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Abstract

:

The ISO Standard 10819:2013 defines the method for evaluating the performances of antivibration (AV) gloves, but when used in real fields, the protection can be dissimilar to that labeled. This paper investigates the transmissibility, at the palm level, of three different types of AV gloves (air, gel, neoprene) and an ordinary leather glove, during the use of four similar electric hammers (average weight of 10 kg, and average impact energy of 18 J), in a limestone quarry plant. As the average triaxial transmissibility for all the hammers, results show very limited benefits in reducing the vibration (6%), with no significative differences among the different gloves. The working leather glove, instead, shows a transmissibility quite equal to the unit. Anyway, results can be different for the same glove when used among the different hammers, providing in some cases 19% of protection. Some differences can be found regarding the transmissibility through the three main axes for the same type of glove: the glove in gel seems to perform better in shear than in compression. The transmissibility in compression is around 20% higher than that provided by the manufacturers of the certified gloves. The usage of specific excitation curves during laboratory tests could help in providing a more accurate estimation of the transmissibility of the gloves when used with a specific tool.
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1. Introduction


Pneumatic and electric hammers are widely used among many industrial and construction sectors, including mining activities, because of their versatility in drilling or splitting rocks and concrete, such for producing holes or little demolitions, often required for placing anchor bolts that support infrastructures, conduit, pipes, machinery, setting rebar, seismic upgrades. In developing countries, they are still commonly used in extraction activities of little quarries and mines, and moreover, they remain worldwide preferred in many secondary processes, such as small rock scaling activities or block shape redefinition.



These kinds of tools are known to produce high levels of vibration [1,2,3,4] that can be at the origin of several illnesses, better known as hand–arm vibration syndromes (HAVS) [5,6,7], moreover, they can generate high levels of vibration in low frequencies (around 31.5 Hz or lower), which are very hard to dissipate using mechanical devices directly applied to the hammers [8].



One of the recommended solutions is to reduce the exposure time, but this strategy does not appear suitable in many of the most common work situations, mainly because of organizational difficulties, and the increment of costs.



Wearing personal protection equipment (PPE), such as antivibration (AV) or vibration-reducing (VR) gloves, can provide a solution for reducing the vibration. For this reason, in the last years, we assisted in an increase in the production and distribution of this equipment, facilitated also by their relatively low cost, and the labeled promising performance. Anyway, the capability of these solutions to protect workers is not always proven, especially when used with percussive tools [9,10,11].



The ISO Standard 10819:2013 [12], defines the method for testing and evaluating the performance of the gloves, specifying the properties that gloves must have in terms of transmissibility, evaluated as the ratio between the vibration measured at the palm level inside the glove and that measured in the same conditions in a bare adaptor test. The standard specifies the minimum protection required for the glove for being labeled as antivibration: at least 10% of protection in the middle range of frequencies (25–200 Hz), and at least 40% in the high frequencies (200–1250 Hz).



Some researchers pointed out that the standardized tests cannot be considered representative of what happens when the gloves are used in real fields, with tools producing vibrations different from those reproduced on the instrumented handle during laboratory tests [10,13,14,15]. Furthermore, the ISO Standard protocol provides to measure the acceleration only along the forearm axis (in compression) and applies a fixed level of push and grip forces. In the real field, the accelerations are three-axials, so the gloves should be able to reduce the vibration not only in compression but also in shear. This means that laboratory tests should measure also the properties of the gloves along the x and y axes, in order to avoid errors in the estimation of the provided protection [10,16]. Moreover, the force applied by workers varies according to the job and the tool used, resulting in possible variations of the transmissibility provided by the gloves [17,18].



Additionally, since antivibration gloves are often thicker and stiffener than ordinary working gloves, the force applied by the workers may intensify, resulting in a possible reduction of dexterity, increasing the risk of musculoskeletal disorders, and affecting the safe use of the tool [19,20]. This must be considered, especially in all the cases in which the protection provided by the gloves is little, and an intensive force is required to manage the tools.



Users should also be aware that using certified AV gloves does not always mean having some benefit, even if different from that labeled, since in some cases the reduction of the vibration provided by AV gloves resulted similar to that provided by normal working gloves [10,21].



In light of the previous considerations, this paper aims to investigates the properties of three different kinds of antivibration (AV)/vibration-reducing (VR) gloves, when used in the real field for chiseling limestone rocks, using four types of electro-pneumatic hammers in a quarry plant. Results are also compared with the transmissibility provided by an ordinary working leather glove, similar to those normally used by workers for this kind of job.




2. Materials and Methods


2.1. Materials


Since electro-pneumatic hammers are of different weights and average impact energy, in the present study we limited the investigation to similar tools, choosing hammers of around 10 kg and with the energy of each pulse during chiseling in the range 12–23 J. The technical specifications of the hammers and the chisels used are reported in Table 1.



A 3-D printed modified hand-held adaptor was used for helping the subjects to maintain the accelerometer inside the glove in a fixed position during the trials. It was previously specifically designed and tested for measurements of the transmissibility of AV gloves [22]. Both the dimensions and the weight of the adaptor meet those reported in the standard ISO 10819:2013 [12], with a little variation (1.45 mm higher), since we needed to insert a 10 mm cube accelerometer (Larson & Davis three-axial SEN 040F (Larson & Davis, Provo, UT, USA), 5 g weight).



The adaptor was printed using an FDM (fused deposition modeling) printer, with a 1.75 mm filament of polylactide (PLA) and 0.4 mm nozzle at 70% of infill. An indicator (landmark) was drawn along the longitudinal axis of the adaptor, so users could easily check the correct position of the accelerometer during the measurements, reducing misalignments inside the gloves, Figure 1a,b. The landmark comes out through a little slit in the seam of the glove, made between the thumb and index finger.



A second accelerometer (Larson & Davis three-axial SEN 020 040F (Larson & Davis, Provo, UT, USA), 14 mm × 20.3 mm × 14 mm, 10.5 g weight) was fixed on the rear handle of the hammers, as close as possible to the hand position, with the same orientation of the accelerometer inside the adaptor, Figure 1c. This accelerometer was firmly secured using a hose metal clamp.



A multi-channel data acquisition system (Sinus Apollo Light Box_LT_8Ch, SINUS. Messtechnik GmbH, Leipzig, Germany) was used for collecting data. Measurements of the accelerations were analyzed by the software Samurai (Version 2.10.3.368, SINUS. Messtechnik GmbH, Leipzig, Germany), while both the software SPSS (Version 29.0, IBM, New York, NY, USA) and Excel (Version 2303, Microsoft, Redmond, WA, USA) were used for statistical analysis. The accelerometers were checked using the calibrator PCB 394C06 before and after each set of measurements.



Four types of gloves were analyzed, three of them with anti-vibration properties, and a normal working leather glove as reported in Figure 2. Table 2 reports the specifications of the gloves, those in air and neoprene are both certified as antivibration according to the ISO Standard 10819:2013.




2.2. Experimental Activity


All the tests were performed on the same kind of rock, in a limestone quarry plant, with the chisel perpendicular to the ground. The subjects recruited for the tests were three healthy male workers, with at least 1 year of experience in the use of electro-pneumatic hammers. Subjects’ data are reported in Table 3. For each measurement, the subjects maintained approximately the same body and hand–arm posture, holding the tools with both the hands on the rear and lateral handles, Figure 3.



Measurements were taken only on the right hand, positioned on the rear handle of the tools. Since our purpose was to measure the transmissibility of the gloves during their real usage, we did not control the applied forces. Thus, the subjects were asked to use the tools as workers do in real jobs, letting them be free to vary the grip and push forces as needed.



Four trials for each subject were performed using the same glove and hammer. Each subject used all the tested gloves and all the hammers, performing a total of 64 trials. More trials than those reported in the analysis were performed, choosing only those considered “good”: no breaks during the measurement, no movement of the hand, and no problems of the inconsistency of the rock. Every trial lasted around 15 s, without moving the hammer after the beginning of the penetration. All the tests were randomized for each of the used hammers, following the scheme reported in Figure 4. The scheme reports a single session of measurements, each session was repeated four times for each hammer. A total of 192 measurements were collected for the analysis. A break of around 20–30 min was made after each session for checking the data and letting subjects rest. Measurement recordings started approximately 5 s after the tool was in function, lasting for 10 s, and ended before the tool stopped functioning. The average 15 s duration of the trials was considered adequate both to ensure uninterrupted chiseling during each measurement cycle and to provide the stabilization of vibration data, other than to allow removal of the chisel from the rock. A different penetration point was chosen for each trial.




2.3. Data Analysis


The corrected hand–arm weighted (Wh) vibration transmissibility was calculated, starting from the one-third octave frequency analysis (i-th) of the measured accelerations, according to the following formulas based on the method provided by the ISO Standard 10819:2013, using the bare hand adaptor acceleration instead of the bare adaptor acceleration.
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where




	
Tb(T)–Tb(M)–Tb(H) are the total–medium–high “bare-hand” transmissibility measured when iL = 6.3 Hz and iU = 1250 Hz; iL = 25 Hz and iU = 200 Hz; iL = 200 Hz and iU = 1250 Hz, respectively;



	
Abxi–abyi–abzi are the accelerations measured at i-th frequency on the bare hand for x-y-z-axis, respectively;



	
Whi is the hand-arm weighted value for i-th frequency;



	
aRxi–aRyi–aRzi are the accelerations measured at i-th frequency on the handle of the tool for x-y-z-axis, respectively;
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where



	
Td(T)–Td(M)–Td(H) are the total–medium–high “direct” transmissibility measured when iL = 6.3 Hz and iU = 1250 Hz; iL = 25 Hz and iU = 200 Hz; iL = 200 Hz and iU = 1250 Hz, respectively;



	
agxi–agyi–agzi are the accelerations measured at i-th frequency on the gloved hand for x-y-z axis, respectively;
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(3)




where



	
Tc(T)–Tc(M)–Tc(H) are the total–medium–high “corrected” transmissibility measured when iL = 6.3 Hz and iU = 1250 Hz; iL = 25 Hz and iU = 200 Hz; iL = 200 Hz and iU = 1250 Hz, respectively.






Statistical analysis was performed using ANOVA one-way test for multiple comparisons and Tukey test for pair comparisons, in all cases in which data were normally distributed. In case of not normally distributed data, or when samples were limited, we preferred not parametric tests: Friedman test for multiple comparisons and Wilcoxon signed-rank tests for pair comparisons in case of data collected from the same subject and the same hammer on different gloves; while the Kruskal–Wallis test for multiple comparisons and Mann–Whitney U test for pair comparisons were used for independent data set, such in case of the same subject using different hammers and different gloves.





3. Results


3.1. Hammers’ Vibration


The average weighted triaxial acceleration spectra, measured both on the handle (aR(x,y,z)) and inside the adaptor (bare hand) (ab(x,y,z)), are reported in Figure 5. These two vibrations show some differences due to the different locations of the accelerometers, other than to the variation of the force applied, and to the biodynamic response of the hand [23]. The value of the triaxial acceleration directly measured on the handle is generally higher, especially in the high frequencies range, while the opposite can happen at the percussion frequencies. In our measurements, the average difference for the Wh-weighted acceleration is around 1 m/s2, except for the hammer Metabo (Metabowerke GmbH, Nuertingen Germany), which resulted in 3.4 m/s2 (standard deviation 0.2 m/s2).



One of the possible reasons is that the hammer Metabo 845 BL (Metabowerke GmbH, Nuertingen Germany) is equipped with a vibration-reducing system consisting of a spring—or some other damping material—connected to one side of the handle, close to the trigger, while the other side is fixed with a hinge. For this type of configuration, it is expected to have higher reduction of the vibration in the upper part of the handle, as shown in Figure 6. The same vibration-reduction system is actually assembled also on the hammer Makita (Makita Corporation, Aichi, Japan), but in this case, it did not show the same capability to reduce the vibration. This could be due to the different magnitude of the accelerations at the high frequencies between the two hammers. Additionally, it must be considered that the hammer Metabo was at its first usage, while the hammer Makita had several years of work, and this could have affected the efficiency of the vibration-reducing system.




3.2. Vibration Spectra Comparisons and Transmissibility


Figure 7 reports the triaxial Wh weighted accelerations measured both on the bare hand adaptor (ab(x,y,z)) and wearing the gloves (ag(x,y,z)). These two measurements cannot be conducted at the same time, and in our case of real field investigations, the acceleration produced by the hammers varies at any trial.



For this reason, data reported in Figure 7 are not the real capability of the gloves to reduce the vibration, but only a comparison of the average vibration measured using the adaptor inside and outside the gloves. An estimation of the capability to reduce vibrations is calculated hereinafter using also the data measured by the reference accelerometer.



Comparing the values, at the main percussion frequencies (variable from 31.5 Hz to 63 Hz depending on the hammer) measured using the adaptor, the acceleration inside the gloves is smaller than that on the bare hand for almost all the used hammers, except for the hammer Kango 950 K (Milwaukee Electric Tool Corporation, Brookfield, WI, USA).



In low frequencies (below 25 Hz), for almost all the hammers, the vibration measured inside the gloves results are similar to that measured on the bare hand, while at high frequencies, over 200 Hz, the opposite happens, except for the hammer Wurth (Wurth, Künzelsau, Germany) in which both the data are very similar.



Table 4 and Table 5 report the average (48 and 12 trials, respectively), Wh-weighted transmissibility for each used hammer and glove, calculated using the corrected method, both as triaxial Tc(T) and for each single axis Tc(x), Tc(y), Tc(z) in the entire frequency range 6.3–1250 Hz. In the same tables are also reported the Wh weighted transmissibility measured only along the z-axis, both in the middle frequencies Tc(M-z) (25–200 Hz) and in the high frequencies Tc(H-z) (200–1250 Hz), as indicated by the ISO Standard 10819:2013. Table 6 reported the triaxial transmissibility among the different hammers and subjects.



Considering the transmissibility within the entire frequency range (6.3–1250 Hz) reported in Table 4, the range of protection results is very limited and similar for all the tested AV/VR gloves, varying from 4% (Tc(T) = 0.96) for the air glove, to around 8% (Tc(T) = 0.92/0.93) for the gloves in neoprene and gel. In any case, the statistical analyses (ANOVA alpha = 0.05) do not confirm the differences among the three AV/VR gloves (p-value = 0.0872). So, in this case, an average protection of around 6% can be considered representative of all the tested AV/VR gloves. The transmissibility of the leather glove differs from the others and is quite equal to one (Tc(T) = 1.02; Tukey p-value = 0.0017), showing absence of protection.



Statistical analysis generally confirms the differences in transmissibility for the same type of glove among the different axes, except for the glove in air (ANOVA p-value = 0.5829). In particular, the glove in neoprene performs better along the x-axis compared to the y-axis (Tukey p-value = 0.0029), the glove in leather performs better along both the x and z axes compared to the y-axis (Tukey p-value = 0.003) and the glove in gel performs better in shear along the x-axes (Tc(x) = 0.82), than in compression along the z-axis (Tc(z) = 0.94) (Wilcoxon p-value < 0.00001).



To compare the results to the method of calculation used by the ISO Standard 10819:2013, the transmissibility along the z-axis, both in the middle frequencies Tc(Mz) (25–200 Hz) and in the high frequencies Tc(H-z) (200–1250 Hz), is also reported. In the middle frequencies, the protection provided by the AV/VR gloves is very limited and varies from 5% (gel glove) to 7% (neoprene glove), without statistical differences (ANOVA p-value = 0.5826), so an average transmissibility of Tc(M-z) = 0.94 (6% of protection) can be considered representative for this range of frequencies.



In the high frequencies, the protection provided by the AV/VR gloves is higher. For the gloves in air and neoprene, the transmissibility is similar (Tukey p-value = 0.7841), so an average protection of 34% can be considered representative. Minor protection (19%) is provided by the glove in gel (Tukey p-value = 0.001). The leather glove does not provide protection both in the middle (Tc(M-z) = 1.01) and in the high (Tc(H-z) = 0.98) frequency range.



Both the gloves in air and neoprene are classified by the manufacturers as antivibration (AV) according to the ISO Standard 10819:2013, but as shown above, the protection measured in our investigation results is lower than that label. As reported in Table 2, the declared transmissibility in the middle frequencies range is Tc(M-z) = 0.75 for the air glove and Tc(M-z) = 0.86 for the neoprene glove, while when used with our hammers both result higher: Tc(M-z) = 0.94 and Tc(M-z) = 0.93, respectively. The declared transmissibility in the high frequencies is Tc(H-z) = 0.45 for the air glove and Tc(H-z) = 0.59 for the neoprene, these too, resulting differently from those measured in our measurements campaign: Tc(H-z) = 0.65 for the air glove and Tc(H-z) = 0.68 for the neoprene glove.



Table 5 examines the transmissibility within the entire frequency range (6.3–1250 Hz) for each type of the used hammer. The air glove shows a triaxial transmissibility very similar when used with the hammers Wurth, Metabo, and Makita, providing protection around 6% (Tc(T) = 0.93–0.94), while when used with the hammer Kango 950 K, it is not able to provide protection Tc(T) =1.02. For the glove in gel, the Kruskal–Wallis test confirms some differences among the different types of hammers, in particular when used with the hammer Wurth MH 10 E, this kind of glove provides protection of around 20% (Tc(T) = 0.81) (Mann–Whitney U Test p-value < 0.0002), while, when used with the hammer Kango 950 K, it does not provide protection (Tc(T) = 1.01; p-value < 0.0285). No statistical differences are found when the gel glove is used with the other two hammers, showing an average protection of around 7%.



Regarding the glove in neoprene, statistical analysis shows that the only difference in transmissibility is when it is used with the hammer Kango 950 K (Tc(T) = 1.05; p-value < 0.002), while for the rest of the hammers, the triaxial transmissibility can be considered as the average of those reported in Table 5: Tc(T) = 0.88 (p-value > 0.47). Regarding the leather glove, the statistical analysis does not show differences in the vibration reduction among the hammers, so the transmissibility can be considered equal to 1.



When AV/VR gloves are used with the hammer Kango 950 K, the average triaxial transmissibility results are similar to that measured using the working leather glove. The reason could be due to the fact that at the peak percussion frequency of 31.5 Hz, all the tested gloves amplify the vibration. There are no deep differences in terms of weight and average impact energy comparing this hammer to the others.



The standard deviation of the transmissibility along y-axis is larger across all types of gloves and hammers (Table 5), especially in the middle frequencies range (25–200 Hz). In our measurements, this trend is always confirmed across the hammers and gloves. We did not notice differences in S.D. among the subjects, so we exclude something related to the different morphology of the hand, posture, or force applied by one of them. As far as we know, in the literature, there is a lack of data reporting the S.D. of the transmissibility on electro-pneumatic hammers among the different axes when used in real field. These data would have been useful for comparison. We checked for possible variability of the acceleration along the y-axis among the different trials, but we did not find evidence of that. Maybe the orientation of the chisel, in our case parallel to the y-axis, other than the posture of the subjects (similar for everyone) could have induced variability of the force applied by the subjects along y-axis. Further investigations, also changing the orientation of the chisel, are needed for better evaluating these findings.




3.3. Transmissibility Spectra Analysis


The frequency analysis of the transmissibility, for each single axis and for the triaxial vector, is reported in Figure 8 as the average of all the used hammers, while Figure 9, Figure 10, Figure 11 and Figure 12 reported the transmissibilities measured for each single hammer.



3.3.1. Triaxial Spectra Analysis


Triaxial transmissibility (Tc(T)) reported in Figure 8, shows that all the tested gloves have very similar behavior, and are not, in general, able to reduce vibrations in frequencies lower than 40 Hz. Considering that the hammers used for our investigations have a typical peak of vibration at 31.5 Hz, can be explained why the tested AV/VR gloves are not, in general, able to provide good protection with these kinds of tools.



Examining the differences among every single hammer in the low frequencies (6.3–50 Hz), the gloves in gel and neoprene can reduce some vibration when used with the hammer Wurth MH 10 E (Figure 11). The average value of the triaxial transmissibility in this range of frequencies is Tc(T) = 0.80 for the gel glove and Tc(T) = 0.88 for the glove in neoprene. When used with the rest of the hammers, the transmissibility results are higher: Tc(T) = 0.96 for the gel glove and Tc(T) = 0.97 for the neoprene glove. The glove in the air is less capable to reduce the triaxial vibration in this range of frequencies (6.3–50 Hz), showing an average transmissibility quite flat and equal to the unit, similar to that provided by the working leather glove. In some cases, both previous gloves produce a little increment of vibration (Figure 9 and Figure 10).



Over 50 Hz, all the tested gloves are in general able to reduce some vibration. Examining the overall average triaxial transmissibility (Figure 8), the behavior of the tested AV/VR gloves in the range of 50–400 Hz is similar, providing a protection variable in the range of 11%–17%, while the leather glove is not able to provide protection. In this range of frequencies, we find more marked differences among the different hammers. As reported in Figure 11 for example, for the hammer Wurth MH 10 E, the transmissibility in the range 50–400 Hz results are similar to that in the low-frequency range, while when using the Makita HM 1213 C (Figure 12), it results lower.



Regarding the differences among the different types of AV/VR gloves, again the transmissibility results are different among the hammers used. For example, in the case of the hammer Makita HM 1213 C, the triaxial transmissibility among the AV/VR gloves results are similar in the entire range of frequencies (Figure 12), while using the hammer Kango 950 K (Figure 9), only the gloves in air and neoprene show similar behavior, while the glove in gel provides lower protection in the range 50–200 Hz and higher protection in the range 200–400 Hz. A similar behavior was found with the hammer Metabo 845 BL (Figure 10), but in this case, the glove in neoprene performs a little better reduction of transmissibility, while both the gloves in gel and air show the same protection.



Over 400 Hz, the capability to reduce vibrations is much more marked for all the tested AV/VR gloves, without notable differences among the different hammers, while on the contrary, the leather glove tends to increase the transmissibility. As reported in Figure 8, the glove in neoprene performs the lower transmissibility (from 0.53 at 500 Hz to 0.26 at 1000 Hz), while the behavior of the other two AV/VR gloves results are similar (from 0.66 at 500 Hz to 0.44 at 1000 Hz).




3.3.2. Spectra Analysis among the Different Axes


More marked differences are found among the gloves and the used hammers, along the different axes.



In compression (z-axis), the average transmissibility for all the hammers (Figure 8), shows similar behavior to that revealed for the triaxial transmissibility, showing for the AV/VR gloves no protection in the frequencies below 40 Hz, and progressive reduction of the transmissibility over 50 Hz. In this case, the glove in the gel has higher transmissibility, while the gloves in air and neoprene are very similar. The leather glove shows quite linear behavior, having transmissibility close to the unit in the entire frequency range. Considering every single hammer, the previously reported behavior remains, in general, the same for the hammers Kango, Metabo, and Makita reported in Figure 9, Figure 10 and Figure 12, while for the hammer Wurth all the tested gloves show a similar behavior, providing an increment of the transmissibility at 500 Hz. The leather glove increases the transmissibility in almost all the frequency ranges when used with the hammer Metabo (Figure 10), while it shows an average transmissibility equal to one when used with the hammers Kango and Makita (Figure 9 and Figure 12). With the hammer Wurth, the behavior of the leather glove results is similar to that provided by AV/VR gloves, except at the high frequencies, over 400 Hz.



Along the x-axis, considering the average transmissibility for all the hammers (Figure 8), all the AV/VR gloves perform a significant reduction of the transmissibility of only over 400 Hz. The glove in gel seems to reduce more vibration compared to the others, both in the range of 20–50 Hz, including the main percussion frequency for these kinds of hammers, and over 250 Hz. The glove in leather is not able to reduce vibration in almost all the range of frequencies, showing an increment of transmissibility over 630 Hz. Regarding every single hammer, the behavior of the AV/VR gloves is, in general, similar to that observed as the average for all the hammers. The only exception concerns the hammer Kango, where the glove in neoprene performs the best reduction at the low frequencies, while the glove in the gel is more able to reduce vibrations over 200 Hz. The leather glove has quite linear transmissibility equal to one in quite all the frequencies range when used with the hammer Kango (Figure 9), and until 500 Hz when used with the hammers Wurth and Makita (Figure 11 and Figure 12), while when used with the hammer Metabo it generally increases the transmissibility in almost all the range of frequencies.



Along the y-axis, examining the average transmissibility for all the hammers (Figure 8), the AV/VR gloves are not able to reduce the vibration at the main percussion frequency of 31.5 Hz, while, for the rest of the frequencies, they perform good protection, similar to that reported in compression (z-axis). The gloves in gel and neoprene have the lowest transmissibility compared to that in air.



The glove in leather shows an increment of the transmissibility in almost all the ranges of frequency. Examining every single hammer, the only case in which the gloves, including the leather one, can reduce the transmissibility in almost all the range of frequencies is when used with the hammer Wurth. For the rest of the hammers, the AV/VR gloves are not able to reduce the vibration at the peak frequency of 31.5 Hz, while, in general, they are able to reduce some vibration over 63 Hz. When used with the hammer Metabo, the leather glove increments the vibration in almost all the frequency ranges.






4. Discussion


This paper investigates three different types of AV/VR gloves and a normal working leather glove in terms of transmissibility at the palm level during the use of four similar electric hammers (average weight of 10 kg, and average impact energy of 18 J), when chiseling in vertical position in a limestone quarry plant.



The overall results show that the tested AV/VR gloves have limited benefits in vibration reduction when these types of tools are used, probably because they are not, in general, able to reduce the peaks of vibrations that these hammers produce in the low frequencies range. In terms of triaxial transmissibility, our measurements show an average reduction of 6%, without statistical differences among the AV/VR gloves. The working leather glove, instead, shows a transmissibility quite equal to the unit. These results fit within the average protection generally provided by AV/VR gloves when measured with percussive tools in other investigations [10,14].



Anyway, it must be considered that real field investigations differ from those performed in laboratory tests using the shaker according to the ISO Standard 10819:2013 and have some limits concerning the reliability of the results [15].



In laboratory tests, the accelerometers used for measuring vibrations inside and outside the gloves are positioned very close to each other, both in line along the z-axis. Moreover, the measurements are performed at the same time. In this way, errors resulting from accelerometers’ misalignments and different conditions among the trials are very limited.



In real field investigations, such situations cannot be reproduced, since the reference accelerometer cannot be positioned inside the handle of the hammer and both the measurements, inside and outside the glove, cannot be performed simultaneously. Moreover, because many other factors may affect glove performances, such as the grip and push forces applied and the different postures, substantial variations among measurement data are often reported, resulting in more difficulty in the reliable assessment of the glove's transmissibility. As reported by Dong et al. 2014 [11] this is mainly the reason because laboratory tests, such as those using the transfer function method [24,25], are often preferred to measure tool-specific performances of gloves.



In order to limit the above-reported errors, we used the corrected method for assessing the transmissibility, instead of the direct one, because the linear offset between the reference accelerometer and that positioned inside the adaptor can introduce moment arms that can vary the vibration revealed by the accelerometers. The simple ratio between the inside glove adaptor acceleration and the reference acceleration, often used in laboratory tests on the shaker, would have introduced errors that are typical of real field investigations. We also tried to limit postural variability using the hammers only in a vertical position, without moving the chisel after the beginning of the penetration. The use of the second accelerometer, positioned on the handle, helped also to limit errors due to the variability of the accelerations at each trial.



Possible misalignments of the accelerometer inside the glove are also known as relevant factors affecting the properties of the gloves when evaluated along the different axes, resulting often in underestimation of transmissibility up to or even in excess of 20% [26]. We tried to improve the reliability of the tests using a modified adaptor, with a protrusion along the longitudinal axis coming out through a little slit, made in the seam of the glove, between the thumb and index finger [22].



In our measurements, statistical analysis generally confirms different properties of the gloves in reducing the transmissibility among different axes, when calculated as the average of all the tested hammers (Table 4). These results are consistent with those reported in other studies [11,18].



Hewitt et al. 2015 [14] report that AV/VR gloves are generally most effective in isolating vibration along the forearm direction (z-axis), while they are least effective in the direction of a tool handle (x-axis in our case). This is explained, mainly because the mass of the hand–arm system involved in the response in the x direction is generally the lowest.



In our case, the transmissibility of the gloves when used with electro-pneumatic hammers does not show this trend, since the z-directions often appear not the most effective in the reduction of the transmissibility. Anyway, what was reported by Hewitt et al. 2015 [14] must be considered a general trend, not always confirmed in the case of a specific tool.



For example, Dong et al., 2014 [11] estimated the vibration reduction of four types of gloves in simulated laboratory tests, using the transmissibility properties of the gloves and synthetized vibration spectra of different tools, including chipping hammers. In the case of the chipping hammer, they found that both the gloves in neoprene and gel were most effective in reducing the vibration along the y-axis (Tc(y) = 0.8 and 0.78, respectively), instead of the z-axis (Tc(z) = 0.92 and 0.94).



In our case, both the gloves in neoprene and gel performed better along the x-axis than along the z-axis. The capability of the gel glove to reduce better in shear than in compression was found also in another measurements campaign we made using a lightweight hammer (3 kg) for chiseling a limestone block [27]. These results are also consistent with those reported in another study made using simulated laboratory tests (McDowell et al., 2013) [18].



Since the air and the neoprene gloves are certified as antivibration according to the ISO Standard 10819:2013, we also calculated the transmissibility in compression (z-axis), both in the middle (25–200 Hz) and high (200–1250 Hz) frequencies range. Results, as the average for all the used hammers, are different from that labeled, showing a reduction of the vibration in the middle frequencies of 6% for the air glove, and 7% for the neoprene glove, in contrast to those declared of 25% and 14%, respectively, while in the high frequencies, the protection results in 35% for the air glove and 32% for the neoprene glove, instead to those declared of 55% and 41%.



These differences between tool-specific measurements and the ISO Standard 10819:2013 tests were found in many other investigations. As reported by Dong et al., 2014 [11] and Hewitt et al., 2015 [14], the ISO Standard method, used for evaluating the transmissibility of gloves, is primarily intended to screen gloves, but cannot be used for determining the tool-specific isolation performances of gloves. This is because the standardized method measures the frequency-weighted acceleration along the forearm direction with a specified hand-arm posture, while forces of 30 N grip and 50 N push are applied to a vibrating 40 mm cylindrical handle. Such situations are substantially different from those in the real field. Moreover, when used with a specific tool, gloves’ properties can change, primarily for the following reasons (Dong et al., 2014 [11]): “(i) no powered hand tool generates the idealized vibration spectrum required in the standardized glove test; (ii) the glove effectiveness is direction-specific; (iii) the glove effectiveness is location-specific, because the glove properties and the distribution of hand apparent mass generally vary with the locations of the glove and hand”.



The findings of our investigations also underline the different properties of the gloves when used with different hammers, confirming that the transmissibility of the gloves is tool dependent [14]. In our case, for example, the glove in the gel can provide a vibration reduction of around 20% when used with the hammer Wurth MH 10 E, while it results useless when used with the hammer Kango 950 k. The two hammers are very similar in average impact energy (23 J for the Wurth and 20 J for the Kango), while the difference in weight is a little higher (9.7 kg for the Wurth and 11.8 Kg for the Kango). The same kind of bit was used in both tests. So far, for a more accurate estimation of the capability of the gloves to reduce vibrations when used with specific tools, specific excitation curves should be used during standardized laboratory tests.



Considering the frequency analysis as the average of the used hammers, results of our investigations show that all the tested gloves are not, in general, able to reduce the triaxial vibration in the frequencies range below 40 Hz, a reduction of around 15% is generally provided in the range 50–400 Hz, while an average of 55% of reduction is provided over 500 Hz. This property of AV/VR gloves to reduce better in high frequencies range is consistent with other studies investigating the transmissibility of the gloves [13,18,25]. We found the above-reported behavior also in compression (z-axis), while in shear the transmissibility is less categorizable, showing a reduction both at the percussion frequency (31.5 Hz) and over 400 Hz along the x-axis, and an increment at the percussion frequency and a reduction at over 40 Hz along the y-axis. The leather glove shows a transmissibility equal to the unit in compression (z-axis) among all the frequencies range, while it tends to increase the vibration along the x-axis in the range 63–250 Hz and over 630 Hz, and along the y-axis over 800 Hz.



As previously reported, in our tests the acceleration measured by the reference accelerometer, compared to that measured by the accelerometer positioned inside the adaptor during the bare—hand tests, are in general dissimilar. The value of the acceleration directly measured on the handle is generally higher, especially in the high frequencies range, while the opposite can happen at the percussion frequencies. The difference of the triaxial Wh-weighted acceleration, results in our case variable from 1 to 3.4 m/s2, depending on the used hammer. These differences are consistent with those reported in other studies [23,28] and should be considered also during the measurements of hand-arm vibration.



The anthropometry of the subjects performing the tests is another factor influencing the results of gloves’ transmissibility measurements [29]. For this reason, the 2013 version of the ISO Standard 10819 prescribes recruiting at least five subjects for the tests, incrementing the number previously prescribed in the 1998 version, fixed at three. In our case, the relatively small sample of subjects recruited for the tests (n. 3) could have introduced imperfections in the results. We tried to partially compensate for the flaws by increasing the overall number of trials (4) for each subject. Should be observed anyway, as in our tests the average transmissibility for all the used hammers results were very similar among the different subjects when the same type of glove was used, moreover, the intra-subject variability results were higher than the variability among the subjects (Table 6).



Some other clarifications are needed regarding the positions of the accelerometers in our investigations. Both the inside adaptor accelerometer and the reference one are positioned on the hammers’ handles, but the latter is often not perfectly flat and orthogonal to the chisel. This means that the accelerations measured along the different axes are intended only to refer to the hand of the operators and not to the axes of the hammers. In particular, the z-axis of our measurements is not exactly parallel to the chisel.




5. Conclusions


Results of our investigation show that the capability of AV/VR gloves to reduce vibration when used with percussive tools such as electro-pneumatic hammers, weighing around 10 kg, is, in general, low.



Anyway, results can be different among the used hammers, even when, as in our case, the tools are very similar in average impact energy, weight, and percussion frequency, other than used in the same manner. So, it is established that in general it cannot be expected to have a very high reduction of vibrations with AV/VR gloves when used with these kinds of tools, in some cases, they could provide some benefit, as happened with the glove in gel when used with the hammer Wurth MH 10 E. In this case, we measured a triaxial reduction of the vibration of around 20%.



Data reported on the labels of antivibration gloves, calculated following the ISO Standard 10819:2013, may not be representative of what happens during the use of a specific tool. In our case, for all the tests and for both the AV gloves, the average transmissibility resulted higher, both in the middle and in the high-frequency range, when compared to that provided by the manufacturers.



The use of synthesized specific excitation curves during laboratory tests could help provide more accurate values of the transmissibility of the gloves when used with specific tools.



Employers should consider the limitations associated with this kind of personal protection equipment. They should possibly resort to direct measurements in the real field, for checking for more reliable results in terms of the capability of gloves to reduce vibrations, before providing workers with these protections.



Further considerations and limitations:




	-

	
Investigations were carried out using the tools only in a vertical position, which is not fully representative of their real usage.




	-

	
Only three workers were involved in the tests; this potentially results in imperfections regarding the estimation of the average transmissibility of the gloves.




	-

	
Even though we intentionally reported the data of the hammers used in our investigations, some of the hammers had several years of usage, so their maintenance may not have been appropriate, resulting in a possible increase in the vibration produced.
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Figure 1. (a) Dimensions of the adaptor (mm) (b) 3-D printed adaptor; (c) position and orientation of the accelerometers. 
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Figure 2. Photos of the tested gloves: (a) glove in air; (b) glove in gel; (c) glove in neoprene; (d) glove in leather. 
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Figure 3. Measurement campaign. 
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Figure 4. Typical single session of measurements. Four sessions were repeated for each hammer. 






Figure 4. Typical single session of measurements. Four sessions were repeated for each hammer.



[image: Safety 09 00027 g004]







[image: Safety 09 00027 g005 550] 





Figure 5. Wh-weighted triaxial vibration on the handle (aR) and bare hand adaptor (ab). 
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Figure 6. (a) Vibration reducing system for the hammer METABO and position of the accelerometers; (b) the hammer during the measurements. 
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Figure 7. Triaxial Wh-weighted accelerations measured on the bare hand and inside the gloves as the average for all the subjects. SD = standard deviations among the subjects. 
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Figure 8. Total triaxial transmissibility, and along every single axis as the average for all the tested hammers. 
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Figure 9. Total triaxial transmissibility, and along every single axis for the hammer Kango 950 K. 
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Figure 10. Total triaxial transmissibility, and along every single axis for the hammer Metabo 845 BL. 
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Figure 11. Total triaxial transmissibility, and along every single axis for the hammer Wurth MH 10 E. 
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Figure 12. Total triaxial transmissibility, and along every single axis for the hammer Makita HM 1213 C. 
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Table 1. Technical specifications of the used hammers and chisels.
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Hammers

Specifications

	
Wurth

MH 10 E

	
Metabo

KHEV 845 BL

	
Makita

HM 1213 C

	
Kango

950 K






	
Type

	
electro-pneumatic

	
electro-pneumatic

	
electro-pneumatic

	
electro-pneumatic




	
Weight (kg)

	
9.7

	
10.1

	
10.8

	
11.8




	
Power (W)

	
1450

	
1500

	
1510

	
1700




	
Impact energy (J)

	
23

	
12.2

	
18.6

	
20




	
Percussion frequency (Hz)

	
31.5

	
50

	
31.6

	
32.5




	
Triaxial vibration (m/s2)

	
10.4 *

	
(±2)

	
10.5 *

	
(±2)

	
7.0 *

	
(±2)

	
11.0 *

	
(±2)




	
Antivibration system

	
no

	
yes

	
yes

	
no




	
Usage (years)

	
6

	
new

	
8

	
unknown




	
Conditions

	
middle

	
optimum

	
good

	
good




	
Chisel type

	
SDS max flat

	
SDS max flat

	
SDS max flat

	
SDS max flat




	
Chisel (mm) (width × length)

	
25 × 450

	
25 × 380

	
25 × 450

	
25 × 450




	
Chisel conditions

	
new

	
new

	
new

	
new








* Data from manufacturer datasheet, reporting the average vibration at the rear handle and the estimated error when used for chiseling.
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Table 2. Technical specifications of the tested gloves.
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Specifications

	
Glove (a)

	
Glove (b)

	
Glove (c)

	
Glove (d)






	
Type (commercial name used in the text)

	
Air

	
Gel

	
Neoprene

	
Leather




	
External layer

	
Material

	
Leather with rubber dots

	
Leather

	
Chloroprene rubber

	
Leather




	
Thickness (mm)

	
1

	
1

	
7

	
1.5




	
Internal layer

	
Material

	
Multi-cells air bubbles

	
Gel bladder

	
Cotton

	
Fleece




	
Thickness (mm)

	
7

	
5

	
1

	
1




	
Antivibration properties

	
Yes

	
Yes

	
Yes

	
No




	
Certified antivibration ISO 10819:2013

	
Yes

	
No

	
Yes

	
No




	
Declared transmissibility (25–200 Hz)

	
0.75

	
-

	
0.86

	
-




	
Declared transmissibility (200–1250 Hz)

	
0.45

	
-

	
0.59

	
-
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Table 3. Anthropometry data of the subjects recruited for the measurements (hand length = tip of middle finger to crease at the wrist; hand circumference measured at the metacarpals).
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	Subject
	Age
	Height

(cm)
	Weight

(kg)
	Hand Length

(mm)
	Hand

Circumference

(mm)
	Gender





	1
	49
	180
	81
	177
	198
	M



	2
	28
	178
	73
	163
	220
	M



	3
	43
	183
	84
	179
	201
	M
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Table 4. Transmissibility and standard deviation for the different gloves as the average of all the tested hammers.
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	Tc(T)
	S.D.
	Tc(x)
	S.D.
	Tc(y)
	S.D.
	Tc(z)
	S.D.
	Tc(M-z)
	S.D.
	Tc(H-z)
	S.D.





	air
	0.96
	0.07
	0.95
	0.12
	0.98
	0.37
	0.94
	0.10
	0.94
	0.09
	0.65
	0.18



	gel
	0.92
	0.09
	0.82
	0.13
	0.98
	0.39
	0.94
	0.08
	0.95
	0.07
	0.81
	0.16



	neoprene
	0.93
	0.10
	0.86
	0.13
	1.04
	0.44
	0.92
	0.10
	0.93
	0.10
	0.68
	0.13



	leather
	1.02
	0.08
	0.99
	0.07
	1.12
	0.30
	0.98
	0.10
	1.01
	0.28
	0.98
	0.19










[image: Table] 





Table 5. Average transmissibility, median, and standard deviation for each single hammer.
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KANGO 950 K

	
METABO 845 BL

	
WURTH MH 10 E

	
MAKITA HM 1213 C




	

	
Air

	
Gel

	
Neo

	
Leath

	
Air

	
Gel

	
Neo

	
Leath

	
Air

	
Gel

	
Neo

	
Leath

	
Air

	
Gel

	
Neo

	
Leath






	
Tc(T)

	
1.02

	
1.01

	
1.05

	
1.02

	
0.93

	
0.95

	
0.90

	
1.06

	
0.94

	
0.81

	
0.87

	
1.00

	
0.94

	
0.91

	
0.87

	
1.00




	
S.D.

	
0.08

	
0.05

	
0.07

	
0.02

	
0.04

	
0.06

	
0.09

	
0.13

	
0.06

	
0.03

	
0.05

	
0.06

	
0.05

	
0.05

	
0.04

	
0.05




	
Med.

	
1.04

	
1.03

	
1.04

	
1.03

	
0.92

	
0.94

	
0.87

	
1.07

	
0.93

	
0.81

	
0.86

	
1.00

	
0.94

	
0.92

	
0.87

	
0.99




	
Tc(x)

	
0.80

	
0.75

	
0.70

	
0.91

	
1.01

	
0.97

	
0.97

	
1.03

	
0.95

	
0.69

	
0.81

	
1.00

	
1.03

	
0.89

	
0.95

	
1.02




	
S.D.

	
0.09

	
0.10

	
0.07

	
0.03

	
0.07

	
0.03

	
0.05

	
0.06

	
0.07

	
0.09

	
0.09

	
0.05

	
0.08

	
0.04

	
0.06

	
0.05




	
Med.

	
0.79

	
0.79

	
0.68

	
0.92

	
1.01

	
0.96

	
0.96

	
1.02

	
0.97

	
0.71

	
0.83

	
1.00

	
1.02

	
0.89

	
0.94

	
1.01




	
Tc(y)

	
1.34

	
1.45

	
1.60

	
1.25

	
0.71

	
0.74

	
0.74

	
1.10

	
0.81

	
0.76

	
0.88

	
0.96

	
1.06

	
0.99

	
0.95

	
1.16




	
S.D.

	
0.42

	
0.45

	
0.42

	
0.16

	
0.14

	
0.14

	
0.30

	
0.37

	
0.24

	
0.16

	
0.22

	
0.23

	
0.24

	
0.22

	
0.23

	
0.33




	
Med.

	
1.28

	
1.58

	
1.64

	
1.22

	
0.73

	
0.74

	
0.64

	
1.16

	
0.78

	
0.72

	
0.85

	
0.87

	
1.05

	
0.96

	
0.90

	
1.02




	
Tc(z)

	
0.99

	
0.97

	
1.01

	
0.99

	
0.92

	
0.96

	
0.92

	
0.99

	
0.96

	
0.94

	
0.95

	
0.98

	
0.87

	
0.88

	
0.81

	
0.97




	
S.D.

	
0.07

	
0.03

	
0.04

	
0.03

	
0.15

	
0.13

	
0.10

	
0.19

	
0.04

	
0.05

	
0.06

	
0.05

	
0.07

	
0.05

	
0.07

	
0.04




	
Med.

	
1.00

	
0.97

	
1.01

	
0.99

	
0.86

	
0.91

	
0.91

	
0.94

	
0.96

	
0.94

	
0.94

	
1.00

	
0.86

	
0.87

	
0.83

	
0.97




	
Tc(M-z)

	
0.99

	
0.97

	
1.01

	
1.00

	
0.92

	
0.97

	
0.94

	
1.11

	
0.95

	
0.96

	
0.95

	
0.96

	
0.89

	
0.91

	
0.82

	
0.98




	
S.D.

	
0.07

	
0.03

	
0.05

	
0.03

	
0.13

	
0.12

	
0.11

	
0.57

	
0.03

	
0.03

	
0.04

	
0.03

	
0.07

	
0.05

	
0.07

	
0.05




	
Med.

	
1.00

	
0.97

	
1.01

	
1.00

	
0.88

	
0.91

	
0.94

	
0.95

	
0.95

	
0.96

	
0.96

	
0.96

	
0.89

	
0.90

	
0.84

	
0.98




	
Tc(H-z)

	
0.56

	
0.93

	
0.70

	
1.02

	
0.70

	
0.89

	
0.72

	
0.99

	
0.80

	
0.84

	
0.79

	
1.03

	
0.54

	
0.59

	
0.51

	
0.87




	
S.D.

	
0.08

	
0.02

	
0.05

	
0.02

	
0.13

	
0.13

	
0.08

	
0.30

	
0.11

	
0.09

	
0.08

	
0.06

	
0.22

	
0.10

	
0.12

	
0.21




	
Med.

	
0.54

	
0.93

	
0.69

	
1.02

	
0.66

	
0.90

	
0.72

	
0.93

	
0.80

	
0.85

	
0.79

	
1.03

	
0.47

	
0.56

	
0.49

	
0.82
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Table 6. Triaxial transmissibility among the subjects and hammers.






Table 6. Triaxial transmissibility among the subjects and hammers.





	
HAMMER

	
Trial

	
SUBJECT 1

	
SUBJECT 2

	
SUBJECT 3




	

	

	
Air

	
Gel

	
Neo

	
Leath

	
Air

	
Gel

	
Neo

	
Leath

	
Air

	
Gel

	
Neo

	
Leath






	
Wurth MH 10 E

	
1

	
0.90

	
0.84

	
0.93

	
0.99

	
1.00

	
0.83

	
0.96

	
1.10

	
0.96

	
0.80

	
0.86

	
1.05




	

	
2

	
0.83

	
0.72

	
0.81

	
0.91

	
0.96

	
0.83

	
0.86

	
1.05

	
0.92

	
0.81

	
0.86

	
1.06




	

	
3

	
0.94

	
0.81

	
0.88

	
1.00

	
0.97

	
0.84

	
0.84

	
0.93

	
0.92

	
0.79

	
0.89

	
0.99




	

	
4

	
1.08

	
0.82

	
0.93

	
1.08

	
0.90

	
0.82

	
0.86

	
0.92

	
0.89

	
0.79

	
0.79

	
0.95




	
Metabo 845 BL

	
1

	
0.97

	
0.95

	
0.86

	
0.91

	
0.98

	
0.99

	
0.85

	
0.98

	
0.92

	
0.98

	
0.97

	
1.14




	

	
2

	
0.91

	
0.94

	
0.80

	
1.01

	
0.87

	
0.96

	
0.75

	
1.38

	
0.89

	
0.81

	
0.99

	
1.07




	

	
3

	
0.92

	
1.04

	
0.87

	
0.88

	
0.94

	
1.06

	
0.88

	
1.07

	
0.90

	
0.90

	
1.07

	
1.17




	

	
4

	
0.99

	
0.91

	
0.82

	
0.97

	
0.96

	
0.94

	
1.03

	
1.10

	
0.90

	
0.90

	
0.96

	
1.12




	
Makita HM 1213C

	
1

	
1.07

	
0.99

	
0.87

	
1.08

	
0.94

	
0.87

	
0.87

	
0.97

	
0.94

	
0.82

	
0.82

	
0.94




	

	
2

	
0.91

	
0.96

	
0.80

	
1.01

	
0.90

	
0.86

	
0.87

	
0.96

	
0.95

	
0.93

	
0.94

	
1.09




	

	
3

	
0.86

	
0.87

	
0.82

	
0.94

	
0.96

	
0.91

	
0.92

	
1.00

	
0.95

	
0.96

	
0.84

	
1.04




	

	
4

	
0.92

	
0.93

	
0.92

	
0.97

	
0.93

	
0.92

	
0.91

	
0.95

	
1.00

	
0.89

	
0.87

	
1.05




	
Kango 850 K

	
1

	
1.14

	
1.09

	
1.07

	
0.99

	
1.08

	
1.03

	
1.06

	
1.04

	
0.91

	
0.94

	
0.95

	
1.00




	

	
2

	
1.11

	
1.06

	
1.17

	
1.02

	
1.04

	
1.03

	
1.13

	
1.04

	
0.94

	
0.94

	
0.99

	
1.03




	

	
3

	
1.05

	
1.05

	
1.10

	
1.04

	
0.90

	
0.95

	
1.16

	
0.98

	
0.97

	
1.07

	
1.01

	
1.02




	

	
4

	
1.07

	
1.02

	
1.03

	
1.04

	
0.93

	
0.95

	
0.98

	
0.99

	
1.05

	
1.05

	
0.98

	
1.04




	
Average Tc(T)

	

	
0.98

	
0.94

	
0.92

	
0.99

	
0.95

	
0.92

	
0.93

	
1.03

	
0.94

	
0.90

	
0.92

	
1.05




	
S.D.

	

	
0.09

	
0.10

	
0.12

	
0.06

	
0.05

	
0.08

	
0.11

	
0.11

	
0.04

	
0.09

	
0.08

	
0.06
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