possible future works. 
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2. FINGERS VIBRATION TRANSMISSION PERFORMANCE OF 

VIBRATION REDUCING GLOVES 

2.1 Introduction  

Operators of hand-held power tools are exposed to comprehensive levels of hand-

transmitted vibration (HTV) arising from tool-hand interactions. Occupational exposure to such 

vibration has been related to an array of disorders in the vascular, sensorineural and 

musculoskeletal structures of the hand-arm system, collectively defined as the hand-arm vibration 

syndrome (HAVS) [95]. The most serious among the diseases is perhaps the vascular disorder, 

which has been denoted by several different terms, such as Raynaud’s phenomenon of 

occupational origin, traumatic vasospastic disease and vibration-induced white finger (VWF) [37]. 

The first symptoms of VWF disease are related to intermittent tingling and numbness of the 

fingers. Under continued exposure, these are followed by an attack of finger blanching confined, 

in the first instance, to the fingertips, which subsequently propagates to base of the fingers. The 

cold also acts as the provocative agent. 

A number of studies have suggested that health risks imposed by HTV could be reduced 

by considering two factors, namely control of HTV and ergonomic interventions. Several technical 

solutions have been proposed over the years to reduce the vibration exposure levels of vibratory 

hand tools, but the success to reduce HTV have been limited to only a few hand tools, primarily 

due to the compact designs of hand tools, the associated cost and possibly the reduced working 

efficiency. Gloves are the most commonly used protective devices for the human hand in the 

workplace for protection against mechanical trauma, thermal extremities and vibration. In order to 

protect workers, different types of vibration reducing (VR) gloves have been developed, assessed 

and utilized to attenuate the HTV generated by tools [62, 63, 96, 97].  

The International Organization for Standardization (ISO) has described a measurement 

procedure for assessing vibration transmission performance of a glove using a palm adapter 

equipped with a miniature accelerometer (ISO 10819, 2013)[24]. The standardized method 

assesses the effectiveness of VR gloves solely on the basis of vibration transmitted to the palm. 

Vibration transmissibility of different gloves to the palm of the hand have been investigated in 

many studies [1, 18, 61, 64, 65, 73, 76, 98]. The ISO 10819 (2013) standard [24] also defines the 

screening criteria for a glove to be classified as an anti-vibration (AV) glove. According to this 
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standard, an AV glove must have a frequency-weighted palm acceleration transmissibility ≤ 0.9 in 

the medium frequency range (25–200 Hz) and ≤ 0.6 in the high frequency range (200–1250 Hz). 

The standard also requires that an AV glove employ the same vibration reducing materials in the 

palm and fingers regions, while the thickness of the vibration reducing material placed in the 

fingers and the thumb regions shall be ≥ 60% of the thickness of the material placed in the palm 

region. However, the reasoning for using the same vibration reducing materials at the palm and 

fingers is not sufficiently justified. The standard likely assumes similar vibration transmission 

performance of the glove material at the palm and the fingers, although the dynamic responses of 

the fingers differ greatly from that of the palm of the hand [99]. The vibration isolation 

effectiveness of a glove depends not only on the mechanical properties of the vibration reducing 

materials, but also on the masses and dynamics of the fingers and the palm. The tissues of the 

fingers and the palm absorb vibration, while the effective fingers tissue mass is considerably small 

as compared to the palm tissue mass. Furthermore, the resonant frequencies and the hand-handle 

contact force distributed at the fingers are substantially different from those of the palm of the 

hand [100, 101]. The nature of vibration transmitted through the glove material to the palm and 

the fingers are thus expected to differ. Glove is theoretically more effective to attenuate HTV at 

the palm along the forearm direction as compared to the fingers [99]. A number of studies have 

reported doubts on the methodology evaluating VR gloves at the palm only (ISO 10819, 1996) 

[72] and on the usefulness of VR gloves for attenuating finger vibration [17, 68, 102, 103].  

The measurement of vibration transmitted to the fingers of a gloved hand, however, poses 

complex challenges. Only a few studies have thus attempted to measure the effectiveness of VR 

gloves in reducing vibration transmitted to the fingers [20, 97, 103]. Welcome et al. (2014) [20] 

used a 3-D scanning laser vibrometer to measure vibration transmitted to the fingers with and 

without wearing VR gloves (gel and air bladder). The study reported that the gloves yield only 

little vibration reduction at the fingers at frequencies below 80 Hz (less than 3%) with notable 

amplification in the 80–400 Hz range. The gel glove was found to be more effective in reducing 

vibration at the fingers at higher frequencies as compared with the air bladder glove.  

The assessments of the vibration reduction performance of VR gloves as specified by the 

standardized method (ISO 10819, 2013) [24] are conducted under an idealized vibration spectrum 

in the 25-1250 Hz frequency range. The vibration spectra of hand held power tools, however, 

invariably differ from the standardized spectra. Griffin et al. (1998) [68] measured vibration 
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transmissibility of 10 different gloves for predicting the isolation effectiveness of gloves under 

vibration spectra of 20 different hand tools. The study concluded that the standardized tool spectra 

cannot predict the vibration isolation performance of VR gloves coupled with different tools. On 

the basis of the frequency response characteristics of the gloves, Rakheja et al. (2002) [64] 

proposed a methodology to estimate the vibration isolation effectiveness of AV gloves as a 

function of handle vibration of specific tools. The effectiveness of the method was demonstrated 

through comparisons of estimated vibration transmissibility of 2 different gloves with the mean 

measured responses obtained for different tools’ spectra. Dong et al. (2014) [104] estimated tool 

specific vibration reduction characteristics of four different VR gloves to the palm of the hand in 

three orthogonal directions (3-D), based on the frequency-weighted vibrations transmitted to the 

palm of the hand. The study concluded that the VR gloves offer only minimal vibration reduction 

(<5%) at low frequencies (<25 Hz) or may even marginally amplify vibration (<10%) at low 

frequencies. The VR gloves, however, revealed 5-58% reduction in the handle vibration 

transmitted to the palm of the hand, depending upon the vibration spectra of the different tools.  

The present study focuses on the assessment of the effectiveness of VR gloves in view of 

vibration transmitted to both the palm and the fingers under the standardized as well as different 

tools’ vibration spectra. Different designs of adapters were assessed for repeatable and reliable 

measurements of finger vibration. Vibration transmission characteristics of 4 different VR gloves 

were measured at the middle phalanges of the index and middle fingers using the finger adapters 

under the standardized and 3 different hand tools (road breaker, nutrunner and orbital sander) 

vibration spectra. Vibration transmission characteristics of the VR gloves were also measured at 

the palm using the standardized palm adapter. The frequency response functions (FRF) for both 

the fingers and the palm were used to assess the performance of the VR gloves in reducing 

vibration transmitted to the palm and the fingers. The FRFs were also used to estimate the vibration 

transmission performance of the VR gloves under the selected tools vibration spectra.  

2.2  Methods 

2.2.1 Experimental setup  

Figure 2.1 illustrates the experimental setup for the measurement of the vibration 

transmissibility characteristics of VR gloves, which has been reported in many studies (e.g., Dong 

et al., 2002; Hewitt, 1998) [1, 65]. Briefly, the setup consists of a 40 mm diameter and 140 mm 
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long cylindrical handle mounted on an electrodynamic vibration exciter capable of generating 

vibration along the forearm (𝑍ℎ-axis). The handle is instrumented with two single-axis force 

sensors (Kistler 9212) to measure the grip force and with a tri-axial accelerometer (PCB 356A01) 

to measure the handle acceleration, as described in ISO 10819 (2013) [24]. Another two force 

sensors (Kistler 9317b) were placed between the handle and the exciter for the measurement of the 

push force. The accelerometer also served as the feedback sensor for the control and synthesis of 

the handle vibration via a vibration controller (VR 9500, Vibration Research Corp., Jenison, MI, 

USA). The applied grip and push forces, sampled at a rate of 4 Hz, were displayed on a computer 

screen mounted near the exciter at the eye level of the subject, in order for the subject to control 

the hand grip and push forces.  

 

Figure 2.1: Experimental setup for the measurement of vibration transmissibility of vibration 

reducing gloves. 

The vibration transmissibility characteristics of the gloves were measured at the palm and 

fingers of the subjects. A miniature palm adapter consisting of a tri-axial accelerometer (PCB 

356A01) was used to measure vibration transmitted to the subjects’ palm, in accordance with the 

ISO 10819 (2013) standard [24]. The measurement of the vibration transmitted to the fingers was 
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attempted via three different designs of the finger adapters, each comprising a miniature tri-axial 

accelerometer (PCB 356A01) weighing only 1 gram, namely a stainless steel ring, a stainless steel 

split ring and Velcro (Fig. 2.2). A data acquisition and analysis system (B&K Type 3560C, PULSE 

v11.0) was used to record and process the acceleration signals from the handle, palm adapter and 

finger adapters.  

   

Figure 2.2: Finger adapters with miniature 3-axis accelerometer: (a) stainless steel ring; (b) 

stainless steel split ring; and (c) Velcro. 

2.2.2 Subjects and VR gloves 

The vibration transmission characteristics of the VR gloves were measured with four adult 

male subjects. The experimental protocol was approved by the ethical committee of Concordia 

University. Anthropometric body dimensions like hand length, hand width, index finger length 

and middle finger length of each subject were measured and are summarized in Table 2.1. The 

mean and standard deviation of these parameters and hand size of the subjects, according to EN 

420 (1994) [105], are also presented in Table 2.1. The hand size was 9 for three of the subjects, 

and 8 for the other one. The experiments were performed with four different types of gloves, 

including 3 VR gloves (air bladder, gel, hybrid) and a leather glove. The hybrid glove was 

fabricated with air bladder material in the palm region and gel pad on the fingers side. Table 2.2 

summarizes the type and thickness of the vibration attenuation materials used in the selected 

gloves.  

Table 2.1: Hand anthropometric dimensions and hand size of subjects. 

Subjects 

 

Hand length  

(mm) 

Hand width 

(mm)  

Index finger 

length (mm) 

Middle finger 

length (mm) 

Hand size 

1 190 83 66.5 73.4 9 

2 185 84 67.8 76.0 8 

3 193 85 72.2 77.6 9 

4 195 88 77.6 77.5 9 

Mean  190.8 85.0 71.0 76.1 - 

SD 3.8 1.9 4.3 1.7 - 
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Table 2.2: Vibration isolation materials used in the selected gloves 

Glove Vibration reducing material Material thickness (mm) 

Palm Fingers Palm Fingers 

Air Air Air 9.2 7.4 

Gel Gel Gel 4.3 4.3 

Hybrid Air Gel 7.7 4.3 

Leather Leather Leather 3.7 1.0 

2.2.3 Measurement methods and data analysis 

The experiments were performed in two stages consisting in the assessment of the finger 

adapters for the measurements of fingers’ vibration, and in the evaluations of the vibration 

transmission characteristics of the VR gloves at the palm and middle phalanges of the index and 

middle fingers. The second stage included three series of experiments involving measurements 

with: (i) bare hand under standardized vibration spectrum; (ii) gloved-hand under standardized 

vibration spectrum; and (iii) gloved hands under vibration spectra of the 3 different hand tools. 

The hand tools considered in the study were a road breaker (dominant vibration frequency ≈ 16 

Hz), a nutrunner (dominant vibration frequency ≈ 30 Hz) and an orbital sander (dominant vibration 

frequency ≈ 100 Hz) [64].  

2.2.3.1 Assessments of finger adapters 

The first stage of the experiments was performed to assess the reliability of three different 

designs of finger adapter (a steel ring, a split ring and a Velcro adapter) through measurement of 

the vibration transmissibility at the index finger without wearing a glove. Each adapter was 

positioned on the mid-phalange. The experiments were performed using the method described in 

the ISO 10819 (2013) [24] for the measurement of vibration transmitted to the palm. The subject 

was advised to apply, on the instrumented handle, a grip force of 305N and a push force of 508N. 

Each subject was given training in gripping and pushing the handle prior to the experiments. The 

instrumented handle was subjected to band-limited random vibration in the 25–1600 Hz frequency 

range. The overall root-mean-square of the frequency-unweighted acceleration was 90.2 m/s2. The 

subjects adopted an upright standing posture on a platform facing the hand forces display monitor 

(Fig. 2.1). The platform height was adjusted so as to achieve horizontal forearm with an elbow 

angle of 90o±10o and a wrist angle between 0o (neutral) and 40o. The signals from the handle and 

finger adapter accelerometers were subsequently acquired for a duration of 30 s, and analyzed to 

obtain one-third octave frequency band rms spectra of the handle and finger acceleration responses 
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along the three orthogonal axes. Each measurement was repeated 3 times. The effective 

acceleration transmissibility (TEAT) of finger vibration at each of the one-third octave frequency 

band was obtained from the vector sums of the handle and the finger adapter acceleration signals, 

such that:  

𝑇𝐸𝐴𝑇(𝜔𝑗) =
√𝐴𝑥

2(𝜔𝑗) + 𝐴𝑦
2(𝜔𝑗) + 𝐴𝑧

2(𝜔𝑗)

√𝐻𝑥
2(𝜔𝑗) + 𝐻𝑦

2(𝜔𝑗) + 𝐻𝑧
2(𝜔𝑗)

 

 

(2.1) 

 

Where 𝑇𝐸𝐴𝑇(𝜔𝑗) is the effective finger vibration transmissibility at the center angular 

frequency 𝜔𝑗 of the one-third octave band j. Hx, Hy and Hz are the mean rms accelerations measured 

at the handle, while Ax, Ay and AZ are the mean rms accelerations measured at the finger adapter in 

the same frequency band along the Xh-, Yh- and Zh-axis, respectively. 

The acquired data were analyzed to obtain the mean TEAT values for each finger adapter. 

As an example, Figure 2.3 compares the mean finger transmissibility of one of the subjects using 

the three adapters. The responses measured with other subjects were also similar, although 

considerable inter-subject variability was evident, which is discussed in subsequent sections. The 

steel ring adapter resulted in multiple peaks of lower magnitudes in the frequency range considered 

in the experiments. This was attributed to oscillations of the ring with respect to the soft skin 

tissues. Both the stainless steel split ring and Velcro adapters resulted in distinct peaks of 

comparable magnitudes near 80 Hz, which is close to the reported resonant frequencies of the 

fingers. The peak finger transmissibility measured with the stainless-steel split ring adapter is 

relatively higher than that obtained with the Velcro adapter. The measurements also showed 

increase in the peak transmissibility with tightening of the split ring adapter. Since the subjects 

selected different tightness of the split ring, it resulted in substantially higher inter-subject 

variability of the peak transmissibility compared to the Velcro adapter. Subjects reported relatively 

greater comfort with the Velcro adapter compared to the steel rings. Furthermore, the Velcro 

adapter could be conveniently attached to the fingers with desired tightness to ensure minimal 

relative motion between the adapter and the finger. The mean measured responses were further 

compared with the finger vibration transmissibility reported by Welcome et al. (2014) [20] using 

a laser vibrometer. Comparison showed slightly higher peak vibration transmissibility with the 



  

26 

 

Velcro adapter (~3) and stainless steel split ring adapter (~3.4) compared to the reported value near 

2.5. The frequency corresponding to the peak response, considered as the resonance frequency of 

the finger, occurred in the 80 Hz band, which is slightly lower than the 100–125 Hz frequency 

bands reported by Welcome et al. (2014) [20]. On the basis of the comparisons together with the 

convenience, the Velcro adapter was considered adequate for the accurate and repeatable 

measurement of finger vibration transmissibility. 

 

Figure 2.3: Mean total effective acceleration transmissibility responses of the finger measured 

with the stainless steel ring, the split ring, and the Velcro finger adapters. 

2.2.3.2 Measurements of vibration transmissibility of the VR gloves  

The first series of experiments were performed to measure the vibration transmissibility 

characteristics of the bare hand using both the standardized palm adapter and the Velcro finger 

adapters. The Velcro adapters were fixed at the intermediate phalanges of the index and middle 

fingers for characterizing the fingers vibration responses. The subject was advised to align the 

palm adapter on the handle along the Zh-axis, while the experimenter ensured the tightness of the 

Velcro adapters. The positions of the adapters on the fingers were marked for each subject, which 

was used in the subsequent trials. The instrumented handle was excited using the vibration 

spectrum, posture and hand forces defined in the ISO 10819 (2013) [24]. The signals from the 

accelerometers (instrumented handle, index and middle fingers adapters and palm adapter) were 

subsequently acquired in a multi-channel data acquisition and analysis system for a duration of 

30s. Each measurement was repeated three times, while the participants were asked to relax for 

about 2 min between the successive measurements. A measurement was rejected if the variation 

between two of the trials was more than 10%. 

In the second series of experiments, the measurements were repeated with the VR gloves 

under the standardized vibration spectrum. Portions of the top covering of the gloves in the vicinity 
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of the intermediate phalanges of the index and middle fingers were cut so as to install the finger 

adapters for measurements of vibration transmitted to the fingers, as shown in Figure. 2.4. Each 

subject was asked to wear the selected VR glove and the experimenter placed the Velcro adapters 

at mid-phalanges of the index and middle fingers. The subjects were also asked to position the 

palm adapter inside the glove and grip the handle with the desired forces, while maintaining the 

posture according to the ISO 10819 (2013) [24]. When the grip and push force on the handle was 

stabilized, the signals from the accelerometers (instrumented handle, palm, and index and middle 

fingers adapters) were acquired. The experiments were repeated with the other VR gloves, while 

the sequence of the measurements was randomized among the subjects and the gloves.  

 

Figure 2.4: Gloved hand with fingers adaptors mounted at the mid-phalanges of the index and 

middle fingers. 

In the third series of measurements, the palm and fingers’ vibration transmissibility 

characteristics of gloved hands were measured under vibration spectra of the selected tools. The 

spectra of three different tools, reported in (Rakheja et al., 2002) [64] were reproduced in the 

laboratory using the vibration controller. The acceleration PSDs of the tools vibration are presented 

in Figure 2.5, together with the standardized vibration spectrum (ISO 10819, 2013). The fingers 

and palm vibration transmissibility of both the bare and gloved hands were measured for each 

glove-subject combination using the same procedure as outlined previously.  
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Figure 2.5: Acceleration power spectral density (PSD) of the standardized (ISO 10819, 2013) 

and selected tools’ vibration. 

The measured data were analyzed to obtain the frequency-weighted vibration transmission 

ratio of the VR gloves (TEATw) for each subject, using Eq. (2.1) together with the frequency-

weighting as per the ISO 5349-1 (2001) standard (Wh-weighting) [29]. The mean overall 

unweighted and frequency-weighted vibration transmissibility of the VR gloves were obtained in 

the medium frequency (M: 25 to 200 Hz) and high frequency (H: 200 to 1250 Hz) spectra, as per 

the ISO 10819 (2013). In this study, an alternate frequency-weighting, Wf, proposed by Dong et 

al. (2008) [94] for the fingers was also employed for assessing the vibration isolation effectiveness 

of the VR gloves at the fingers. As recommended by the ISO 10819 (2013) [24], the frequency-

weighted vibration transmissibility values of the VR gloves were normalized by that obtained for 

the bare-hand. 

Rakheja et al. (2002) [64] proposed a frequency response method for estimating the 

vibration transmission of VR gloves at the palm of the hand, considering the glove as a single-

input single-output dynamic system. In this study, the proposed method was used for estimating 

the vibration responses at the fingers, from the multiplication of the measured transfer function 

under the standardized excitation, 𝑇𝐸𝐴𝑇(𝜔𝑗) and the rms acceleration of the specific tool in each 

of the one-third octave frequency band, such that: 

 

𝐴(𝜔𝑗) = 𝑇𝐸𝐴𝑇(𝜔𝑗)𝐻(𝜔𝑗)  (2.2) 

 

Where, H(𝜔𝑗) is the rms acceleration of the tool and the A(𝜔𝑗) is estimated rms acceleration 

of the fingers at the center frequency of band 𝑗. 
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2.2.3.3 Statistical analysis 

One-way analysis of variance (ANOVA) was used to determine the significance level of 

the influence of the gloves on the palm and fingers’ peak vibration transmissibility and the 

corresponding frequency, as well as the overall mean unweighted and frequency-weighted 

vibration transmissibility magnitudes in the M and H spectra. Statistical analysis was performed 

using the SPSS software (version 20), while a statistical significant difference among the data was 

considered at p˂0.05. 

2.3 Results 

2.3.1 Vibration transmissibility at the palm  

Figure 2.6 compares the mean vibration transmissibility characteristics of the 4 VR gloves 

measured at the palm of each subject. The results show considerable inter-subject variability, 

specifically for the hybrid and air gloves. The gel and leather gloves, however, show very small 

inter-subject variability. The coefficients of variation (CoV) for the gel and leather gloves ranged 

from 1–4% and 2–8% in the M (25–200 Hz) and H (200–1250 Hz) spectra, respectively. The CoV 

of the transmissibility was relatively high for the air and hybrid gloves, which ranged from 3–32% 

and 6–37% for respectively the M and H spectra. The mean palm vibration transmissibility 

characteristics obtained from all the 4 subjects’ data are compared in Figure 2.7. The figure also 

shows the palm vibration transmissibility measured with the bare hand. The results show notable 

vibration reduction at the palm in the 40–1000 Hz frequency range for the air and hybrid gloves. 

Both the gloves, however, amplified vibration in the lower frequency range. Both the gel and 

leather gloves showed comparable vibration transmissibility; nearly unity in the entire frequency 

range, suggesting none or negligible vibration attenuation. The leather glove exhibited a slight 

reduction (2–9%) in vibration transmissibility in the 31.5–315 Hz frequency range and vibration 

amplification (1–8%) at frequencies above 315 Hz.  
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Figure 2.6: Comparisons of mean palm vibration transmissibility of subjects with different 

vibration reducing gloves: air; gel; hybrid; and leather. 

 

Figure 2.7: Comparisons of mean vibration transmissibility of the bare and gloved hand 

measured at the palm. 

Table 2.3 summarizes the peak palm vibration transmissibility of the VR gloves and the 

corresponding frequency (referred to as the primary resonant frequency) together with the mean 

values and the subjective variations in terms of CoV of the mean. Mean peak vibration 

transmissibility of the air and hybrid gloves were relatively higher than the gel and leather gloves, 

while the mean resonance frequencies of all the gloves occurred in a narrow range, approximately 
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25–29 Hz range. The variability in the resonance frequency was substantially higher than that in 

the peak magnitude, irrespective of the glove. The measurements with subject #1 consistently 

showed lower resonant frequencies, while those with subject#2 generally showed higher resonant 

frequencies. The results attained through ANOVA suggest that the peak vibration transmissibility 

is significantly different among the gloves (p<0.001), while the primary resonance frequency is 

not significantly different (Table 2.4). 

 

Table 2.3: Peak vibration transmissibility of the gloves measured at the palm and corresponding 

frequency 

Gloves Subject 1 Subject 2 Subject 3 Subject 4 Mean CoV 

 
Peak transmissibility 

Air 1.10  1.11  1.17  1.13  1.13  0.03 

Gel 1.01  1.02  1.04  1.00  1.02  0.02 

Hybrid 1.08  1.06  1.16  1.10  1.10  0.04 

Leather 1.03  1.02  1.03  1.02  1.02  <0.01 

 
Resonance frequency (Hz) 

Air 17.50 36.25 26.25 26.25 26.56 0.29 

Gel 17.50 26.25 35.00 20.00 24.69 0.32 

Hybrid 16.25 37.50 22.50 23.75 25.00 0.36 

Leather 17.50 37.50 32.50 30.00 29.38 0.29 

CoV: coefficient of variation 

 

Table 2.4: p-Values obtained from one-way analysis of variance (ANOVA) for the effect of 

glove on the peak palm vibration transmissibility. 

Measures Gloves 

Peak vibration transmissibility <0.001 

Primary resonance frequency 0.677 

Frequency-weighted vibration transmissibility 

            M spectrum (25-200 Hz) 

 

0.003 

            H spectrum (200-1250 Hz) <0.001 
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Figure 2.8 shows the mean frequency-weighted vibration transmissibility of the VR gloves 

at the palm for the M and H spectra normalized with respect to that of the palm of the bare hand. 

The results show greater vibration attenuation performance of the hybrid and air gloves than the 

gel and leather gloves for both the spectra. The gel and leather gloves reduced the vibration for the 

M spectrum only slightly, but resulted in slight amplification for the H spectrum. A VR glove can 

be classified as an AV glove, when the mean transmissibility values in the M and H spectra do not 

exceed 0.90 and 0.60, respectively. As per this criterion, only the hybrid glove could be designated 

as an AV glove. The air glove satisfied the criterion only for the M spectrum, while the gel and 

leather gloves failed the criterion for both spectra. All the gloves, with the exception of the hybrid 

glove, showed relatively low CoV values. The hybrid glove data revealed substantially higher 

variability compared to the other gloves with CoV values of 16% and 27%, for the M and H 

spectra, respectively. The results of the ANOVA suggested that the normalized frequency-

weighted vibration transmissibility of the gloves for the M (p<0.01) and H spectra (p<0.001) were 

significantly different (Table 2.4). 

 
Figure 2.8: Frequency-weighted vibration transmissibility at the palm. 

2.3.2 Vibration transmissibility at the fingers  

Figures 2.9 and 2.10 show the inter-subject variability of the vibration transmissibility of 

the VR gloves measured at respectively the index and middle fingers. Relatively lower inter-

subject variability was evident for the M spectrum as compared to the H spectrum, irrespective of 

the fingers. The CoV for the index finger varied from 9–13% and 18–21% in the M and H spectra, 

respectively. The CoV for the middle finger (6–9%) is slightly lower than the index finger for the 

M spectrum, while it is considerably higher (15–27%) for the H spectrum.  
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Figure 2.9: Inter-subject variability of the vibration transmissibility of the gloves measured at the 

index finger: air; gel; hybrid; and leather. 

 

 

Figure 2.10: Inter-subject variability of the vibration transmissibility of the gloves measured at the 

middle finger: air; gel; hybrid; and leather. 
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Figure 2.11 compares the mean vibration transmissibility of the index and middle fingers 

of the hand without and with different gloves. The results show that all the gloves yield lower 

vibration at the index and middle fingers in the M spectrum, when compared to the bare hand. For 

the bare hand, the peak vibration transmissibility measured at the index finger (1.92) was slightly 

higher than the middle finger (1.63). All the gloves, with the exception of the air glove, yield lower 

peak index finger vibration transmissibility compared to the bare hand. The air glove, however, 

yields superior vibration reduction performance at frequencies above 200 Hz. The variations in 

fingers vibration transmissibility among different gloves is relatively lower in the lower frequency 

range compared to that at higher frequencies (above 200 Hz). The leather glove reveals relatively 

lower finger vibration transmissibility in the 10–150 Hz frequency range, while it provided largest 

amplification of vibration at frequencies above 200 Hz. The gel and hybrid gloves also show 

middle finger vibration transmission performance similar to the leather glove in the high frequency 

range. The Gel glove, however, yields only slight amplification of index finger vibration compared 

to the bare hand at frequencies above 400 Hz. With bare hand, the resonance frequency of the 

index finger (≈125 Hz) was slightly lower than that of the middle finger (≈150 Hz). The primary 

resonance frequencies of the index and middle fingers of the gloved hand are relatively higher 

compared with the bare hand, although this tendency is not clearly evident for the index finger.  

(a) (b) 

Figure 2.11: Mean vibration transmissibility of the fingers of the bare and gloved hands: (a) 

index finger; and (b) middle finger. 

Table 2.5 summarizes the variations in the peak fingers vibration transmissibility 

magnitudes and the corresponding frequencies together with the mean and CoV. The results 

suggest that the gloves, with the exception of the air glove, reduce the peak vibration magnitude 

transmitted to both the fingers. The peak vibration transmissibility magnitudes of the gel, hybrid 
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and leather gloves are also quite similar for both the fingers. The mean vibration transmissibility 

magnitude is slightly higher at the index finger as compared with the middle finger, irrespective 

of the gloves. Inter-subject variabilities on the peak vibration transmissibility at the index and 

middle fingers are generally high for the bare (12–14%) as well as gloved hand fingers (7–17%). 

The mean frequencies corresponding to the peak magnitude for the index finger, denoted as the 

primary resonance frequency, is observed near 128 Hz for the bare hand, which is lower than that 

with the gloves (145–158 Hz). The gloves thus tend to shift the primary resonance frequency 

towards a higher value. Similarly, the primary resonance frequency of the middle finger shifted 

from 117 Hz without the glove to 164, 226, 218 and 231 Hz with the air, gel, hybrid and leather 

gloves, respectively. The CoV of the primary resonance frequency was considerably lower with 

the air glove (9% and 7% for the index and middle fingers, respectively) as compared with the gel, 

hybrid and leather gloves (15–28% for the index finger and 17–21% for the middle finger). 

Relatively higher CoV for the index (21%) and middle (17%) fingers’ frequencies was obtained 

without the glove. The results attained through one-way ANOVA suggest that the peak vibration 

transmissibility is significantly (p<0.05) different at the middle fingers only, while the primary 

resonance frequency is not significantly different at the index and middle fingers among the gloves 

(Table 2.6). 

 



 

 

3
6
 

Table 2.5: The peak index and middle fingers vibration transmissibility and the corresponding frequencies obtained from the 

individual subjects’ data. 

Gloves Subject 1 Subject 2 Subject 3 Subject 4 Mean CoV Subject 1 Subject 2 Subject 3 Subject 4 Mean CoV 

 Peak transmissibility Corresponding frequency (Hz) 

 Index finger 

Bare hand 2.30 2.09 2.15 1.72 2.07 0.12 164 125 125 98 128 0.21 

Air 2.23 1.94 1.81 2.44 2.11 0.13 155 161 163 133 153 0.09 

Gel 1.86 1.91 1.69 2.08 1.89 0.08 211 144 124 124 151 0.28 

Hybrid 1.90 1.88 1.54 2.24 1.89 0.15 185 135 136 123 145 0.19 

Leather 1.69 2.07 1.87 1.45 1.77 0.15 178 159 168 125 158 0.15 

 Middle finger 

Bare hand 1.96 1.51 1.96 1.54 1.74 0.14 140 127 101 100 117 0.17 

Air 1.90 2.06 2.12 1.80 1.97 0.07 163 155 180 158 164 0.07 

Gel 1.43 1.65 1.19 1.51 1.44 0.13 192 264 193 255 226 0.17 

Hybrid 1.45 1.64 1.41 1.45 1.49 0.07 179 250 188 253 218 0.18 

Leather 1.23 1.46 1.48 1.86 1.51 0.17 235 163 250 274 231 0.21 
CoV: coefficient of variation 

 

Table 2.6: p-Values obtained from one-way ANOVA on the effect of gloves on index and middle fingers’ peak vibration 

transmissibility magnitude and the corresponding frequency. 

Measures Index finger Middle finger 

Peak vibration transmissibility 0.346 0.004 

Primary resonance frequency 0.623 0.052 

Unweighted vibration transmissibility – M spectrum 0.938 0.019 

                                                              – H spectrum 0.021 0.206 

Wh-weighted vibration transmissibility – M spectrum 0.958 0.409 

                                                               – H spectrum 0.022 0.549 

Wf-weighted vibration transmissibility – M spectrum 0.922 0.014 

                                                               – H spectrum 0.010 0.456 
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Table 2.7 summarizes the normalized unweighted vibration transmissibility of the gloves 

at the index and middle fingers in the M and H spectra. The results show that the gel and leather 

gloves amplify vibration at the index and middle fingers for the H spectrum.  The air and gel gloves 

amplify middle finger vibration in the M and H spectra. The gel, hybrid and leather gloves, 

however, attenuate both the index and middle fingers vibration for the M spectrum. While the air 

glove provides index finger vibration attenuation comparable to the other gloves for the M 

spectrum, it also shows notable attenuation of vibration for the H spectrum for both fingers. The 

results attained from one-way ANOVA show that the unweighted vibration transmissibility values 

at the middle finger for the M spectrum and index finger for the H spectrum are significantly 

different (p<0.05) among the gloves (Table 2.6). Furthermore, the CoV of the unweighted 

vibration transmissibility is relatively lower for the index finger for the M spectrum as compared 

with the H spectrum. Similar general trend is also observed for the middle finger. 

 

Table 2.7: Normalized unweighted, hand weighted (Wh) and finger weighted (Wf) vibration 

transmissibility at the index and middle fingers under M and H spectra. 

Excitation M spectrum (25-200 Hz) H spectrum (200-1250 Hz) 

Glove Air Gel Hybrid Leather Air Gel Hybrid Leather 

Index finger, Mean 

(CoV) 

        

Unweighted 0.93 

(0.15) 

0.89 

(0.22) 

0.86 

(0.19) 

0.88 

(0.16) 

0.67 

(0.31) 

1.06 

(0.15) 

0.92 

(0.31) 

1.37 

(0.27) 

              Wh- weighted 0.91 

(0.17) 

0.90 

(0.21) 

0.87 

(0.19) 

0.85 

(0.13) 

0.68 

(0.25) 

1.03 

(0.12) 

0.89 

(0.25) 

1.31 

(0.28) 

              Wf- weighted 0.94 

(0.15) 

0.88 

(0.22) 

0.86 

(0.19) 

0.89 

(0.17) 

0.73 

(0.20) 

0.98 

(0.05) 

0.87 

(0.16) 

1.22 

(0.23) 

Middle finger- Mean 

(CoV) 

        

Unweighted 1.04 

(0.03) 

0.87 

(0.14) 

0.83 

(0.06) 

0.85 

(0.12) 

0.80 

(0.50) 

1.21 

(0.25) 

1.22 

(0.29) 

1.52 

(0.42) 

              Wh- weighted 0.96 

(0.13) 

0.89 

(0.13) 

0.85 

(0.13) 

0.84 

(0.13) 

0.88 

(0.47) 

1.10 

(0.16) 

1.06 

(0.24) 

1.22 

(0.33) 

              Wf- weighted 1.05 

(0.03) 

0.87 

(0.14) 

0.83 

(0.06) 

0.86 

(0.12) 

0.86 

(0.49) 

1.13 

(0.19) 

1.10 

(0.26) 

1.28 

(0.36) 
(CoV): coefficient of variation 

 

Table 2.7 further presents the mean normalized frequency-weighted vibration 

transmissibility of the fingers together with the CoV of the mean. The normalized frequency-
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weighted vibration transmissibility magnitudes are obtained using the hand (Wh) and finger (Wf) 

frequency weightings. The results show that vibration is generally attenuated at the index and 

middle fingers for all the gloves for the M spectrum, irrespective of the frequency weighting. The 

air glove also attenuates vibration at the index and middle fingers for the H spectrum, while the 

leather glove amplifies the high frequency vibration at the index and middle fingers, irrespective 

of the frequency weighting used. The gel and hybrid gloves also amplify vibration at the middle 

finger for the H spectrum, but generally attenuate the medium frequency vibration at the index 

finger, irrespective of the frequency weighting. Hand- and finger-weighted middle finger vibration 

transmissibility values are not significantly different among the gloves for the H spectrum, while 

only the Wf-weighted magnitudes are significantly different for the M spectrum (p<0.05). Both the 

hand- and finger-weighted index finger transmissibility magnitudes are significantly different only 

for the H spectrum (p<0.05). The CoV of the means of the frequency-weighted (Wh or Wf) vibration 

transmissibility are relatively lower for both fingers for the M spectrum as compared with those 

for the H spectrum. The CoVs of the vibration transmissibility of the air and leather gloves are 

relatively higher, irrespective of the frequency-weighting method used. 

2.3.3 Measured and estimated vibration acceleration at the fingers 

Figures 2.12 and 2.13 present the measured and estimated acceleration responses of 

respectively the index and middle fingers when subjected to the vibration spectra of the selected 

hand tools (road breaker, nutrunner and orbital sander). The results are presented for all the 4 

gloves together with the tools’ acceleration spectra. The estimated acceleration responses are 

obtained using Eq. (2.2). The results show reasonable good agreements between the measured and 

estimated acceleration responses at the fingers for all the glove-tool combinations. Notable 

deviations, however, are also evident, especially for the road breaker, irrespective of the glove. 

The overall rms values of the measured and estimated acceleration responses of the fingers with 

different tool-glove combinations are further computed and compared in Table 2.8. The results 

show good agreements between the estimated and measured overall rms acceleration values. The 

peak error between the estimated and measured index finger responses is 11%, which occurred for 

the air and hybrid gloves coupled with the orbital sander and nutrunner, respectively. The peak 

error in the middle finger responses ranged from 6–13% for the glove-tool combinations 

considered in the study.  



  

39 

 

The results further show that the finger resonances, in-general, cause relatively higher 

vibration of both the fingers in most of the frequency range (up to 500 Hz) compared to the handle 

vibrations of all the tools considered in the study. The fingers vibration reduction performance of 

the gloves, however, could not be deduced from the data due to absence of bare hand finger 

vibration responses. The amplifications of handle vibrations are more pronounced near the 

dominant frequencies of tools, particularly for the nutrunner and the orbital sander. Relatively 

higher fingers’ vibrations are also generally seen near the resonant frequencies of the fingers, 

which is more evident for the orbital sander near the fingers’ resonance frequency. This is 

attributed to dominant sander vibration (around 100 Hz) near the fingers’ resonant frequencies. 
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Figure 2.12: Effect of the hand tools spectra on the measured and estimated vibration acceleration 

response at the index finger for the VR gloves: (a) Road breaker; (b) nutrunner; and (c) Orbital 

sander. 
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Figure 2.13: Effect of hand tools spectra on the measured and estimated vibration acceleration 

response at the middle finger for the VR gloves: (a) Road breaker; (b) nutrunner; and (c) Orbital 

sander. 
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Table 2.8: Effect of tool spectra at the index and middle fingers on the mean measured and estimated frequency-unweighted vibration 

acceleration (m/s2) and variation (%) between the measured and estimated vibration accelerations for the 4 VR gloves. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tool spectrum Air glove  Gel glove Hybrid glove Leather 

 Measured  Estimated Variation Measured  Estimated Variation  Measured  Estimated Variation  Measured  Estimated Variation  

 Index finger 

Road breaker 37.21 36.80 -1 47.77 47.94 <1 42.54 43.48 2 51.91 56.01 8 

Nutrunner 19.50 18.41 -6 23.11 21.76 -6 22.88 20.32 -11 26.36 25.42 -4 

Orbital sander  107.23 119.35 11 117.87 118.73 1 106.78 113.80 7 106.93 109.67 3 

 Middle finger 

Road breaker 18.72 17.60 6 23.59 20.49 13 23.00 20.22 12 26.58 25.28 5 

Nutrunner 106.98 111.49 4 106.64 99.11 7 102.94 94.02 9 99.52 97.61 2 

Orbital sander  35.39 35.94 2 47.99 45.86 4 44.85 45.77 2 52.01 55.87 7 
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2.4 Discussions 

2.4.1 Vibration transmissibility at the palm and effectiveness of gloves 

The results showed considerable inter-subject variability in the vibration transmissibility 

for the hybrid glove (CoV: 16–27%), while the inter-subject variability was low for the air, gel 

and leather gloves (CoV: 1–6%) (Fig. 2.8). All the gloves showed comparable peak palm vibration 

transmissibility with large variation in the primary resonance frequency (CoV: 29–36%), as seen 

in Table 2.3. Griffin et al. (1998) [68], Hewitt (1998) [1], Boileau et al. (2002) [70], Dong et al. 

(2002a) [65], Laszlo and Griffin (2011) [69] and Welcome et al. (2012) [18] also reported high 

inter-subject variability. Owing to such high inter-subject variability, the standardized method 

(ISO 10819, 2013) for assessing vibration reduction performance of a glove with only 3 subjects 

raises some concerns. Welcome et al. (2012) [18] suggested that the hand size of the subjects could 

possibly play a role on the inter-subject variability. Although the hand sizes of the subjects used 

in the study ranged between 8 and 9 (Table 2.1), the inter-subject variability was quite high. Since 

the experiments involved repeated trials, the large inter-subject variability may be due to vibration 

reducing materials and intrinsic variations of the human hand affecting the contact force on the 

palm adapter and dynamic properties of the hand-arm system. A study involving more subjects 

and more gloves with different materials may yield more insight to understand the effect of 

vibration reducing materials and hand size on the inter-subject variability.  

The mean vibration transmissibility of the gel and leather gloves was close to unity in most 

of the frequency range (Fig. 2.7), which is due to higher stiffness of the glove material. McDowell 

et al. (2013) [61] also reported close to unity vibration transmissibility for an ordinary synthetic 

leather glove. The air bladder in the air and hybrid gloves reduces the effective stiffness at the 

palm. These gloves revealed comparable vibration transmissibility, with amplification in the 10–

40 Hz frequency range and attenuation of vibration above 40 Hz. These gloves revealed relatively 

higher peak transmissibility compared to the gel and leather gloves, which is attributed to low 

damping of the air bladder. The mean vibration transmissibility magnitudes of the hybrid glove 

for the M and H spectra were respectively 0.77 and 0.58 (Fig. 2.8), which satisfied the screening 

criterion of an AV glove according to the ISO 10819 (2013) [24]. All the other gloves considered 

in this study did not satisfy this criterion and thereby cannot be designated as AV gloves. 
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2.4.2 Vibration transmissibility at the fingers and effectiveness of gloves 

The results showed comparable inter-subject variability of the fingers’ vibration 

transmissibility for all the gloves (Figs. 2.9 and 2.10). The CoV of the mean vibration 

transmissibility for the index finger varied from 9–13% and 18–21% for the M and H spectra, 

respectively, while the CoV for the middle finger varied in the 6–9% range for the M spectrum 

and 15–27% range for the H spectrum. Variations in the peak vibration transmissibility magnitude 

(7–17%) and the corresponding frequency (7–28%) were considerable among the subjects (Table 

2.5). The results suggested relatively small effect of the vibration reducing materials on the fingers 

vibration and on the inter-subject variability.  

The mean primary resonance frequencies of the index and middle fingers of the bare hand 

were respectively around 128 and 117 Hz (Table 2.5). The primary resonance frequencies and the 

peak magnitudes seen in Figure 2.11 and Table 2.5 differed slightly, which was due to averaging. 

Moreover, the results in Figure 2.11 are presented in the one-third octave bands, while those in 

Table 2.5 are extracted from the constant bandwidth spectrum. Welcome et al. (2014) [20] reported 

slightly lower primary resonance frequency with bare hand as compared with the present study. 

This difference in the primary resonance frequency may be due to the characteristics of the 

subjects, the measurement system and the experimental setup. In this study, the VR gloves 

increased the resonant frequency of the index and middle fingers (Table 2.5), however the study 

by Welcome et al. (2014) [20] reported either same (air glove) or lower (gel glove) resonant 

frequency of the fingers of the gloved-hand as compared with the bare hand for similar 

experimental conditions, i.e. 30 N grip and 50 N push force and measurements at the mid-

phalanges. This is likely caused by the different gloves used in both studies. A glove reduces the 

maximum grip strength of a subject grasping a handle [27]. The hand grip force is proportional to 

the scalar sum of the palm and finger forces minus the push force [82]. Thus, in order to maintain 

the required grip force (30 N) in the present study, the subject might have exerted more finger 

force. Higher finger force increases stiffness of the finger tissues and thus produces a higher 

resonant frequency. The reduction in grip strength is strongly dependent on the stiffness of the 

glove materials, which could alter the resonant frequencies of the fingers.  

For the bare hand, the primary resonance frequency of the index finger was slightly higher 

than the middle finger (Table 2.5), which is likely due to the higher force imparted by the index 

finger and thus the higher stiffness as compared with the middle finger. Gurram et al. (1995) [106] 
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and Aldien et al. (2005) [107] reported that the distal and middle phalanges of the index finger 

exert higher dynamic force compared with the middle finger. Rossi et al. (2012) [108] also reported 

higher percentage of mean grip strength of the index finger without glove on 38 and 43 mm 

cylindrical handles. Unlike the bare hand, the primary resonance frequency of the middle finger 

was considerably higher than the index finger with gloves suggesting higher middle finger 

stiffness. Studies have also reported that wearing a glove changes the dynamics of the hand. 

Furthermore, the primary resonance frequency of the index finger varied form 145–158 Hz, 

suggesting relatively small effect of gloves on the index finger. The primary resonance frequency 

of the middle finger varied in the 164–234 Hz range (air glove: 164 Hz; gel glove: 226 Hz; hybrid 

glove: 218 Hz; leather glove: 234 Hz) (Table 2.5). Welcome et al. (2014) [20] also reported higher 

primary resonance frequency for the air glove as compared with the gel glove at the index finger, 

however similar primary resonance frequencies were reported at the middle finger for both gloves. 

The results suggest that vibration reducing material has more effect on the middle finger primary 

resonance frequencies (Table 2.5), while the stiffness of gel is more than that of air bladder. Xu et 

al. (2011) [109] also reported the effect of vibration reducing materials on the primary resonance 

frequency. The study, however, showed higher primary resonance frequency of the air glove as 

compared to the gel glove. The differences in the two studies may be due to the glove type. The 

present study used an air bubble glove, while the glove used by Xu et al. (2011) [109] employed 

an air filled bladder. In the air bladder design, the air volume may shift from the finger area to the 

palm area, which may cause higher primary resonance frequency. Similarly, the gels used in 

different glove designs may exhibit somewhat different static and dynamic properties. A future 

study to evaluate the vibration transmission characteristics at the fingers for gloves fabricated with 

different materials may yield more insights.  

The peak vibration transmissibility at the index finger was higher than that at the middle 

finger, irrespective of the gloves considered in the study. The peak vibration transmissibility of the 

air glove is higher than that obtained with the bare hand, while the other gloves (gel, hybrid and 

leather) reduced the peak vibration transmissibility as compared with the bare hand (Table 2.5). 

This is attributable to low damping of the air bubbles compared to the gel. Welcome et al. (2014) 

[20] reported slightly higher peak fingers’ vibration transmissibility with gel glove, however, 

slightly lower with air glove as compared with bare hand. 
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The effectiveness of a VR glove depends on the primary resonance frequency, peak 

vibration transmissibility and frequency weighting. Dong et al. (2008) [94] reported that the 

standardized Wh weighting overestimates the low frequency effects but greatly underestimate high-

frequency effects on the development of finger disorders. Normalized frequency-weighted 

vibration transmissibility of the VR gloves at the fingers were also obtained using the hand (Wh) 

and finger (Wf) weightings. In the medium frequency (25–200 Hz), the performances of all the 

gloves were comparable at the index and middle fingers. Furthermore, all the gloves generally 

attenuated vibration (Table 2.7). The VR gloves thus can be considered suitable for reducing 

vibration exposure of the fingers, especially for the powered hand tools with dominant vibration 

in this frequency range. However, Welcome et al. (2014) [20] reported that the air bladder and gel 

gloves are not suitable for frequencies <400 Hz. The difference between the two studies may be 

due to the different types of VR gloves utilized. In the high frequency range (200–1250 Hz), the 

frequency-weighting has a larger effect on the mean vibration transmissibility (Table 2.7). While 

the normalized unweighted values suggested improved performance of the air glove (vibration 

transmissibility of 0.67 and 0.80 at the index and middle fingers, respectively) as compared with 

the gel glove (vibration transmissibility of 1.06 and 1.21 at the index and middle fingers, 

respectively) and the hybrid glove (vibration transmissibility of 0.92 and 1.22 at the index and 

middle fingers, respectively). The air glove also performed better than the other gloves when the 

hand (Wh) and finger (Wf) weighting were used for the calculation of vibration transmissibility.  

2.4.3 Measured and estimated vibration acceleration at the fingers 

The results showed reasonably good agreements between the measured and estimated 

acceleration responses at the index and middle fingers for all the gloves and tools combinations. 

The computed and estimated values were very close for all the gloves coupled with the nutrunner 

and orbital sander spectrum considered in the study (Figs. 2.12 and 2.13). Variations between the 

measured and estimated vibration acceleration were relatively higher in the mid-frequency range 

for the road breaker (Fig. 2.12), due to dominance of its vibration at very low frequencies. The 

results also showed slightly larger difference between the estimated and measured values for the 

hybrid glove coupled with the nutrunner and the air glove with the orbital sander (Table 2.8). The 

results suggest that a tool vibration spectrum has a strong influence on the acceleration responses 

of the fingers, and thereby further efforts would be desirable for the design of tool-specific AV 
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gloves. Rakheja et al. (2002) [64] also suggested the need for tool specific AV gloves for reducing 

the risk of HAVS among the operators of power tools.  

2.4.4 ISO 10819 and effectiveness of VR gloves 

Based on the vibration transmissibility measurement at the palm, the hybrid glove passed 

the screening criterion defined in the ISO 10819 (2013) [24] and thus could be designated as an 

AV glove. The vibration transmissibility measurements, however, showed amplification of middle 

finger vibration by the hybrid glove at frequencies greater than 300 Hz (Fig. 2.11). Furthermore, 

the performance of the hybrid glove in terms of the mean normalized unweighted and frequency-

weighted (Wh and Wf) vibration transmissibility magnitudes was inferior to those of the air glove, 

particularly for the H spectrum (200–1250 Hz) (Table 2.7). The results also suggest that the 

requirements of same material in the palm and fingers regions of the glove (ISO 10819, 2013) may 

not be beneficial for enhancing the performance of a glove. Considering the vast differences 

between the dynamic responses of the fingers and of the hand, the use of different vibration 

isolation materials at the palm and fingers could yield improved performance. Furthermore, 

additional efforts would be worthy towards standardizing the method for measuring vibration 

transmissibility at the fingers.  

2.5 Conclusions 

Velcro adapters with miniature tri-axial accelerometers can be used to measure the 

vibration transmitted to the fingers of a gloved hand. The vibration reducing material of a VR 

glove plays an important role in the vibration transmitted to the palm and fingers. VR gloves 

amplify vibration at the palm in the 10–40 Hz frequency range, while at the fingers, the vibration 

is amplified in the 125–200 Hz frequency range for the air glove and to frequencies above 200 Hz 

for the gel, hybrid and leather gloves. The peak vibration transmissibility was slightly higher for 

the index finger as compared with the middle finger, however the opposite for the primary 

resonance frequency was observed, irrespective of the type of the glove considered in this study. 

The air glove revealed better performance in terms of vibration attenuation at the fingers for the H 

spectrum (200–1250 Hz), while the hybrid glove (made of air bubbles in the palm area and gel in 

the fingers area) performed better for the M spectrum (25–200 Hz), irrespective of the frequency 

weighting used. Only the hybrid glove passed the criteria of the ISO 10819 (2013) to be designated 

as AV glove. Considering the very high inter-subject variability for the palm vibration 
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transmissibility for the gloved hand and amplification of vibration by the fingers, testing of gloves 

according to ISO 10819 (2013) cannot reliably measure the effectiveness of the glove to reduce 

the risk of HAVS. The FRF method could be effectively used to estimate the fingers vibration 

transmissibility characteristics of gloves under vibration spectra of the tools.  
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3. FINGERS’ VIBRATION TRANSMISSION AND GRIP STRENGTH 

PRESERVATION PERFORMANCE OF VIBRATION REDUCING 

GLOVES 

3.1 Introduction  

Workers operating hand-held power tools are occupationally exposed to comprehensive 

levels of hand transmitted-vibration (HTV), which has been associated with various disorders of 

hand and arm [95, 102, 110]. Anti-vibration (AV) gloves are commonly viewed as simple and 

convenient mean to limit the HTV levels [63, 97, 111]. International Organization for 

Standardization (ISO) has set forth a screening criterion for classifications of a glove as an AV 

glove on the basis of measurement of vibration transmitted to the palm of the gloved hand (ISO 

10819, 2013) [24], while the measurements of vibration transmitted to the fingers is not required. 

A glove is considered as an AV glove when the frequency-weighted palm acceleration 

transmissibility magnitudes in the medium (M: 25–200 Hz) and high (H: 200–1250 Hz) frequency 

ranges are ≤0.9 and ≤0.6, respectively. Moreover, the standard requires that fingers section of the 

glove should employ same vibration isolation material as the palm, while its thickness must be at 

least 60% of that in the palm region. This suggests that the standard likely assumes similar 

vibration transmission to both the palm and the fingers. A few recent studies have invariably shown 

that VR gloves yield widely different vibration responses at the palm and fingers [20, 25, 112]. 

This is likely due to widely different vibration characteristics of the fingers compared to those of 

the palm and the hand arm system [17, 113, 114] . Moreover, the effective mass of the fingers is 

substantially lower than that of the palm-arm system, which may contribute to differences in the 

isolation effectiveness of VR gloves at the palm and the fingers  

A recent study has experimentally characterized the fingers’ vibration response and 

measured the effectiveness of VR gloves at different segments of the fingers [20]. Hewitt et al. 

(2015) [19] used the data reported by Welcome et al. (2014) [20] to estimate the finger vibration 

transmissibility of the gloves under vibration of different tools using the frequency response 

function. Both the studies showed none or minimal attenuation of handle vibration transmitted to 

the fingers. Md Rezali and Griffin (2015) [26] evaluated the effect of glove material (foam and 

gel) thickness by measuring the vibration transmitted to the palm and distal phalange of the index 

finger (tip). It was shown that the glove material reduced vibration at the palm in the 20 to 350 Hz 
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frequency range but increased the vibration at the fingertip. Hamouda et al. (2015) [112] measured 

the handle vibration transmitted to mid-phalanges of the index and middle fingers, which exhibit 

the highest vibration transmissibility compared to the proximal and distal phalanges of the fingers 

of the hand coupled with four different types of VR gloves (air, gel, hybrid, and leather). The 

results showed that the VR gloves generally reduce fingers vibration in the 10–200 Hz frequency 

range and amplify vibration in the 200–600 Hz range, except for the air glove. Welcome et al. 

(2014) [20] concluded that the gel glove was more effective in reducing fingers vibration at higher 

frequencies (>400 Hz) as compared with the air bladder glove, while Hamouda et al. (2015) [112] 

concluded that air glove was more effective at higher frequencies (>200 Hz). Furthermore, 

Welcome et al. (2014) [20] reported that the resonance frequencies of the fingers of the gloved 

hand were similar to those of the bare hand, although the gel glove resulted in relatively lower 

index finger resonant frequency. Hamouda et al. (2015) [112], on the other hand, reported 

relatively higher resonant frequencies of the index and middle fingers when coupled with the 

gloves.  

The spectra of vibration measured at the palm of the gloved hand, reported in different 

studies (e.g., Welcome et al., 2012; McDowell et al., 2013) [18, 61], generally show resonant peaks 

in the 20–30 Hz range suggesting amplification of handle vibration transmitted to the palm in this 

frequency range. The frequency weighting, Wh, (ISO 5349-1, 2001) [29] used for evaluating 

vibration transmission performance of the gloves also emphasizes the palm vibration up to about 

25 Hz. Different from the palm, the spectra of finger-transmitted vibration generally exhibit 

resonant peaks in the 80–200 Hz frequency range depending on the type of VR gloves or the 

vibration isolation material [20, 112]. Studies reporting biodynamic responses of the hand and arm 

system have also suggested substantially higher resonant frequencies of the fingers compared to 

the palm and the hand-arm structure [17, 113, 114]. Considering that the Wh weighting 

substantially attenuates vibration in this frequency range, its application for assessing effectiveness 

of gloves in view of fingers vibration transmissibility may be questionable. On the basis of the 

measured biodynamic response distributed at the palm and the fingers, Dong et al. (2008) [94] 

proposed an alternate finger weighting (Wf), which provides greater emphasis on fingers vibration 

up to 500 Hz frequency considering the fingers resonances at higher frequencies.  

It has been suggested that reducing the glove material stiffness and optimizing its damping 

could help enhance isolation effectiveness of the VR gloves [17, 19]. The use of low stiffness 
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materials such as air pockets, foam or gel-foam combinations, however, would yield greater 

thickness of the glove. Thick and bulky gloves are known to limit the manual hand dexterity, which 

may discourage the use of gloves by the operators [60]. It has been further shown that gloves in 

general require increased grip effort of the workers [115, 116], and thereby limit the effective hand 

grip strength [27]. Usually workers tackle the reduced hand grip strength by applying higher hand 

grip force and thus the increased effort. The increased grip effort may increase the risk of hand-

arm disorders such as carpal tunnel syndrome [77, 117]. Many studies have investigated the grip 

strength reduction due to gloves [18, 27, 81, 83, 91, 118]. The majority of these studies have 

employed Jamar dynamometer for measuring the grip strength reduction due to VR gloves, 

although the dynamometer handle is not representative of the tool handle, which is cylindrical in 

many vibrating tools [27, 119]. Instrumented cylindrical handles have been employed in a few 

studies for measurement of the grip strength in a power grip condition corresponding to maximum 

voluntary contraction effort [27]. The study employed six different gloves including two 

conventional gloves and four VR gloves with different isolation materials (air bladder, air pump 

bladder, leather, and gel) and concluded that all of the VR gloves reduced the grip strength by 

more than 29%, while one of the conventional glove resulted in less than 10% deterioration in the 

grip strength. Welcome et al. (2012) [18] measured the grip strength due to 15 different VR gloves 

(air bladder, gel pad, and air bladder with pump), and showed comparable grip strength reduction 

of all the gloves (30–42%). Greatest reduction was obtained with the gel glove.  

The current standard for screening of VR gloves is based solely on the magnitude of handle 

vibration transmitted to the palm of the gloved hand. The vibration transmitted to the fingers of 

the gloved hand, and reductions in grip strength and manual dexterity also constitute important 

factors in describing the performance of VR gloves. The preservations of the grip strength and 

hand dexterity are particularly vital for promoting the use of VR gloves among the vibrating hand 

tools operators. An integrated performance measure addressing the aforementioned factors thus 

needs to be defined so as to seek improved designs of VR gloves. 

This study explores the performance of VR gloves on the basis of the handle vibration 

transmitted to the palm and fingers of the gloved hand, and the grip strength reduction. The validity 

of a Velcro adapter developed for measurement of finger vibration was assessed in terms of 

repeatability and reproducibility of the measurements. The vibration transmission characteristics 

of 12 VR gloves were measured in the laboratory using the standardized method, which included 
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the palm vibration using the standardized palm adapter and the index and middle fingers vibration 

near the mid-phalanges using the Velcro adapters. The instrumented cylindrical handle was also 

used to measure the grip strength of the subjects with the bare hand, and while wearing the selected 

the VR gloves. The measured data were analyzed and discussed to highlight different performance 

measures of the gloves. The significance of the proposed finger-weighting is further discussed.  

3.2  Methods 

3.2.1 Experimental setup  

Figure 3.1 shows the experimental setup recommended in ISO 10819 (2013) [24] for 

characterizing the vibration transmission effectiveness of VR gloves, which has been described in 

a number of reported studies [18, 64, 69]. The setup involves a single axis electrodynamic exciter 

that generates vibration along the forearm direction (Zh-axis) by means of an instrumented split-

handle (40 mm diameter and 140 mm long) mounted on the exciter. The handle integrates two 

single-axis force sensors (Kistler 9212) to measure grip force and a tri-axial accelerometer (PCB 

356A01) to measure handle vibration. Two additional force sensors (Kistler 9317b) were installed 

between the handle and the exciter for measurement of the push force. Handle vibration is 

synthesized and controlled via a vibration controller (VR 9500, Vibration Research Corp., Jenison, 

MI, USA). In order to facilitate the control of applied forces, the subjects were able to monitor the 

grip and push force magnitudes via a computer screen installed near the exciter, as described in 

earlier studies [18, 64]. The displayed forces were sampled at a rate of 4 Hz. The instrumented 

handle was also used to measure the hand grip strength of each subject under static condition, with 

and without the gloves.  

The vibration transmitted to the palm was measured using a light weight palm adapter 

integrating a tri-axial accelerometer (PCB 356A01). The vibration transmitted to the index and 

middle fingers was measured using the Velcro finger adapters developed by the authors (Hamouda 

et al., 2015) [112]. Each finger adapter contained a miniature tri-axial accelerometer (PCB 

356A01) weighing only 1 gram. The vibration measurements at the mid-phalanges of the index 

and middle fingers were considered in the current study, since the vibration at this location has 

been reported to be higher than those measured at the distal and proximal phalanges [20].  
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Figure 3.1: Experimental setup for the measurement of vibration transmissibility and grip 

strength performance of vibration reducing gloves (Hamouda et al., 2015) [112]. 

3.2.2 Subjects and VR gloves 

12 healthy male subjects participated in the current study. The experimental protocol was 

approved by the ethical committee of Concordia University. Anthropometric hand dimensions of 

each subject are summarized in Table 3.1. The hand sizes were evaluated in accordance with EN 

420 (1994) [105], which ranged from 8 to 10, with only 1 subject with hand size of 7. Experiments 

were conducted using 13 hand treatments, including the bare hand and 12 VR gloves. The VR 

gloves included three different air bladder gloves, three different hybrid gloves, three different gel 

gloves, two gel-foam gloves and a leather glove. The leather glove was more like a conventional 

glove, although it was specified as a VR glove by the manufacturer. The three hybrid gloves were 

constructed with air bladder/pockets in the palm region and gel or gel-foam pad in the fingers 

region. The overall thickness of the undeformed gloves in the palm and fingers regions were 

measured, which are summarized in Table 3.2 together with the isolation materials used. The 

selected gloves are also classified in 4 groups on the basis of their construction (vibration reducing 

material), as seen in Table 3.2. For instance: gloves denoted as air 1, air 2 and air 3 are constructed 

of air pockets in the palm and fingers regions, and classified as “air” gloves. Similarly, the gloves 
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classified as ‘hybrid’ comprise air in the palm region and either gel or gel-foam in the fingers 

region. The gloves within each class, however, differed in the isolation material coating, which 

included different types of polyurethane foams, and the covering such as, fabric, leather and PVC. 

These accounted for differences in overall thickness of the gloves. 

 

Table 3.1: Hand anthropometric dimensions and hand size of subjects. 

Subjects 

 

Hand length 

(mm) 

Hand width 

(mm) 

Index finger 

length (mm) 

Middle finger 

length (mm) 

Hand 

size 

1 18.0 84.0 71.7 72.7 8 

2 18.5 84.0 68.7 78.0 8 

3 20.0 84.0 70.7 76.5 10 

4 17.0 78.0 66.8 72.0 7 

5 19.0 83.0 66.5 73.4 9 

6 19.7 86.0 74.8 82.7 10 

7 18.5 84.0 67.8 76.0 8 

8 20.5 91.5 77.5 84.9 10 

9 19.3 85.0 72.2 77.6 9 

10 19.5 88.0 75.6 77.5 9 

11 18.0 78.6 69.1 77.7 8 

12 19.0 86.2 74.7 76.0 9 

Mean 19.08 85.0 70.53 76.13 - 

SD 0.38 1.87 3.61 1.70 - 

 

Table 3.2: Specifications of the vibration reducing gloves considered in the study. 

Glove 

 

Vibration reducing materials Material thickness  Material thickness 

Palm Fingers Palm (mm) Fingers (mm) 

Air 1 Air Air 7.7 6.50 

Air 2 Air Air 9.2 7.35 

Air 3 Air Air 9.1 7.70 

Gel 1 Gel Gel 4.3 4.30 

Gel 2 Gel Gel 7.0 6.80 

Gel 3 Gel Gel 8.5 7.70 

Hybrid 1 Air Gel 7.7 4.30 

Hybrid 2 Air Gel-Foam 7.7 5.87 

Hybrid 3 Air Gel 7.7 4.60 

Gel-Foam 1 Gel-Foam Gel-Foam 6.3 5.87 

Gel-Foam 2 Gel-Foam  Gel-Foam 9.8 9.00 

Leather Leather Leather 3.7 1.00 
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3.2.3 Measurement methods and data analysis 

The experiments were conducted in three stages. The first stage involved the assessment 

of the finger adapters in terms of repeatability and reproducibility of the measurements obtained 

under broad-band random vibration spectrum defined in (ISO 10819, 2013) [24]. In the second 

stage, measurements were performed to evaluate vibration transmission characteristics of the bare 

hand and the 12 VR gloves. Vibration was measured at the palm, and middle phalanges of the 

index and middle fingers under the standardized vibration spectrum. In the third stage, the static 

grip strength of each subject was acquired using the instrumented handle with the bare hand as 

well as the gloved hand.  

3.2.3.1 Finger adapters repeatability and reproducibility 

The first series of experiments were conducted to assess the repeatability and 

reproducibility of the finger adapters. Three subject were randomly chosen from the 12 subjects, 

who participated in the study. The subjects were asked to install the finger adapters at the middle 

phalanges of the index and middle fingers (Fig. 3.2a), while the tightness and orientation of the 

adapter was examined by the experimenter. Each subject was asked to grasp the instrumented 

handle with the bare hand and apply 30±5 N grip and 50±8 N push force. Each subject stood on 

base plate, whose height could be adjusted to achieve the desired posture with horizontal forearm, 

elbow angle of 90o±10o, wrist angle between 0o (neutral) and 40o of extension, and 0°shoulder 

abduction, as recommended in ISO 10819 (2013) [24]. The handle was subject to the 

recommended broadband vibration and the signals from the handle and the two fingers adapters 

were acquired in a multi-channel data acquisition and analysis system (B&K Type 3560C, PULSE 

v18.0) to derive the fingers vibration response properties. The measurements were repeated three 

times. Subsequently, another three different subjects were chosen for evaluating reproducibility of 

the measurements. Similar to the repeatability tests, each subject performed three trials, while they 

were asked to remove and re-install the finger adapters after each trial. The position of each adapter 

was marked on each finger. The repeatability and reproducibility of the measurements were 

assessed in terms of intra-subject variability of the measured frequency response characteristics. 

3.2.3.2 Measurement of vibration transmissibility of the VR gloves  

The second stage involved measurements of vibration transmissibility characteristics of the 

VR gloves as well as the bare hand of each subject. Vibration was measured at the palm using 

standardized palm adapter, and at the middle phalanges of the index and middle fingers using the 
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Velcro adapters. The Velcro adapters were tightly secured to middle phalanges of the index and 

middle fingers, while position of the adapters on the fingers were marked to facilitate consistency 

during subsequent trials. The subject assumed the posture, as described above, while grasping the 

handle with 30±5 N grip and 50±8 N push force with the bare hand using the display of forces on 

the monitor, while aligning the palm adapter along the axis of the shaker (Zh-axis). The handle was 

subject to broad-band random vibration in the 25–1600 Hz frequency range (ISO 10819, 2013). 

The signals from the handle, palm and fingers’ accelerometers were acquired in a mutli-channel 

data acquisition and analysis system for a duration of 30 s. Each subject performed three trials of 

bare hand measurements, while ensuring a 2 minutes break between the consecutive trials. The 

measured data acquired during different trials were compared and the subject was asked to repeat 

a trial, if the variability between two trials was more than 10%.  

 

 

 

  

(a) (b) 

Figure 3.2: (a) Velcro finger adapters instrumented with 3-axis accelerometer; (b) Gloved hand 

with fingers adaptors installed at the mid-phalanges of the index and middle fingers. 

 

The experiments were repeated with the selected VR glove, which were available in two 

sizes (medium and large). Each subject chose the size which provided appropriate fitting, which 

was ensured by the experimenter. The top covering of the glove was cut around the middle 

phalanges of the index and middle fingers in order to install the finger adapters on the respective 

fingers (Fig. 3.2b). The Velcro adapters were installed at both the fingers, while the experimenter 

ensured the correct location and tightness of the adapters. The subject was also asked to place the 
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palm adapter inside the glove and align it along the axis of the vibration exciter. Similar to the bare 

hand, the measurements were repeated three times (3 trials) with each glove under the same handle 

excitation. Posture and hand force combination (push and grip) were kept the same in all the trials. 

The sequence of measurements was randomized among the subjects and the gloves 

The acquired acceleration signals from the adapters (palm and fingers) and the 

instrumented handle were analyzed to obtain 1/3-octave frequency band rms spectra of the palm, 

fingers and handle acceleration responses in the three orthogonal axes (Xh, Yh and Zh). The total 

effective acceleration transmissibility (TEAT) of the palm and fingers vibration at each 1/3-octave 

frequency band was obtained from vector sums of the handle and the palm or fingers adapters 

acceleration signals, such that (Dong et al., 2002) [65]: 

𝑇𝐸𝐴𝑇(𝜔𝑗) =
√𝐴𝑥

2(𝜔𝑗) + 𝐴𝑦
2(𝜔𝑗) + 𝐴𝑧

2(𝜔𝑗)

√𝐻𝑥
2(𝜔𝑗) + 𝐻𝑦

2(𝜔𝑗) + 𝐻𝑧
2(𝜔𝑗)

 

 

(3.1) 

 

𝑇𝐸𝐴𝑇(𝜔𝑗) is the total effective palm or finger vibration transmissibility at the center 

angular frequency 𝜔𝑗of the 1/3-octave band j. Ax, Ay and AZ are the mean rms accelerations 

measured at palm or finger adapters, and Hx, Hy and Hz are the mean rms accelerations measured 

at the handle corresponding to the same frequency band along the Xh-, Yh- and Zh-axis, respectively.  

The overall frequency-weighted vibration transmissibility of the VR gloves (TEATw) was 

further obtained for every subject-glove combination using Wh-weighting defined in ISO 5349-1 

(2001) [29]. The palm and fingers’ vibration transmissibility values were obtained in the medium 

(M: 25-200 Hz) and high (H: 200-1250 Hz) frequency ranges following the standardized method 

described in ISO 10819 (2013) [24]. The fingers’ weighted vibration transmissibility of each glove 

was also obtained using fingers weighting (Wf) propose by Dong et al. (2008) [94]. The overall 

transmissibility magnitudes were also computed from the unweighted responses. The overall 

frequency weighted vibration transmissibility magnitudes of the VR gloves at the palm and fingers 

were further normalized by those obtained from the bare hand measurements.  

3.2.3.3 Grip strength measurement 

The third stage of experiments were conducted to evaluate the grip strength reduction due 

to gloves. The grip strength magnitudes of the 12 subjects were measured with and without the 
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gloves. The test methodology utilized was similar to that described by Jung and Hallbeck (2004) 

[118]. Briefly, the subjects were trained to grip the instrumented handle with their right hand while 

applying maximum voluntary contraction (MVC) without any push force. Subjects were required 

to build up the MVC in one second and comfortably maintain it for 4 seconds. Posture used in the 

test was identical to that used in the vibration measurements. The subjects were trained to use their 

left hand (free hand) to advise the experimenter to start recording the maintained grip strength for 

a period of 4 seconds. The signals from the grip force sensors were acquired in Labview and 

analyzed for mean grip strength during a trial. 

Following the training, the bare hand grip strength was measured three times. Each subject 

was given 10 to 15 minutes rest between the trials. During the rest period, the experimenter 

evaluated the mean grip strength acquired during each trial during the first two seconds of the grip-

maintained period, as recommended by Jung and Hallbeck (2004) [118]. Moreover, the fluctuation 

in the measured force around the mean (coefficient of variation, CoV) was also evaluated for each 

trial. A trial was repeated when the CoV value exceeded 10%.  Subsequent measurements were 

performed with the subject wearing one of the VR gloves. Both the vibration and grip force 

measurements were performed during the same session, although measurements were limited to a 

maximum of two hand treatments per day, involving grip strength and vibration measurements for 

either two gloves or one glove in addition to the bare hand. Furthermore, each subject was asked 

to perform a bare hand grip strength test at the beginning of each session, which was compared 

with the mean grip strength acquired during the earlier sessions. The test session was cancelled, if 

there was more than 10 % difference in the mean values. The test session was also rescheduled, in 

the event the subject reported fatigue. Sequence of the measurements was randomized among the 

subjects and gloves.  

3.2.3.4 Statistical analysis 

One-way analysis of variance (ANOVA) was performed to determine the significant 

influences of different hand treatments (12 gloves and bare hand) on the peak vibration 

transmissibility and the corresponding frequency, the overall mean unweighted and frequency-

weighted (Wf and Wh) vibration transmissibility magnitudes in the M- and H- frequency ranges. 

The analyses were conducted for the palm, index and middle fingers. ANOVA also was used to 

identify the significance of the different hand treatments on the mean grip strength magnitudes and 



  

59 

 

grip strength percentage reduction. Statistical analysis was performed using SPSS software 

(version 20), while a significant difference among the data was considered when p ˂0.05.  

3.3 Results 

3.3.1 Finger adapter repeatability and reproducibility  

Figure 3.3 shows the intra-subject variability of the middle and index fingers vibration 

transmissibility characteristics measured using the fingers adapters of the three randomly chosen 

subjects in terms of mean of three trials and the standard deviations. The results suggest good 

repeatability of the measurements. The coefficient of variation (CoV) is below 4% in the M-

frequency range (25-200 Hz) across the subjects. Relatively higher variability, however, is evident 

in the H-frequency range (200-1250 Hz) for both the index and middle fingers with peak CoV of 

20% at frequencies above 500 Hz, where the mean magnitudes are quite low. The measurements 

also show considerable differences in the peak magnitudes and corresponding frequencies between 

the subjects, which are attributed dynamic characteristics of the individuals’ hand and fingers. 

Similarly, Figure 3.4 illustrates the mean and standard deviations of the mean measurements 

obtained from the reproducibility tests performed with three subjects. The results show relatively 

higher variability in the measurements compared to the repeatability tests. The variability, 

however, is low in the middle finger data, where the peak CoV values are 6% and 18% in the M- 

and H-frequency ranges, respectively. The index finger data show considerably higher variability 

with CoV up to 16% and 17% in the M- and H-frequency ranges, respectively.  
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    (a)                                                                            (b) 

 

 

 

Figure 3.3: Mean and standard deviation of the index and middle fingers vibration 

transmissibility measured using Velcro adapters during three repeatability trials with 

three subjects: (a) Index finger; (b) Middle finger. 
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(a)                                                                             (b) 

 

Figure 3.4: Mean and standard deviation of the index and middle fingers vibration 

transmissibility measured using Velcro adapters during three reproducibility trials with three 

subjects: (a) Index finger; (b) Middle finger. 



  

62 

 

3.3.2 Vibration transmissibility at the palm  

As an example, Figure 3.5 shows the inter-subject variability in mean palm vibration 

transmissibility data obtained for five different VR gloves, one from each class of gloves (air 1, 

gel 1, hybrid 1, gel-foam 1 and leather). Similar degree of variations were also observed with the 

other gloves. The data acquired for all the 12 gloves showed relatively small inter-subject 

variability for all the gel, gel-foam and the leather gloves with CoV ranging from 1–16% and 2–

24% in the M- and H-frequency ranges, respectively. Relatively higher variability was evident for 

the air (3) and hybrid (3) gloves with CoV ranging from 4–22% and 8–47% in the M- and H- 

frequency ranges, respectively.  

 

Figure 3.5: Comparisons of mean palm vibration transmissibility of subjects with different 

vibration reducing gloves (inter-subject variability): air 1; hybrid 1; gel 1; gel-foam 1 and 

leather. 
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Figure 3.6 presents the mean vibration transmissibility characteristics of different gloves 

measured at the palm of 12 subjects and normalized with respect to that measured with the bare 

hand. The air and hybrid gloves generally show notable attenuation of vibration compared to the 

gel gloves, which was also observed for the gel 2 glove. These showed 11–89% attenuation of 

handle vibration transmitted to the palm in the 40–1000 Hz frequency range, with only slight 

amplification in the vicinity of the fundamental resonant frequencies, which occurred below 30 Hz 

for all of the gloves. Similar trend was evident for gel 3 and gel-foam 2 gloves but with relatively 

less vibration attenuation at frequencies greater than 40 Hz. The palm vibration transmissibility of 

gel 1, gel–foam 1 and leather gloves were nearly unity in the entire frequency range suggesting 

minimal or no vibration attenuation. The leather glove, however, exhibited a slight reduction (2–

8%) in vibration in the 10–315 Hz frequency range with notable amplification at frequencies above 

315 Hz. 

 
                               (a)                                                                    (b) 

Figure 3.6: Comparisons of mean vibration transmissibility of the gloved hand measured at the 

palm and normalized with that of bare hand palm: (a) air and hybrid gloves; (b) gel, gel-foam 

and leather gloves 

The mean values of the peak vibration transmissibility at the palm and the corresponding 

mean frequencies (denoted as primary resonant frequency) of each VR gloves are summarized in 

Table 3.3. Variability between subjects are also presented in terms of CoV of the mean. Gel 2 

glove exhibit the greatest mean peak vibration transmissibility among all the gloves. Higher peak 

magnitudes were generally evident for all air and hybrid gloves, as well as the gel-foam 2 and gel 

3 gloves, while the leather glove revealed the smallest peak transmissibility. The peak vibration 

transmissibility of all the gloves occurred within a narrow frequency range (24–31 Hz). The inter-

subject variability in the resonance frequency was considerably higher than that in the peak 
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magnitude, irrespective of the type of glove. The stiffer gloves, in general, showed relatively lower 

variability in the primary resonance frequency as compared to the other VR gloves, as it is evident 

for the gel 3 and gel-foam 1 gloves. The results of ANOVA, however, showed that peak vibration 

transmissibility as well as the primary resonant frequency are significantly different among the 

gloves (p<0.001 and p<0.05, respectively). 

Table 3.3: Peak vibration transmissibility and corresponding frequency of the VR gloves 

measured at the palm, and normalized overall frequency-weighted palm vibration 

transmissibility in the M- and H- frequency ranges. 

Gloves Mean CoV Mean CoV Mean CoV 

 

Peak 

transmissibility 

Primary resonant 

frequency (Hz) 

M-range   

 

H-range 

  

M-range 

 

H- range 

  

Air 1 1.16 0.10 26.42 0.15 0.80 0.58 0.09 0.18 

Air 2 1.13 0.04 26.23 0.21 0.81 0.64 0.07 0.09 

Air 3 1.13 0.04 25.52 0.18 0.78 0.62 0.07 0.11 

Gel 1 1.04 0.03 29.00 0.24 0.94 1.01 0.03 0.05 

Gel 2 1.22 0.08 27.81 0.14 0.82 0.54 0.06 0.09 

Gel 3 1.15 0.06 30.98 0.09 0.87 0.81 0.05 0.05 

Hybrid 1 1.11 0.06 24.98 0.20 0.77 0.57 0.10 0.16 

Hybrid 2 1.11 0.05 25.06 0.20 0.80 0.62 0.08 0.10 

Hybrid 3 1.11 0.04 24.92 0.15 0.79 0.60 0.05 0.12 

Gel-Foam 1 1.03 0.02 31.29 0.09 0.93 1.01 0.02 0.04 

Gel-Foam 2 1.13 0.04 29.83 0.17 0.88 0.80 0.06 0.13 

Leather 1.02 0.02 31.67 0.20 0.95 1.03 0.02 0.02 
CoV: coefficient of variation 

The overall Wh-weighted palm vibration transmissibility magnitudes of the VR gloves in 

the M- and H-frequency ranges are also presented in Table 3.3 in terms of the mean and CoV of 

the mean. The magnitudes were obtained upon normalization with respect to that of the bare hand, 

as recommended in ISO 10819 (2013) [24]. Generally, the gloves revealed relatively lower CoV 

values in the M-frequency range (0.02 to 0.10) compared to that in the H-frequency range (0.02 to 

0.18). All of the air and hybrid gloves exhibit superior vibration attenuation performance than rest 

of the gloves in both the M- and H-frequency ranges. The vibration attenuation performance of the 

gel 2 glove is also comparable with the air and hybrid groups of gloves in the M-frequency range, 

while it exhibits the greatest vibration attenuation amongst all gloves in the H-frequency range. 

All the gloves show some degree of attenuation of vibration in both the M- and H-range with the 

exception of gel 1, gel-foam 1 and leather gloves, which show slight amplification of the handle 

vibration transmitted to the palm of the gloved hand. All the gloves, with the exception of gel 1, 
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gel-foam1 and leather gloves, satisfy the M-frequency range screening criteria of ISO 10819 

(2013) [24], which requires the overall transmissibility to not to exceed 0.9. The standard also 

requires that the mean normalized frequency-weighted transmissibility value in the H-frequency 

range must not exceed 0.6 for the glove to be considered as an anti-vibration (AV) glove. From 

the results, it is evident that only air 1, gel 2 and hybrid 1&3 gloves satisfy the above screening 

criterion, and can be considered as AV gloves. The results from ANOVA also showed that the 

glove type has a significant influence on the frequency-weighted vibration transmissibility in the 

M- and H- frequency ranges (p<0.001).  

 

Table 3.4: Dependence of the normalized frequency-weighted vibration transmissibility of VR 

gloves at the palm on different combinations of 3 subjects, under M- and H- frequency ranges. 

Glove Transmissibility 

 M-range H-range 

Air 1 0.79-0.83 0.54-0.63 

Air 2 0.76-0.87 0.59-0.67 

Air 3 0.76-0.81 0.59-0.67 

Gel 1 0.90-0.97 0.96-1.03 

Gel 2 0.79-0.86 0.53-0.56 

Gel 3 0.85-0.87 0.78-0.84 

Hybrid 1 0.73-0.81 0.54-0.59 

Hybrid 2 0.77-0.84 0.60-0.64 

Hybrid 3 0.77-0.82 0.58-0.66 

Gel-Foam 1 0.91-0.95 0.98-1.05 

Gel-Foam 2 0.87-0.92 0.72-0.84 

Leather 0.93-0.96 1.02-1.04 

 

The acceptance or rejection of a glove on the basis of the above-stated screening criterion 

could also be affected by the inter-subject variability. The standardized method requires the 

assessments using only 3 subjects. The data were subsequently analyzed to obtain the overall 

vibration attenuation performance of gloves considering 4 groups of 3 subjects. Table 3.4 

summarizes the ranges of the mean normalized frequency-weighted (Wh) palm vibration 

transmissibility of the VR gloves obtained from different combinations of 3 subjects. The results 

suggest that H-frequency range transmissibility values for air 1 and hybrid 3 gloves, considered 

acceptable on the basis of the 12 subjects’ data, may exceed the 0.6 and thus may not satisfy the 

criterion depending on the chosen combination of 3 subjects. The lower limits of H-range values 

for the air 2, air 3 and hybrid 2 gloves, on the other hand, vary from 0.59 to 0.6 and thus satisfy 
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the screening criterion depending on the different combinations of subjects. It should be noted that 

these gloves do not satisfy the criterion on the basis of the 12 subjects’ data (Table 3.3). Similar 

discrepancies are also observed for gel 1 and gel-foam 2 gloves in their performance in the M-

frequency range. Only gel 2 and hybrid 1 gloves seem to satisfy the criterion, irrespective of the 

chosen subjects’ combination.  

3.3.3 Vibration transmissibility at the fingers  

Figures 3.7 and 3.8 illustrate variations in the mean index and middle fingers vibration 

transmissibility characteristics, respectively, of the selected VR gloves (air 1, gel 1, hybrid 1, gel-

foam 1 and leather). The measurements obtained for all the 12 gloves showed relatively lower 

variability between subjects in the M-frequency range than that in the H-frequency range for both 

the fingers, irrespective of the glove, as observed in palm vibration transmissibility data. Both the 

index and middle fingers data showed comparable variability in the M-frequency range for all 

gloves with CoV ranging from 3 to 26%. The variability in the index finger responses in the H-

range (CoV; 3–63%), however, was notably higher than the middle finger (8–47%), while the 

mean magnitudes are substantially smaller in this frequency range.  
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Figure 3.7: Comparisons of mean vibration transmissibility of subjects measured at the index 

finger with different vibration reducing gloves: air 1; hybrid 1; gel 1; gel-foam 1 and leather. 
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Figure 3.8: Comparisons of mean vibration transmissibility of subjects measured at the middle 

finger with different vibration reducing gloves: air 1; hybrid 1; gel 1; gel-foam 1 and leather. 

The mean vibration transmissibility characteristics of the index and middle fingers gloved- 

as well as bare hand are compared in Figure 3.9. Results show amplification of the handle vibration 

transmitted to the fingers of the bare hand, especially in the M-frequency range. The bare hand 

index and the middle fingers exhibit comparable peak vibration transmissibility magnitudes (1.68 

and 1.71, respectively). The frequencies corresponding to the peak magnitudes, denoted as 

resonant frequencies, are observed in the vicinity of 125 Hz and 160 Hz for the index and the 

middle fingers, respectively. The transmissibility peaks of the fingers with the gloves also occur 

around the same frequencies. The transmissibility magnitudes of the fingers of the gloved hand, 

normalized with respect to those of the bare hand fingers, are presented in Figure 3.10. The 

normalized magnitudes represent the relative vibration attenuation performance of the gloves at 

the fingers. The results generally show either very little attenuation or amplification of the handle 
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vibration transmitted to both the fingers by the gloves. The majority of the gloves show slight 

reduction in the middle finger vibration in the 10–200 Hz; the air 2 and gel 2 gloves form the 

exception. The air 1 shows superior index finger vibration attenuation in the 30–160 Hz frequency 

range. Some of the gloves show reduction of fingers vibration at frequencies above 200 Hz. The 

gel 2 glove, in particular, shows greatest attenuation of the index and middle fingers at frequencies 

above 200 Hz and 250 Hz, respectively, while it amplifies the vibration at frequencies below 200 

Hz. Furthermore, the leather glove revealed the greatest vibration amplification amongst the gloves 

at frequencies greater than 250 Hz and 315 Hz for the index and middle fingers, respectively. The 

all the hybrid, and gel 1 and gel-foam 1 gloves show middle finger vibration transmission 

performance comparable to that of leather glove in the high frequency range.  

 

      (a)                                                                    (b) 

Figure 3.9: Comparisons of mean vibration transmissibility characteristics of index and middle 

fingers of the bare and gloved hand: (a) air and hybrid gloves; (b) gel, gel-foam and leather 

gloves 
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(a)                                                                    (b) 

Figure 3.10: Comparisons of mean normalized vibration transmissibility characteristics of index 

and middle fingers of the gloved hand: (a) air and hybrid gloves; (b) gel, gel-foam and leather 

gloves 

 

The mean peak vibration transmissibility magnitudes of the index and middle fingers and 

the corresponding frequencies are summarized in Table 3.5 for all the gloves and the bare hand. 

The table also lists the CoV of the means. The mean magnitudes and the corresponding frequencies 

of bare and gloved hand fingers were obtained from averaging of the data obtained for the 12 

subjects. The results show that all the gloves, with the exception of gel 2, help in reducing the peak 

vibration transmitted to both the fingers, although the degree of reduction is small. All of the 

gloves, with the exception of air 2 and gel 2, exhibit comparable peak vibration transmissibility 

magnitudes for both the fingers, while the peak magnitudes of the index finger are greater than 

those of the middle finger. The results also show relatively large variability in the data for both the 

bare and the gloved hand fingers. Generally, the CoV of the peak vibration transmissibility for the 

bare and gloved hand index finger (11–21%) is slightly higher than that of the middle finger (7–

19%). The mean primary resonant frequency of the index finger of the bare hand (122 Hz) is lower 

than that with the gloves (129–148 Hz), excluding the leather glove, which shows peak at 184 Hz. 

An opposite trend, however, is evident in the middle finger resonant frequencies. The resonant 
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frequencies of middle finger of the gloved hand are generally lower than that of the bare hand, 

with the exception of gel 1, hybrid 3 and gel-foam 1 gloves. The gloves thus generally tend to 

increase the index finger primary resonant frequency, while decreasing the middle finger 

frequency. The inter-subject variabilities in the index finger primary resonance frequency were 

generally lower than those for the middle finger for both the bare and gloved hands. Air 1, gel 2 

and gel 3 gloves, however, show higher variability in the index finger frequency compared with 

that of the middle finger. The results obtained from one-way ANOVA suggested that the peak 

vibration transmissibility and the primary resonance frequency are significantly different for both 

index (p<0.05) and middle (p<0.001) fingers among the gloves. 

 

Table 3.5: The mean peak index and middle fingers vibration transmissibility and the 

corresponding frequencies obtained for the bare and gloved hand. 

 Index finger  Middle finger  

 

Peak transmissibility 

 

Resonance 

frequency (Hz) 

Peak 

transmissibility 

Resonance frequency 

(Hz) 

Gloves Mean CoV Mean CoV Mean CoV Mean CoV 

BH 1.95 0.13 122 0.22 1.90 0.12 174 0.39 

Air 1 1.61 0.20 149 0.29 1.41 0.11 157 0.22 

Air 2 1.90 0.14 145 0.15 1.82 0.13 173 0.17 

Air 3 1.82 0.16 139 0.14 1.56 0.14 140 0.23 

Gel 1 1.82 0.15 129 0.24 1.56 0.10 229 0.54 

Gel 2 2.04 0.13 131 0.19 1.99 0.17 142 0.16 

Gel 3 1.70 0.14 134 0.26 1.60 0.19 126 0.21 

Hybrid 1 1.75 0.13 133 0.18 1.44 0.07 167 0.34 

Hybrid 2 1.77 0.15 137 0.16 1.43 0.08 156 0.40 

Hybrid 3 1.84 0.19 138 0.17 1.48 0.10 174 0.45 

Gel-Foam 1 1.74 0.11 134 0.12 1.56 0.09 270 0.39 

Gel-Foam 2 1.63 0.19 144 0.15 1.52 0.09 152 0.28 

Leather 1.72 0.21 184 0.29 1.49 0.14 268 0.32 
CoV: coefficient of variation 

 

Table 3.6 presents the mean overall normalized unweighted and Wh-frequency weighted 

vibration transmissibility values of 12 gloves for both the fingers in the M- and H- frequency 

ranges together with the CoV of the means. The table also presents the weighted values obtained 

using the Wf-frequency weighting proposed by Dong et al. (2008) [94]. The results show that the 

gloves generally attenuate the index and middle finger transmitted vibration in the M-frequency 
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range, irrespective of the frequency-weighting used. The degree of attenuation, however, is low 

for most of the gloves. The gel 2 glove appears to be the only exception, where the slight 

amplification is observed in the middle finger vibration transmissibility magnitude. Similar trend 

is also evident in the H-frequency range transmissibility for all the gloves. All the gloves, with the 

exception of the leather glove, show reduction in the overall vibration transmissibility of the index 

finger in the H-frequency range. The results for the leather glove consistently show amplification 

of the index finger transmitted vibration, irrespective of the frequency weighting used. For the 

middle finger, vibration amplification is evident with gel 1, hybrid 1, hybrid 2, gel-foam 1 and 

leather gloves, as seen from the unweighted and Wf-weighted values. The attenuation of middle 

finger vibration in the H-frequency range is observed for nearly half of the gloves (all air gloves, 

gel 2, gel 3, hybrid 3, and gel-foam 2). The degree of attenuation of finger vibration by the glove 

is strongly dependent on the type of glove. This was also evident from the one-way ANOVA, 

which showed that the unweighted vibration transmissibility at the middle finger is significantly 

different (p<0.001) among the gloves in both the frequency ranges, while it was only significant 

only for the index finger in the H-range (p<0.001). Air 1 glove provided superior vibration 

attenuation in the M-frequency range (index: 0.86; middle: 0.76), while the gel 2 glove revealed 

greatest attenuation in the H-frequency range (index: 0.47; middle: 0.51). Generally, the gloves in 

the M-frequency range revealed relatively lower CoV values of the unweighted vibration 

transmissibility for both the fingers when compared with those in the H-range. The middle finger 

transmissibility values for the air 1, air 2, gel 2, gel-foam 2 and leather gloves, in particular, show 

high variability (CoV: 32–36%).  
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Table 3.6: Mean normalized unweighted, hand weighted (Wh) and finger weighted (Wf) overall vibration transmissibility at the index 

and middle fingers in the M- and H-frequency ranges.  

 Mean overall transmissibility (CoV) 

Glove Air 1 Air 2 Air 3 Gel 1 Gel 2 Gel 3 Hyb-1 Hyb-2 Hyb-3 Gel-

Foam 1 

Gel-

Foam 2 

Leather 

Index finger M-frequency range (25-200Hz) 
Unweighted 0.86 

(0.19) 

0.97 

(0.15) 

0.89 

(0.14) 

0.93 

(0.17) 

0.97 

(0.14) 

0.87 

(0.16) 

0.87 

(0.15) 

0.89 

(0.17) 

0.90 

(0.22) 

0.90 

(0.13) 

0.91 

(0.19) 

0.94 

(0.18) 
              Wh- weighted 0.66 

(0.13) 

0.93 

(0.11) 

0.88 

(0.12) 

0.93 

(0.14) 

0.96 

(0.10) 

0.88 

(0.13) 

0.87 

(0.12) 

0.88 

(0.11) 

0.88 

(0.16) 

0.91 

(0.10) 

0.90 

(0.15) 

0.90 

(0.13) 
              Wf- weighted 0.90 

(0.20) 

0.94 

(0.15) 

0.91 

(0.18) 

0.88 

(0.22) 

0.95 

(0.14) 

0.87 

(0.22) 

0.86 

(0.19) 

0.85 

(0.11) 

0.86 

(0.27) 

0.83 

(0.14) 

0.93 

(0.25) 

0.89 

(0.17) 

Middle finger             
Unweighted 0.76 

(0.11) 

0.93 

(0.13) 

0.82 

(0.19) 

0.82 

(0.11) 

1.01 

(0.11) 

0.80 

(0.21) 

0.78 

(0.10) 

0.78 

(0.12) 

0.78 

(0.16) 

0.81 

(0.15) 

0.86 

(0.16) 

0.81 

(0.12) 
              Wh- weighted 0.84 

(0.10) 

0.94 

(0.09) 

0.87 

(0.11) 

0.88 

(0.09) 

1.04 

(0.09) 

0.88 

(0.11) 

0.83 

(0.08) 

0.84 

(0.09) 

0.82 

(0.11) 

0.86 

(0.09) 

0.91 

(0.12) 

0.84 

(0.09) 
              Wf- weighted 0.77 

(0.12) 

1.05 

(0.03) 

0.94 

(0.18) 

0.87 

(0.14) 

1.12 

(0.13) 

0.95 

(0.23) 

0.83 

(0.06) 

0.82 

(0.10) 

0.84 

(0.07) 

0.89 

(0.19) 

0.94 

(0.16) 

0.86 

(0.12) 

Index finger H-frequency range (200-1250 Hz) 

Unweighted 0.84 

(0.25) 

0.67 

(0.24) 

0.69 

(0.14) 

0.96 

(0.19) 

0.47 

(0.24) 

0.69 

(0.23) 

0.84 

(0.24) 

0.86 

(0.22) 

0.82 

(0.22) 

0.96 

(0.15) 

0.88 

(0.27) 

1.26 

(0.20) 
              Wh- weighted 0.84 

(0.31) 

0.65 

(0.23) 

0.68 

(0.17) 

0.94 

(0.19) 

0.43 

(0.23) 

0.70 

(0.25) 

0.81 

(0.23) 

0.80 

(0.22) 

0.79 

(0.23) 

0.94 

(0.29) 

0.90 

(0.29) 

1.22 

(0.21) 
              Wf- weighted 0.96 

(0.26) 

0.73 

(0.20) 

0.82 

(0.05) 

0.98 

(0.05) 

0.57 

(0.12) 

0.79 

(0.24) 

0.87 

(0.16) 

0.89 

(0.17) 

0.84 

(0.15) 

0.93 

(0.10) 

0.90 

(0.07) 

1.22 

(0.23) 

Middle finger             
Unweighted 0.84 

(0.36) 

0.72 

(0.33) 

0.73 

(0.27) 

1.09 

(0.20) 

0.51 

(0.32) 

0.74 

(0.28) 

1.03 

(0.27) 

1.03 

(0.26) 

0.97 

(0.29) 

1.12 

(0.24) 

0.83 

(0.32) 

1.23 

(0.36) 
              Wh- weighted 0.75 

(0.29) 

0.75 

(0.34) 

0.71 

(0.25) 

0.96 

(0.16) 

0.62 

(0.29) 

0.73 

(0.23) 

0.90 

(0.24) 

0.89 

(0.23) 

0.87 

(0.25) 

0.98 

(0.21) 

0.79 

(0.27) 

1.00 

(0.29) 
              Wf- weighted 0.87 

(0.39) 

0.86 

(0.49) 

0.85 

(0.30) 

1.13 

(0.19) 

0.69 

(0.35) 

0.92 

(0.21) 

1.10 

(0.26) 

1.10 

(0.29) 

1.06 

(0.30) 

1.19 

(0.17) 

0.98 

(0.30) 

1.28 

(0.36) 

CoV: coefficient of variation 
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The overall M-frequency range index finger unweighted, and Wh- and Wf-weighted 

transmissibility magnitudes range from 0.86-0.97, 0.66-0.96 and 0.85-0.93, respectively. The Wf-

weighted values are similar to the unweighted values, which is due to near unity magnitude of the 

Wf-frequency weighting in this frequency range. Similar tendency is also evident in the middle 

finger unweighted transmissibility values for all the gloves, except for the gel 2 glove. Application 

of Wf-weighting further emphasized the vibration amplification tendency of the gel 2 and air 2 

gloves at the middle fingers. Excluding the data for these gloves, the overall middle finger 

unweighted, and Wh- and Wf-weighted transmissibility magnitudes in the M-frequency range from 

0.76-0.86, 0.82-0.91 and 0.77-0.95, respectively. The application of Wf-frequency weighting in the 

H-frequency range, however, resulted in considerably higher transmissibility values for both the 

fingers when compared to the unweighted and Wh-weighted values. The Wh-weighted vibration 

transmissibility was significantly different among the gloves for both fingers and frequency ranges 

(p<0.001). Similarly, the Wf -weighted vibration transmissibility was significantly (p<0.001) 

different among the gloves for both fingers in the H-frequency range, while it was significantly 

different only for the middle finger in the M-range. 

3.3.4 Grip strength reduction 

Table 3.7 summarizes the mean grip strength obtained from the 12 subjects’ data with the 

bare and gloved hand together with CoV of the mean. The table also presents percent reduction in 

the grip strength of the gloved hand, evaluated with reference to mean force measured with the 

bare hand. The results suggest that gloves, invariably, cause notable reductions in the grip strength. 

Moreover, all the gloves, with the exception of the leather and air 1 gloves, show comparable 

degree of reduction in the grip strength, which ranges from 27 to 33%. The leather glove resulted 

in substantially lower grip strength reduction (16%) compared to the other gloves, while the air 1 

glove showed the highest grip strength reduction (41%). Comparable variability (CoV) between 

subjects is also evident for all gloves as well as the bare hand, ranging from 17 to 22%. The results 

of one-way ANOVA show that the grip strength magnitude and the grip strength percentage 

reduction were significantly (p<0.05 and p<0.001, respectively) different among the gloves.  
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Table 3.7: Mean grip strength magnitude and percentage reduction 

 Grip strength   

Glove Magnitude (N) CoV % Reduction 

BH 353 0.18  

Air 1 210 0.21 41% 

Air 2 250 0.22 29% 

Air 3 248 0.17 30% 

Gel 1 252 0.19 29% 

Gel 2 253 0.20 28% 

Gel 3 238 0.19 32% 

Hybrid 1 237 0.20 33% 

Hybrid 2 253 0.21 28% 

Hybrid 3 251 0.22 29% 

Gel-Foam 1 259 0.21 27% 

Gel-Foam 2 237 0.18 33% 

Leather 295 0.17 16% 
CoV: coefficient of variation 

 

The mean percentage grip strength reduction due to four different groups of gloves (air, 

gel, hybrid and gel-foam) in addition to the leather glove are further illustrated in Figure 3.11.  The 

figure also shows the standard deviation bars. The four groups of gloves show very comparable 

mean percentage reduction in the grip strength, ranging from 31–34%. Air gloves cause slightly 

higher reduction in the grip strength (34%), while the gloves within the gel, hybrid and gel-foam 

classes show similar reduction (≈31%).  

 

 
Figure 3.11: Comparison of mean grip strength percentage reduction of different groups of 

gloves that are constructed from same glove materials. 
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3.4 Discussions 

3.4.1 Reliability of finger adapter 

Comparison of bare hand index and middle fingers vibration transmissibility measured 

during three trials with each subject (Fig. 3.3) showed relatively small variability (0–3%) in the 

M-frequency range (25–200 Hz). In the high frequency range, the variability between trials 

increased slightly (0–12%) in the 200–500 Hz frequency range and to 2–20% above 500 Hz. 

Variability in vibration transmissibility at the palm also showed similar trend, although 

considerably lower as compared with the fingers. Lower variability at the palm may be due to high 

palm-handle contact force than the fingers force [100]. In order to obtain 30 N grip and 50 N push 

force, a subject exerts 30 N finger force and 80 N palm force [82]. The variability may also be due 

to differences in the mechanical impedance of the fingers and palm [99, 120]. Furthermore, 

intrinsic variations of the human hand may also be affecting the contact force on the Velcro adapter 

and dynamic properties of the fingers. Furthermore, finger acts as a curved beam hinged at palm 

while gripping a handle. Thus it is very difficult to ensure the same degree of contact between the 

fingers and the handle, as opposed to the palm within a subject. Increase in variability with increase 

in frequency of vibration for both fingers and palm maybe attributed to the dynamic characteristics 

of hand arm system. The high frequency vibration becomes more localized to the hand and fingers, 

while the low frequency vibration is transmitted to the fore-arms. The fingers vibration thus occurs 

at far greater frequencies. The large variability in transmissibility to the finger has also been 

reported by Md Rezali and Griffin (2015) [26].  

Reproducibility tests showed relatively less variability (1–6%) in the vibration 

transmissibility in the M-frequency range, and relatively higher variability (1–18%) for the H-

frequency range, irrespective of the fingers. Variability in the reproducibility test of vibration 

transmissibility is however higher than those obtained in the repeatability test (Figs 3.3 and 3.4). 

The effect of removing and re-installing of Velcro adapters on the subjects’ finger might have 

slightly changed the tightness and orientation of the adaptor. It is thus deduced that the Velcro 

finger adapters could yield repeatable and reproducible measurements, despite the small variability 

found in the H-frequency range.  
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3.4.2 Palm vibration transmissibility characteristics and effectiveness of gloves 

The CoV values of the mean normalized palm vibration transmissibility showed 

comparable variability among air and hybrid gloves for M- (air gloves: 7–9% and hybrid gloves: 

5–10%) and H- (air gloves: 9–18% and hybrid gloves: 10–16%) frequency ranges (Table 3.3). 

Vibration reducing material used in the palm area of the hybrid gloves is the same as in the air 

gloves, which may be the possible reason for comparable variability in vibration transmissibility. 

Similarly gel used for construction of the gel-foam gloves in the palm area showed comparable 

variability between the gel and gel-foam groups of gloves in the entire frequency range (3–9% and 

2–13% for the gel and gel-foam gloves, respectively). The CoV values of the gel and gel-foam 

gloves are lower than the air and hybrid gloves while the leather glove showed lowest variability 

(2%) in both the frequency ranges. Higher variability in the air gloves is likely due to dependence 

of effective air pocket/bladder stiffness on the contact area and thus the hand size. The results thus 

suggest the vibration reducing materials have strong influence in the inter-subject variability. 

Laszlo and Griffin, (2011) [69] also reported that vibration reducing materials affect inter-subject 

variability on vibration transmissibility. Relatively lower variability was observed in the peak 

vibration transmissibility (CoV: 2–10%) compared to that in the primary resonance frequency 

shows relatively higher variability (CoV: 9–24%). High inter-subject variability have also been 

reported in different studies [1, 26, 65, 68-71, 76]. Variation in the CoV values between different 

studies may be attributed to the subjects’ size and their hand characteristics (hand size) apart from 

variations in anti-vibration gloves and the materials. Welcome et al. (2012) [18] reported that the 

use of large number of subjects with comparable hand size could help reduce the inter-subject 

variability. 

The peak vibration transmissibility varied more in the gel (1.04–1.22) and gel-foam (1.03–

1.13) gloves as compared with the air (1.13–1.16) and hybrid (1.11) gloves (Table 3.3). The gel 1, 

gel-foam 1 and leather gloves show relatively lower and comparable peak vibration 

transmissibility (1.02–1.04) than that of other gloves (1.11–1.22). The mean normalized vibration 

transmissibility of the gel 1, gel-foam 1 and leather gloves was unity in most of the frequency 

range (Fig. 3.6) which is attributable to higher damping. The gel-foam glove is constructed with a 

layer of thin and soft foam and gel. Same gel is used for construction of gel 1 glove and gel-foam 

1 glove thus the performance of these two gloves is comparable in terms of the peak vibration 

transmissibility. Hamouda et al. (2015) [112] also reported relatively low peak vibration 
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transmissibility for the gel and leather gloves (1.02) as compared with the air and hybrid gloves 

(1.10–1.13), and vibration transmissibility for the gel and leather gloves were close to unity in the 

10–1000 Hz frequency range. Similar trend of vibration transmissibility of an ordinary leather 

glove has been reported in McDowell et al. (2013) [61]. Dong et al. (2009) [17] reported that gel 

gloves exhibit relatively higher damping property as compared with the air gloves. In the present 

study, the air and hybrid (air bladder in the palm) gloves showed consistent performance however 

the performance of gel gloves varied considerably in the M- and H-frequency range (Fig. 3.6, 

Table 3.3).  

3.4.3 Fingers vibration transmissibility and effectiveness of gloves 

The Index and middle fingers showed comparable variability at the M-frequency range (3–

26%), however variability at the index finger (3–63%) was relatively higher than that of the middle 

(8–47%) in the H-range (Fig. 3.7 and 3.8). Studies generally reported high inter-subject variability 

at the fingers [26, 112, 121]. Hamouda et al. (2015) [112] reported relatively lower variability in 

the vibration transmissibility at the index and middle fingers as compared to the variability 

obtained in the present study for both frequency ranges. The variation in the variability in the two 

studies may be attributed to the difference in hand sizes, number of subjects and differences in the 

gloves. Hamouda et al. (2015) [112] also reported lower inter-subject variability in the M-

frequency range as compared to the H- frequency range. Similar trend of inter-subject variability 

at the fingertip vibration transmissibility was reported in Md Rezali and Griffin (2015) [26]. 

The primary resonance frequencies and the corresponding peak magnitudes summarized 

in Table 3.5 are slightly different from that results presented in Figure 3.9. This difference is 

attributed to the averaging effect. Results in Figure. 3.9 is shown in the one-third octave bands, 

while those in Table 3.5 are based on the constant band width spectra. The mean primary resonance 

frequency (122 Hz) at the index finger with bare hand is lower than that obtained at the middle 

finger (174 Hz) (Table 3.5). Welcome et al. (2014) [20] and Hamouda et al. (2015) [112] reported 

lower values of the primary resonance frequency at the middle finger than that at the index finger 

with bare hand. The primary resonance frequency at the index finger with bare hand reported in 

Welcome et al. (2014) [20] and Hamouda et al. (2015) [112] is comparable with the present study, 

however, the primary resonance frequency at the middle finger in both the studies is lower than 

those obtained in the present study. Difference in the primary resonance frequencies between 
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different studies may be due to variation in the subjects’ characteristics. In the present study, hand 

size of the subjects was in the range of 7–10 (Table 3.1), however, hand size of the subjects in 

Hamouda et al. (2015) [112] and Welcome et al. (2014) [20] was in the range of 8–9 and 9–10, 

respectively. Seven subjects among 12 subjects in the present study showed either comparable or 

greater resonant frequency at the index finger than at the middle finger while the rest five subjects 

exhibited relatively higher resonant frequency at the middle finger (174 Hz) than those obtained 

at the index finger. The results thus indicate the effect of hand sizes and the number of subjects on 

the primary resonance frequency. Higher primary resonance frequency at the index finger may be 

due to more finger force and thus higher stiffness [112]. Rossi et al. (2012) [108] reported that 

higher percentage of mean grip force by the index finger with bare hand and higher finger force 

may cause higher finger stiffness. Similarly, Gurram et al. (1995) [106] and Aldien et al. (2005) 

[107] reported higher dynamic force (higher finger stiffness and resonant frequency) by the index 

finger than that of the middle finger at the distal and middle phalanges.  

Wearing a glove increased the primary resonance frequency at the index finger however 

no trend is evident in the primary resonance frequency at the middle finger (Table 3.5). Higher 

primary resonance frequency of gloved hand at the index finger is in line with those reported in 

Hamouda et al. (2015) [112], however Hamouda et al. (2015) [112] reported higher primary 

resonance frequency with gloved hand as compared with the bare hand at the middle finger. 

Welcome et al. (2014) [20] reported negligible effect of the air and gel gloves on the middle finger 

resonant frequency for same grip and push force (30 N grip and 50 N push forces) used in the 

present study. Welcome et al. (2014) [20] also reported similar or lower index finger resonant 

frequency for the gloved hand as compared with bare hand. The differences between the present 

and reported studies are likely caused by variation in the gloves and subjects’ characteristics. Glove 

reduces hand grip strength [18, 27], thus the subjects have to exert muscular force to obtain 

comparable grip strength of 30 N grip force and 50 N push force and thus higher finger force. 

Higher finger force may increase the stiffness of the fingers and the glove material, and thus 

increase the primary resonance frequency [112]. This trend is clearly evident at the index finger 

with all gloves (Table 3.5), however only gel 1, gel-foam 1 and leather gloves showed this trend 

at the middle finger. No clear trend on the change in the primary resonance frequency at the middle 

finger may be due to finger anthropometry of the subjects and uneven contribution of middle finger 

in grip force exertion. Proportion of grip force by index finger might have been more with some 
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subjects while the other subjects might have used fairly large proportion of middle finger force. 

This is also evident from the higher inter-subject variability in the primary resonance frequency at 

the middle finger as compared with the index finger (Table 3.5). Furthermore, variation in the 

primary resonance frequencies of the gloved hand at the middle finger is considerably higher with 

CoV in the range of 16–54% than at the index finger in the range of 12–29% (Table 3.5). The 

results also show that the materials of the gloves have effect on the primary resonance frequencies 

at the middle finger. Gel is used for construction of gloves in the finger area for the gel, hybrid and 

gel-foam gloves and the gel material used for construction of gel 1 and gel-foam 1 gloves is same. 

The primary resonance frequency (229–270 Hz) of the gel 1 and gel-foam 1 gloves at the middle 

finger is considerably higher than the primary resonance frequency (126–174 Hz) of other gloves 

used in the study with exception of leather glove (primary resonance frequency–268 Hz). 

Furthermore, in general, the gel materials used in gloves revealed lower primary resonance 

frequency than the air gloves at the middle finger. Lower primary resonance frequencies of the gel 

gloves than the air gloves have been reported at the index finger in Welcome et al. (2014) [20]. Xu 

et al. (2011) [109] reported that the air glove revealed higher primary resonant frequency than the 

gel glove.  

The peak vibration transmissibility at the index finger is greater than those obtained at the 

middle finger (Table 3.5), irrespective of the gloves. Similar trend has been reported in Hamouda 

et al. (2015) [112] and Welcome et al. (2014) [20]. Comparison of the peak vibration 

transmissibility with bare hand and gloved hand revealed that the peak vibration transmissibility 

is reduced with the gloved hand for both the fingers as compared with that of the bare hand with 

exception of gel 2 glove where the peak vibration transmissibility is higher than that obtained with 

bare hand for both fingers (Table 3.5). Gel 2 glove was constructed with perforated gel which may 

be reason for low damping property. Hamouda et al. (2015) [112] reported higher peak vibration 

transmissibility for the air glove than that of the bare hand for both fingers. Welcome et al. (2014) 

[20] reported comparable peak vibration transmissibility with the air glove and slightly lower peak 

vibration transmissibility with the gel glove finger as compared with the bare hand at the index 

under same experimental conditions however slightly higher peak values at the middle fingers for 

both gloves as compared with the bare hand. 
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Normalized vibration transmissibility shows generally good vibration attenuation 

characteristics of the gloved hand at the index (30–160 Hz) and middle (10–200 Hz) fingers (Fig. 

3.10) and thus gloves are suitable for reducing vibration exposure of the fingers, especially for the 

hand-held power tools with dominant vibration in this frequency range. Some gloves however 

amplified fingers vibration at frequencies greater than 160 Hz for the index finger and greater than 

200 Hz for the middle finger until the cut-off frequency. Welcome et al. (2014) [20] reported that 

the air and gel gloves are not suitable for frequencies between 80–400 Hz which agrees for gel 2 

glove at the middle finger in the present study. Cut-off frequency of most of the gloves at the index 

finger is ≈160 Hz with exception of gel 1, gel-foam 1 and hybrid 2 gloves which showed cut-off 

frequency at ≈600 Hz. Cut-off frequency of most of the gloves at the middle finger is ≥ 600 Hz 

with exception of air 2, 3 and gel 2, 3 gloves with cut-off frequency ≤ 160 Hz. Leather glove 

exhibit cut-off frequency >1000 Hz for both fingers. Hamouda et al. (2015) [112] reported cut-off 

frequency ≈160 Hz for the air glove and ≈600 Hz for the gel and hybrid gloves at both fingers. 

The study also reported cut-off frequency ≈600 Hz at the index finger and >1000 Hz at the middle 

finger for the leather glove. Welcome et al. (2014) [20] reported 450 Hz and 400 Hz cut-off 

frequencies at the mid-phalanges of the index and middle fingers under 30 N grip and 50 N push 

force, irrespective of the air and gel gloves. The difference in the cut-off frequencies between 

different studies may be attributed to the types of gloves and subjects’ characteristics. 

 

One of the important factors affecting the vibration isolation performance of VR gloves is 

the frequency weighting [112]. Use of standardized hand weighting (Wh) to obtain vibration 

transmissibility at the fingers can overestimate low-frequency effects and greatly underestimates 

high-frequency effects on the development of finger disorders [94]. Hamouda et al. (2015) [112] 

presented the effect of finger (Wf) and hand (Wh) weighted vibration transmissibility at the mid-

phalanges of index and middle fingers. The study reported comparable performance of the gloves 

with both frequency-weighting in the M-frequency range (25–200 Hz) however the weighting has 

a larger effect in the H-frequency range (200–1250 Hz). In the present study, the frequency-

weighted vibration transmissibility of the majority of gloves were comparable with frequency-

unweighted vibration transmissibility at both fingers under M-frequency range with exception of 

air 1 glove at the index finger (Wh-weighted transmissibility=0.66) and gel 2 glove at the middle 

(Wf-weighted transmissibility=1.12) (Table 3.6). Generally, the finger weighted (Wf) 
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transmissibility values are either comparable or greater than the frequency-unweighted values at 

the index finger except the leather glove and at the middle finger for all the gloves in the H-

frequency range. Comparison of vibration transmissibility revealed comparable or better vibration 

attenuation with Wh-weighted than that obtained with Wf-weighted for all the gloves at both fingers 

in the H-frequency range. The Wf-weighting underestimates the high-frequency effects [94]. Thus, 

the performance of the gloves depends on the weighting factor.  

3.4.4 Effect of VR gloves on grip strength 

Studies have reported that glove reduces hand grip strength [18, 27, 81, 83, 91, 118]. The 

results of the present study also show same trend however reduction in the hand grip strength 

varied among different gloves. Reduction in the grip strength (29–41%) of air group of gloves in 

the present study (Table 3.7) is comparable to the 30.7–40.3% in Welcome et al. (2012) [18] and 

29–34% and 33.1–36% for 30 and 40 mm handle, respectively in Wimer et al. (2010) [27] for air 

gloves. Gel group, hybrid group and gel-foam group of gloves exhibited comparable grip strength 

reduction ranging from 28–32%. Wimer et al. (2010) [27] obtained 29% and 35% reduction in 

hand grip strength for 30 and 40 mm handle, respectively with gel glove. Air 1 glove exhibited the 

greatest reduction (41%) while reduction was least (16%) with leather glove (Table 3.1). Thickness 

of the leather glove was lowest which may be the reason for very less reduction in the grip strength. 

The air 1 glove however was thinner than other air gloves but reduction in hand grip strength was 

highest. Though the gel-foam 2 glove has largest thickness but reduction in the grip strength was 

comparable with thinner gloves. It is thus deduced that reduction in the grip strength could not be 

established from thickness of the glove but stiffness of the glove may also play an important role 

in reduction of hand grip strength. Further study on gloves with different thickness and stiffness 

may provide more insights on reduction in hand grip strength.   

3.4.5 ISO 10819 and effectiveness of VR gloves 

Performance evaluation of a glove solely based on the vibration transmissibility 

characteristics at the palm using three subjects’ data is questionable. Comparison of the mean 

normalized vibration transmissibility magnitudes in the M- and H- frequency ranges (Table 3.3) 

show that air 1, hybrid 1&3 and gel 2 gloves pass the criteria of anti-vibration glove according to 

ISO 10819 (2013) [24] and thus can be classified as anti-vibration (AV) gloves. However, ISO 

10819 (2013) [24] requires 3 subjects for screening test to be classified as anti-vibration glove. 
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The present study was performed with 12 subjects and the vibration transmissibility obtained from 

3 subjects of different combination shows that air (1, 2 and 3) and hybrid (2 and 3) gloves can pass 

the screening criteria by few combination of 3 subjects however it fail the screening criteria from 

another few combination of 3 subjects (Table 3.4). Thus 3 subjects in the ISO 10819 (2013) [24] 

are questionable. Furthermore, a glove can pass the screening test in one laboratory, however it 

may not pass in another with different subjects. Hewitt et al (2015) [19]; Hamouda et al. (2015) 

[112] also reported concern on the number of subjects required in the standardized screening test 

of AV gloves. Thus the number of subjects required for assessing anti-vibration glove should be 

more. Number of trials by a subject has been increased from 3 to 5 while revising ISO 10819 

standard. The present study shows that intra-subject variability is less than the inter-subject 

variability. Thus increasing number of trials may not change the performance of the glove. 

However, it is suggested that number of subjects should be increased in the ISO 10819 standard. 

 

Vibration attenuation characteristics of the glove at the finger and palm differs (Tables 3.3 

and 3.6) which is attributed to the difference between the palm and fingers vibration transmission 

characteristics and hand anthropometry of subjects. Thus a glove designated as anti-vibration may 

be good for vibration attenuation at the palm but may amplify vibration at the fingers. For example, 

gel 2 glove shows vibration transmissibility in the M- and H-frequency ranges of 0.79–0.86 and 

0.53–0.56, respectively (Table 3.4) and pass the anti-vibration criteria of ISO 10819 (2013) [24]. 

This glove however shows amplification of normalized frequency-weighted and frequency-

unweighted vibration transmissibility at the middle finger in M-frequency range (Table 3.6) and 

normalized frequency-weighted and frequency-unweighted vibration transmissibility shows unity 

or amplification in the 10–200 Hz frequency range at both fingers (Fig. 3.9 and 3.10). Md Rezali 

and Griffin (2015) [26] suggested that measuring the vibration transmissibility at the palm of the 

hand is not sufficient to assess an ‘anti-vibration’ glove. Furthermore, glove pass the screening test 

of anti-vibration glove however reduces grip strength considerably and thus affecting dexterity. 

For example, however hand grip strength was reduced by 41% and the glove will be affecting 

finger motion and thus performance of the hand held power tools.  

 

The vibration transmission characteristics of the fingers and palm are different. The results 

of vibration transmissibility in the present study show that different vibration reducing materials 
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in the palm and fingers may be better for vibration attenuation. Hamouda et al. (2015) [112] 

suggested that the requirements of same material in the palm and fingers regions of the glove (ISO 

10819, 2013) may not be beneficial for enhancing the performance of a glove. 

3.5 Conclusions 

Velcro finger adapters showed very good repeatable and reproducible data of vibration 

transmissibility at the index and middle fingers and thus Velcro adapter can be used for finger 

vibration measurement. VR materials have strong effect on the inter-subject variability at the palm 

and fingers. Generally, air bladder showed relatively higher variability in the vibration 

transmissibility than with the gel, gel-foam and leather. The vibration isolation performance of 

gloves also depends on the type of VR material. VR gloves amplified the low frequency vibration 

(10–40 Hz) at the palm, however vibration is generally attenuated >40 Hz. Vibration is attenuated 

in the 30–160 Hz frequency range at the index finger and 10–200 Hz at the middle finger. Most 

gloves showed cut-off frequency ≈160 Hz at the index finger while the cut-off frequency was 

generally >600 Hz at the middle finger. Only leather glove showed cut-off frequency greater than 

1000 Hz. The VR gloves generally reduced the peak vibration transmissibility at both the fingers 

however the gloves showed higher primary resonant frequency at the index finger as compared 

with the bare hand. VR gloves showed comparable vibration transmissibility at both the fingers in 

the M-frequency range, irrespective of the frequency-weighting and frequency-unweighting while 

relatively higher effect of weighting was evident in the H-frequency range. The Wh weighting 

underestimated both fingers transmissibility magnitudes in the H-frequency range as compared 

with the unweighted values, however this was not evident in the M-frequency range. Results 

revealed that a glove may pass the screening criteria in ISO 10819 (2013) [24] with one group of 

3 subjects while it may not pass the screening criteria with another group of 3 subjects. Air, gel, 

hybrid and gel foam gloves reduced nearly 30% hand grip strength.  
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4. CONCLUSIONS AND RECOMMENDATIONS OF FUTURE WORK 

4.1 Major Contributions  

This dissertation’s main focus was the development of a finger adapter capable of 

characterizing fingers vibration transmission performance of VR gloves so as to build upon 

methods for assessing integrated performance in terms of vibration isolation effectiveness at the 

palm and fingers, and preservation of grip strength and manual dexterity. The dissertation research, 

however, was limited to assessments based on vibration transmission and grip strength reduction 

properties of VR gloves. The major contributions of the dissertation research are summarized 

below: 

i. Design of a finger adapter (Velcro) capable of measuring the vibration transmitted to the 

fingers with and without the gloves with good repeatability and reproducibility. 

ii. Vibration transmissibility measurements of different VR gloves at the index and middle 

fingers under the standardized vibration spectrum and spectra of three different hand power 

tools. 

iii. Measurements of grip strength reductions due to VR gloves. 

iv. A methodology for predicting fingers vibration characteristics of VR gloves under the 

vibration spectra of the selected tools so as to seek guidance on tool-specific gloves 

designs.  

v. Assessment of the integrated performance of VR gloves based on the vibration isolation 

effectiveness at the palm and fingers, in addition to the effect of the gloves on the grip 

strength reduction. 

vi. The relative significance of the standardized hand weighting and the proposed finger-

weighting for assessing overall vibration transmissibility of gloves at the fingers. 

4.2 Major Conclusions  

Major conclusions drawn from the study are summarized below: 

i. Velcro finger adapters offer a reliable and convenient mean for measurements of 

transmitted vibration at the fingers with and without the gloves. The adapters also exhibited 

repeatable and reproducible finger vibration measurements.  
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ii. The vibration responses measured at the fingers differ significantly from those at the palm. 

Vibration isolation performance of gloves at the palm and the fingers strongly depend on 

the properties of the VR materials employed, the number of subjects participating in the 

glove test, the different hand sizes and the vibration transmission characteristics of these 

subjects. 

iii. VR gloves considered in this study, generally showed amplification of low frequency 

handle vibration (10–40 Hz) transmission at the palm and vibration attenuation at 

frequencies greater than 40 Hz. Some of the gloves, however, showed almost unity 

vibration transmissibility at the palm over the entire frequency range.  

iv. Gloves that employ air bladder in the palm showed superior vibration isolation in the H-

frequency range compared to those with gel, gel-foam or leather materials. Only one of the 

gel gloves showed better isolation performance than the air gloves.  

v. VR gloves that are designated as AV gloves based on 12 subjects data, may not pass the 

standardized screening test when a particular group of only three subjects is considered as 

recommended in the standard. Increasing the number of subjects therefore is essential for 

enhancing performance assessment of VR gloves.  

vi. Different from the palm, the VR gloves attenuated vibration transmitted to fingers in the 

10–200 Hz frequency range, with exception of only two gloves, which showed some 

vibration amplification in this frequency range. At frequencies greater than 200 Hz, most 

of the gloves amplified vibration transmitted to the middle finger. This trend was also 

observed for a few gloves in the index finger vibration measurements.  

vii. A glove can be considered as an AV glove according to the standard, although it amplifies 

vibration transmitted to the fingers. It would thus be important to include a screening 

criteria on the basis of fingers’ responses measured at the fingers. 

viii. The vibration isolation performance of VR gloves in the M-frequency range was not 

affected by the frequency weighting method utilized, while the effect of weighting was 

clearly evident in the H-frequency range. The application of the standardized Wh-weighting 

generally resulted in superior performance of gloves compared to that obtained with the 

proposed finger (Wf) weighting. The Wh-weighting is considered inadequate for assessing 

VR gloves performance in terms of vibration transmissibility at the fingers.  



  

87 

 

ix. The VR gloves comparably reduced the hand grip strength, with the exception of only one 

glove (leather) that showed considerably lower effect. A correlation between the grip 

strength reduction and the glove thickness could not be established. The glove that showed 

the largest reduction in the grip strength (air 1) did not possess the largest thickness 

amongst the gloves.  

x. The hybrid glove, constructed with air pockets and gel-foam in the palm- and fingers-

regions, respectively, showed relatively lower hand grip reduction and superior vibration 

isolation performance. The VR glove designs with different isolation materials in the palm 

and fingers areas may thus yield improved vibration isolation and hand grip force 

performance.  

xi. The frequency response functions (FRFs) could be effectively used to estimate fingers 

vibration transmissibility characteristics of VR gloves under vibration spectra of different 

tools considered in this study. 

4.3 Recommendations for future work 

This dissertation successfully developed Velcro finger adapters to measure the vibration 

transmitted to the fingers. The adapters demonstrated high degrees of repeatability and 

reproducibility for fingers vibration measurements. The dissertation also assessed the integrated 

performance of VR gloves based on the vibration transmissibility performance at the palm and fingers, 

in addition to the effect of gloves on the deterioration in the hand grip strength. However, the need for 

additional efforts is recognized to seek enhanced integrated performance of VR gloves, and to develop 

reliable methods for assessing performance of VR gloves. Some of these are summarized below: 

 

i. Although Velcro adapters showed high degree of repeatability, the validity of the 

measurements, however, could be further verified using optical methods of measurements.  

ii. Efforts are needed to define performance measures of VR gloves on the basis of vibration 

transmission, and preservation of grip strength and manual dexterity. For this purpose, 

method for measuring dexterity needs to be established. 

iii. Thorough studies on different vibration isolation materials should be undertaken so as to 

identify palm- and fingers-regions materials for realizing glove designs with optimal 
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integrated performance. This would also require developments in the methods for 

characterizing visco-elastic properties of materials.  

iv. The vibration isolation performance of VR gloves is tool specific, hence it would be 

beneficial to conduct field measurements of vibration transmissibility of gloves with 

different hand power tools. This could not only help to categorize the gloves according to 

their isolation performance with each specific tool, but also contribute to methods for 

predicting tools-specific performance in a reliable manner.  

v. It would be worthy to develop simulation models of the VR gloves, which could help 

predict their performance when coupled with biodynamic model of hand-arm system. 
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