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Abstract: This manuscript investigates the rotational mechanical impedance of the human hand-arm
system with respect to vibration excitation around the gripping axis of the hand under the influence
of body posture, gripping force, and push force. Knowledge of rotational mechanical impedance is
required for deriving models of hand-arm biodynamics. These models are used in the validation
of power tools to predict further vibrational human-machine interactions. In the current state of
research, such models exist for translational but not rotational vibration excitation. Consequently, this
study investigates the properties of a hand—arm system with respect to rotational vibration excitation.
In the study, the rotational impedance of the hand—-arm systems of 13 adults was measured at various
gripping and push forces applied in different body postures. The setup of the test used in this study
consisted of a shaker that applied rotational vibrations at certain frequencies to the subjects” hand-
arm systems via a cylindrical handle. The results of the study indicate a spring-damper dynamic of
the hand—arm system. The gripping force strongly influences the magnitude of rotational impedance
across the frequency spectrum. Regarding push force and posture, no corresponding influence could
be determined. The results suggest that the frictional contact between the hand and handle might
confer a damping effect.

Keywords: rotational vibration; mechanical impedance; hand—arm system; human-machine interaction;
gripping force; push force; body posture; product development; power tools

1. Introduction

Vibration exposure from power tools can cause long-term health problems in the
vascular and neural areas of the user’s hand—arm system (HAS) [1-7]. Therefore, it is
necessary to consider and validate the vibrational interaction between the user and the
employed power tool during the development of power tools. These interactions include
the emitted vibrations of the power tool and the resulting reaction forces caused by the
biodynamics of the user’s HAS. One option for validating these interactions is manual
testing using sensor-equipped prototypes. However, manual tests are time consuming and
offer only limited significance since the subject’s mood and individual physical condition
and behavior strongly influence the results [8]. Furthermore, the user’s fatigue limits the
number of possible test repetitions and the tests” reproducibility. Therefore, replacing
manual testing with simulative or physical vibration equivalent hand—arm models (HAMs)
leads to a lower degree of variance in the results and a higher number of possible test
repetitions. Regarding translational vibration exposure, several simulative and physical
HAMSs exist [9-19]. Although rotational vibration exposure caused by power tools is also
harmful to the HAS, only a few corresponding rotational HAMs can be found in the lit-
erature [2,5,6,20]. To model the hand—-arm system during torque impulses caused by a
pistol-grip air pneumatic torque driver, Lin et al., (2003) developed a model with lumped
parameters and one rotational degree of freedom. The model was parameterized by mea-
surements of a subject study with 25 subjects, whose HASs were rotationally excited at
3.6 Hz, 4 Hz, and 4.6 Hz [16]. Another HAM was developed by Mangold (2019) for the
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modeling of the HAS when working with a pistol-grip impulse wrench. For this purpose,
Mangold (2019) designed a physical/mechanical equivalent HAM with two rotational
degrees of freedom for the frequency spectrum between 1 Hz and 35 Hz [21]. The stiffness
damping and inertia of the model were derived from a subject study with two subjects. Al-
though both models represent a sophisticated approach, they only cover a small frequency
spectrum since they were developed for a specific power tool application. A greater level
of knowledge of the rotational biodynamics of HASs is needed for the development of a
HAM that covers a wider frequency range of rotational vibration excitation and represents
a more universal simulation of the HAS. Therefore, the rotational biodynamics of the HAS
in terms of stiffness, damping, and inertia must be investigated. An established quantity
from which these biodynamic properties can be derived is the mechanical impedance (MI)
of the HAS [22,23]. Analogous to translational MI, the rotational MI of the HAS (RMI)
can be determined as a complex frequency-dependent quotient of the vibration’s torque
and the angular velocity at the initiation point of the hand [22]. Formula (1) shows the
mathematical description of the RMI, where RMI is equal to the quotient of the applied
torque T and the resulting angular velocity (2, both of which depend on the complex circu-
lar frequency w, where j denotes the imaginary unit [22]. Formula (2) shows the equation
of the apparent mass AM derived from the RMI as the quotient of the torque T and the

angular acceleration Q).

RMI(jw) = Qljw) @
RAM(jw) = (T)((]]Z)) )

According to the base-centric coordinate system defined in ISO 10068, the RMI can be
measured for rotational vibration excitation around the x;, y;,, and zj-axis [23]. Figure 1
shows the base-centric coordinate system of ISO 10068 [23]. The enclosing hand position
shown in Figure 1 is referred to as the “hand-grip” position in DIN EN ISO 5349-1, and this
term is also used below for this hand position [24].

Yn ,/

(a) (b)

Figure 1. Basic centric coordinate system defined in ISO 10068 for vibrational excitation of the HAS
in the enclosing “hand-grip” position [23]. (a) Top view of the “hand-grip” position; (b) Side view of
the “hand-grip” position.

In the following, the coordinate system defined in ISO 10068 will be used as a reference
since it is specified for the measurement of the biodynamic response of the HAS.

As is known from translational MI, the gripping and push force applied to a vibrating
handle as well as the user’s body posture influence the MI of the HAS [25-32]. Therefore,
a similar influence of these factors can be assumed for RMI. Lindenmann et al., (2019)
conducted a study on the RMI of the HAS for vibration excitation around the zj-axis
when gripping a cylindrical handle in the “hand-grip” position. The influences of the
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coupling forces on the RMI were not investigated in that study [33]. In another study,
Schroder et al., (2022) investigated the RMI for vibration excitation around the xj-axis
provided via a knob-shaped handle to which the hand was positioned in a resting, en-
closing hand position [34]. This hand position used by Schroder et al., (2022) corresponds
approximately to the “palm” position from DIN EN ISO 5349-1 [24]. The results revealed
by Schroder et al., (2022) showed a positive effect between the gripping force and the RMI,
but no effect between the push force and the RMI [34]. Consequently, the RMI of the
HAS for rotational vibration excitation around the y;,-axis should also be investigated. An
investigation of the RMI in the y;, direction is also relevant in an industrial context since
rotational vibration excitation around the y;, direction via a cylindrical handle (shown
in Figure 1) from ISO 10068 represents a number of vibration-emitting power tool appli-
cations, e.g., pneumatic assembly screwdrivers. According to the studies conducted by
Schroder et al., (2022), gripping force has an influence on the RMI, while the push force has
no influence. Therefore, it is necessary to investigate whether this also applies to vibration
excitation around the yj,-axis. An additional influencing factor, whose influence on RMI
has not yet been investigated, is body posture. Based on the influence of body posture on
the translational MI currently described in the literature, an influence of body posture on
RMI might also be possible and should thus be investigated. Thus, the following research
questions arise:

What is the course of the RMI of the HAS with respect to rotational vibration excitation
around the yj-axis?

How is the RMI in the y;, direction influenced by gripping forces?

How is the RMI in the y;, direction influenced by push forces?

How is the RMI in the y;, direction influenced by body posture?

This study aims to answer these questions.

2. Materials and Methods
2.1. Test Subjects

A total of 15 subjects (4 female and 11 male) participated in this study, corresponding
to an age range of 20 to 30 years and a median age of 28 years. The subjects’ height and
weight as well as their anthropometric properties were measured according to ISO 7250-
1 [35]. Accordingly, it was determined that the height of the subjects ranged from 1.66 m
to 1.93 m with a median height of 1.85 m. The subjects” weights were within the range
from 52 kg to 105 kg, with a median weight of 80 kg. Based on this weight and height
distribution, the body mass index of the subjects ranged from 18 kg/m? to 29.7 kg/m?, with
a median of 24.3 kg/m?. Table 1 shows the 5th and the 95th percentiles and the median of
the subjects” anthropometric properties.

Table 1. Median, upper, and lower quartiles of the subjects” anthropometric properties.

Arm Forearm Thumb Hand Palm Hand
Length Length Length Length Length Width
(cm)s (cm) (mm) (mm) (mm)

Median 76 37 70 195 105 85
5th percentile 68.5 314 65 173 93 76
95th percentile 81.4 41 79 205 115 95

To determine whether the measured weights, heights, and anthropometric properties
were representative of the western population, the measured subject data were compared
to the country-specific distributions of DIN CEN ISO/TR 7250-2 [36]. Since the measured
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anthropometric properties are not available for each country in DIN CEN ISO/TR 7250-2,
the measured subject data were selectively compared to the nations from which the specific
measurements were reported [36]. In this context, the measured subject data corresponded
to the distributions from the Netherlands, Germany, Austria, and the USA, where the
measured values were located between the 5th and 95th percentiles or between the 1st and
99th percentiles [36]. Accordingly, the weight, height, and anthropometric properties of the
subjects can be regarded as being representative of the western population and thus, most
likely, the measured RML

2.2. Test Apperatus

The test bench used in this study is the same as those described in [21,33,34,37,38] and
consists of two independent electromagnetic shakers (M124M and L125M; ETS Solutions
Europe, Loffenau, Germany) that were adjustable in terms of height and tilt angle via a
carrier mechanism. The carrier mechanism consists of two spindles driven by two electric
motors, which can adjust the height of the shakers from 0 m up to about 2.8 m. The tilt
angle could be adjusted by two electric motors that allow the shakers to be tilted at an angle
of 0° to 180°.

Both shakers are attached to a common output shaft, where one shaker (M124M) can
vibrate the shaft translationally and the other one can vibrate the shaft rotationally (L125M)
via a modally tuned gearbox. The gearbox consists of a rack-and-pinion gear. The rack is
mounted on the L125M shaker, while the pinion gear is radially mounted on the output
shaft via a splined connection. This arrangement converts the translational vibration of the
L125M shaker into a rotational vibration of the output shaft. The splined connection allows
for axial movement of the output shaft with simultaneous rotational vibration, allowing the
M124M shaker to excite the output shaft translationally parallel to the rotational excitation.
This allows the output shaft to be excited with superimposed rotational and translational
vibrations. However, in the study conducted, only the L125M shaker was used to apply
rotational vibrations to the output shaft. Figure 2 shows an annotated schematic of the
carrier mechanism and the gearbox with the shaker arrangement.

Figure 2. Illustrations of the carrier mechanism and the shaker system. Key: 1. Frame, 2. holder
of the shakers, 3. electric motor for height adjustment, 4. electric motor for tilt angle adjustment,
5. translational shaker, 6. rotational shaker, 7. measuring handle, 8. rack and pinion gear, and
9. measuring flange.
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An instrumented measuring flange was attached to the output shaft. The sensors
of the measuring flange consist of two 3D force transducers (9027C; Kistler Instrumente
AG, Winterthur, Switzerland) and two 3D accelerometers (PCB 356A15; PCB Piezotronics,
Depew, NY, USA). The force transducers can measure the torque of the provided vibrations
and the push force applied by the subjects. For our study, we equipped the measuring
flange with a cylindrical measuring handle, which is depicted in Figure 3. According to the
measurement handle design proposed in ISO 10819, we measured the gripping force of
the subject by dividing the handle into two half-cylinders and placing two force sensors
between them (8435, Burster GmbH & co kg, Gernsbach, Germany) [39]. As proposed in
ISO 10819, the division of the cylindrical handle is oriented orthogonally to the axis of the
forearm when the handle is gripped. To produce rotational vibration around the yy,-axis
according to the coordinate system in Figure 1 from ISO 10068, a handle connection position
different from that in ISO 10819 was used. ISO 10819 proposes a connection position at the
front of the cylindrical handle in the extension of the forearm axis through a bracket-like
support. In contrast, we connected the bottom of the cylindrical handle to the flange of the
shaker. Hence, the handle oscillated rotationally around its axis when excited. Figure 3
shows a photo and a schematic of the measuring handle used in the study.

i -
Both halves of the | - AXis gfthe
measuring handle |77 rotational
made of CF oscillation

8435 Burster
force sensors
screwed with
the mounting
plate

Aluminium
mounting plates
screwed into the

handle halves

Steel measuring Gap between

flange with two the handle

PCB 356A15 3D halves

accelerometers

attached on both Direction of
the shaker

movement

Figure 3. (a): A photo of the handle used in this study. (b): A schematic of the measuring handle.

As visible in Figure 3, the measuring handle was wrapped with adhesive tape. This
was necessary to increase the friction of the handle’s surface. To calibrate the measuring
handle, we measured the apparent mass of the unloaded measuring handle with the same
frequency spectrum and acceleration magnitudes that we later used in the study. The
applied frequency spectrum is based on the spectrum described in ISO 10068 and consists
of the third octave band frequencies of up to 100 Hz. The pre-studies showed that exciting
the measuring handle with a constant acceleration magnitude across the entire frequency
spectrum results in a rapid angular deflection of the measuring handle at low frequencies.
Due to this angular deflection, subjects had difficulty applying a constant gripping force
to the handle at low frequencies. On the other hand, a low acceleration amplitude at high
frequencies was very difficult to detect amongst the measurement noise. As a result, the
excitation magnitude was adjusted to the applied frequencies to match the subjects’ abilities.
Therefore, the applied acceleration was increased approximately linearly from an RMS
value of 3.2 % (67.6 “4) at 10 Hz to up to an RMS value of 50 % (1027.5 “4) at 100 Hz. A
similar acceleration profile has already been used by Schroder et al., (2022) and Linden-
mann et al., (2019), who also adjusted the applied acceleration magnitude to the frequency
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spectrum due to the rapid angular motion of the handle at low frequencies [33,34]. Further-
more, comparable approaches were also used in translational MI measurements [31,40].
The calibration of the measuring handle was conducted with the same frequency-weighted
magnitudes that we applied to the subjects in the study. For calibration, we vibrated the
measuring handle in three trials with these frequency-weighted acceleration magnitudes.
The deviation between the three trials in terms of the apparent mass and phase angle of
the handle was less than 1 % at each applied frequency. Figure 4 shows the magnitude
of the measuring handle’s apparent mass over the excited frequencies’ spectra and the
corresponding phase angle.
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Figure 4. Calibration measurement of the measuring handle’s apparent mass determined for the
frequencies excited in the study. The magnitude (a) and phase angle (b) of the apparent mass
indicated the dynamic characteristic of a constant mass without any natural frequencies, as their

values are almost the same for every excited frequency.

Across the entire applied spectrum, the magnitude of the apparent mass in Figure 4
is constant at 1.07 * 10’3%, and the phase angle is almost constant at 0. Since both
have approximately the same values at every applied frequency, no natural frequencies
of the handle are excited by the applied spectrum. Thus, the measuring handle has
the dynamic characteristic of a constant mass. This vibrational characteristic is suitable
for the measurement of MI because it does not disturb the measurements according to
its resonances.

A graphical display provided visual feedback of the push force and gripping force
applied to the subjects. The display, which incorporates visual force feedback, is visible in
Figure 5.

The measured data were recorded using an ADwin Pro II real time measurement and
control system (Jaeger Cumputergesteuerte Messtechnik GmbH, Lorsch, Germany) with a
recording frequency of 10 kHz.
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Figure 5. Body postures in which the RMI of the subjects was measured: standing posture with
angled arm (a), and sitting with extended arm (b). The left side also shows the display with the visual
force feedback.

2.3. Test Procedure

This research complied with the tenets of the Declaration of Helsinki, and the subjects’
approval was acquired [41]. At the beginning of the test procedure, the subjects were
informed about the duration and nature of the procedure. Subsequently, the anatomical
and anthropometric characteristics of the subject were noted, as described in Section 2.1.
The RMI values of the subject’s HASs were measured for two different body postures. The
first posture corresponded to that presented in the work of Dong et al., (2006); here, the
subject stood and gripped the handle with an angled arm position of ninety degrees [10]. In
the second posture, the subject sat on a chair and gripped the handle with an outstretched
arm. The first posture was chosen as a reference to the literature in order to achieve
comparability. The second posture was based on the working position at seated workplaces
when working with an inline impact wrench. In this context, the design of the test allowed
for the gripping of the measuring handle in a sitting position only if the arm of the subject
was extended. To keep the boundary conditions constant for each subject, we adjusted the
height of the shaker to the subject’s height individually using a carrier mechanism. Both
body postures are visible in Figure 5.

Before stimulating the HAS of the subjects with rotational vibrations, the maximum
gripping force of each subject in both body postures was measured. Table 2 shows the
distribution of the subjects’ maximum gripping forces.

Table 2. Distribution of the maximum gripping forces of the subjects in each body posture.

Body Posture =~ Minimum  Lower Quartile Median  Upper Quartile Maximum

Sitting 153.0N 3164 N 411.7 N 4189 N 556.6 N
Standing 148.1 N 189.0 N 351.6 N 4092 N 6113 N

In each body posture, the magnitude and phase angle of the RMI across the applied
frequency spectrum was recorded for five factor combinations of gripping and push forces.
Thus, the five factor combinations had a partwise full-factorial character, combining low
and high gripping forces with low and high push forces and vice versa. In addition, each
subject applied a factor combination of 24 N gripping force and 50 N push force to extend
the number of push force levels examined and determine its influence for a wider range.
No further, lower gripping force level was applied at the 50 N push force level since this
push force requires a certain amount of gripping force to prevent slippage on the cylindrical
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grip. Table 3 provides an overview of the different factor combinations that the subjects
had to perform while assuming each position.

Table 3. Overview of the different factor combinations assessed in this study.

Level Body Posture Gripping Force (Fg,) Push Force (Fy,)

Full factorial

1  Fp=55N Fpu =15N

Standing For =24 N Fpu =325N

3 For =24N Fpu =50N
Full factorial

1  Fp=10N Fpu=15N

2 Sitting For =24N Fpu =325N

3 Fop =24N Fpu =50N

In the sitting posture, the value of the gripping force level was increased to Fo, = 10 N
since most subjects were not capable of applying the factor combination of 5.5 N gripping
force at 32.5 N push force to the cylindrical handle while assuming this position. The
additional factor combination of 32.5 N push force and 24 N gripping force was chosen
to achieve comparability with the study by Schroder et al., (2022) [34]. For each factor
combination, the frequencies from Figure 4 were applied to the measuring handle in
random order as single sine signals with their respective vibration magnitudes. The order
of the factor combinations itself was also randomized. Each frequency had a duration of
seven seconds with a subsequent pause of 5 s, resulting in 187 s per subject for 1 factor
combination and a test duration of 32 min for all 10 factor combinations. To prevent subjects’
fatigue, a break of at least 10 min was taken after each factor combination. Furthermore,
the subject could interrupt the vibration excitation at any time by releasing a hand trigger.
When the subject pressed the trigger again, the vibration excitation continued at the point
of interruption. In consideration of the users’ fatigue and the experimental time per subject,
we performed only one trial per subject and factor combination. Table 4 shows the mean
percentage deviation between the applied gripping and push forces and the requested force
levels of the factor combinations across all frequencies and subjects. For the applied push
force levels and the gripping force level of Fy, = 24 N, the mean percentage deviation was
calculated as a common value of both body postures.

Table 4. Mean percentage deviation between the applied gripping and push forces and the predefined
force levels across all frequencies and subjects. Gripping force: Fg,; push force: Fy,.

Specified Coupling Forces Fpy =15N Fpy = 325N Fpy =50N
AFgr = 2.1% AFgr = 7.3%
- g Lgr _
Fgr =55N AFpy =1.1% AFpy = 4.7%
AFgr = 1.1% AFgr =2.9%
— g Lgr _
For =10N AFpy = 1.8% AFpy = 3.0% B
Fy = 24N AFg =1.3% AFg =1.1% AFgr = 1.6%
AFpy =0.9% AFpy = 2.0% AFpy = 2.6%

2.4. Data Evaluation

Out of 15 subjects, we evaluated the data from 13, as two subjects ceased their par-
ticipation in the experiment due to fatigue. Of the remaining 13 subjects, the RMI of the
HAS was measured for 10 different factor combinations of gripping force, push force, and
body posture, resulting in 130 evaluable experiments. The recorded data were evaluated
using MATLAB (The MathWorks, Inc., Natick, MA, USA) and SPSS (IBM SPSS Statistics 25,
IBM, Armonk, NY, USA). The calculation of the magnitude and phase angle of the RMI
was conducted according to a method described by Lindenmann et al., (2019) [33]. First,
the excited frequencies were determined using a fast Fourier transformation. Then, the
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torque and acceleration data were iteratively filtered with a Butterworth band pass filter,
whose cutoff frequencies were 0.8 and 1.2 of the determined frequency, respectively. For
each frequency, the filtered torque and acceleration data were fitted with a curve-fitting
algorithm that determines the corresponding amplitudes as complex values. Based on the
results of curve fitting, the magnitude and phase angle of the RMI were calculated for the
specific frequency using equation 1. To compensate for the influence of the measuring
handle on the calculated RMI, the calibrated RMI of the measuring handle from Figure 4
was subtracted from the results [27]. The calculated RMI was grouped according to the
applied factor combinations in ten groups. For each group, we determined the arithmetic
mean of the RMI’s magnitude and phase angle across the applied frequencies.

The Shapiro-Wilk test did not indicate a normal distribution of the calculated RMI.
Therefore, we used the Mann—-Whitney U test (MWU) and the Kruskal-Wallis test (KWT)
in SPSS to statistically determine the influence of coupling forces and the body posture on
the RMI. The significance level of the tests was a« = 0.05. The effect strength r according
to Cohen (1992) was calculated, where r < 0.30 was considered low, 0.30 < r < 0.50 was
considered moderate, and r > 0.50 was considered high [42].

3. Results
3.1. Influence of the Gripping Force on the RMI

Figure 6 shows the magnitude of the RMI as boxplots at different gripping force
levels applied in standing and sitting postures at push force values of F,, = 15 N and
Fpu = 32.5 N. Figure 7 shows the corresponding boxplots of the phase angle. The factor
combination Fy;, = 50 N and Fg, = 24 N is not shown in the figures since only one gripping
force level was applied at F,, = 50 N.

For all the applied factor combinations, the magnitude trend line of the RMI in Figure 6
decreases across the frequency spectrum from 10 Hz up to 80 Hz and increases again at
80 Hz. In this case, the magnitudes at a 32.5 N push force are slightly higher overall and
have a larger interquartile range than at a 15 N push force. Comparing the boxplots in
Figure 6, the magnitude of the RMI increases at higher gripping force levels, being highest
at a gripping force of Fg, = 24 N in the sitting posture and lowest at a gripping force of
F¢; = 5.5 N in the standing posture.

0.2
Push Force 15 N [[IStanding gripping force 5.5 N [__ISitting gripping force 10 N
[ JStanding gripping force 24 N [JSitting gripping force 24 N

0.15-

[MI] [Nms/rad]

Figure 6. Cont.
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Figure 6. Boxplots and median trend lines of the magnitude of the RMI at gripping forces of
Fer = 5.5 N and Fy = 24 N (standing posture) and Fgr = 10 N (sitting posture) at a push force of
Fpy = 15N (a) and Fy, = 32.5 N (b).
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Figure 7. Boxplots and median trend lines of the RMI phase angle for gripping forces of Foy = 5.5 N
and Fg, = 24 N (standing posture) and Fg; = 10 N (sitting posture) at a push force of F, = 15N (a)
and Fp,, = 32.5N (b).
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In Figure 7, the boxplots and the trend lines of the phase angles of all the factor
combinations in both plots increase slightly linearly from approximately — 7 at 10 Hz to
up to —7 at 16 Hz. Subsequently, the plots proceed to increase almost constantly to up
to 80 Hz at a value of approximately —7. At 100 Hz, the phase angle plots of all factor
combinations drop to a value of approximately —Z. The interquartile range and height of
the whiskers are roughly similar for all factor combinations and frequencies. Following the
boxplots from Figure 6, Table 5 shows the results of the MWU regarding the influence of the
gripping force on the RMI magnitude at the different push force levels and body postures.

Table 5. Overview of the different factor combinations used in the study.

Push Force: Fpy=15N Fpy,=325N
Body Posture: Standing Sitting Standing Sitting
Gripping Force Fgr =55N/Fg=24N Fgr =10 N/Fg =24 N Fgy =55N/Fg=24N Fgr =10N/Fg =24 N
f (Hz) p R p R P R P R

10 <0.001 * 0.769 0.002 * 0.578 <0.001 * 0.704 0.081* -
13 <0.001 * 0.840 0.002 * 0.578 <0.001 * 0.715 0.057* 0.377
15 <0.001 * 0.699 0.002 * 0.598 <0.001 * 0.704 0.014* 0.478
16 0.001 * 0.629 0.001 * 0.629 0.002 * 0.597 0.113* -
18 <0.001 * 0.840 0.001 * 0.629 <0.001 * 0.672 0.002 * 0.578
20 <0.001 * 0.709 0.004 * 0.548 0.001 * 0.640 0.014* 0.478
25 <0.001 * 0.769 0.002 * 0.588 0.001 * 0.619 <0.001 * 0.709
32 <0.001 * 0.689 0.001 * 0.619 <0.001 * 0.651 0.005 * 0.538
40 <0.001 * 0.719 0.005 * 0.538 <0.001 * 0.661 0.006 * 0.528
50 <0.001 * 0.699 0.006 * 0.528 <0.001 * 0.725 0.005 * 0.538
65 <0.001 * 0.689 0.002 * 0.588 <0.001 * 0.715 <0.001 * 0.689
80 <0.001 * 0.800 <0.001 * 0.749 <0.001 * 0.736 0.005 * 0.538
100 <0.001 * 0.830 <0.001 * 0.811 <0.001 * 0.779 <0.001 * 0.749

For nearly all the factor combinations of push force and body posture, Table 5 shows a
significant degree of causality between the gripping force and the RMI up to 100 Hz with a
high effect strength. The only factor combination for which significance was not shown at
the 13 Hz and 16 Hz frequencies was at a push force of F,, = 32.5 N, applied in a sitting
position. The (*) at the bold p-values denotes that the influencing factor has a significant
effect on the RML

3.2. Influence of Push Force on the RMI

Figure 8 shows the RMI's magnitude and phase angle for the push force levels of
Fpu = 15N, Fp, = 325N, and Fy, = 50 N at a gripping force of Fg; = 24 N exerted in the
standing posture as boxplots with the median plotted as a trend line. Besides the plots
in Figure 8 regarding the standing body posture, the influence of the push force was also
evaluated for the sitting position and a gripping force of Fgr = 24 N.

In Figure 8, a slight offset between the trend lines and the boxplots of the RMI’s
magnitude at a 50 N push force and at a 15 N push force is detectable across the entire
spectrum. Between the push forces of F,, = 50 N and F,, = 32.5 N, no clear offset is
detectable since the boxplots of both factor combinations overlap. Overall, the boxplots of
the magnitude and the phase angle show larger interquartile ranges and whisker heights at
higher push forces, with the boxplots at 50 N of push force showing the largest interquartile
range at almost every frequency. In particular, the boxplot of the F,;, = 50 N push force
at 32 Hz has a relatively large whisker. Regarding the phase angle of the RMI in Figure 8,
all three boxplots and the corresponding trend lines increase slightly linearly up to —7 at
16 Hz. From 16 Hz up to 80 Hz, the phase angle plots remain nearly constant at —%. At
100 Hz, all three phase angle plots drop to —%. Regarding the applied factor combinations,
the interquartile ranges and the whisker heights of the boxplots of the three phase angles
do not show any general differences with respect to one another, neither in their sizes
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nor in their positions. To check for possible causalities between the push force and the
magnitude of the RMI, a KWT was performed with the data plotted in Figure 8. The
results of the KWT were only significant at the frequencies of 40 Hz, 65 Hz, and 80 Hz. A
subsequent Bonferoni-corrected pairwise comparison was significant at the frequencies of
40 Hz and 65 Hz for the change of the push force from F,, = 15N to F,;, = 50 N. For the
sitting posture, no influence of the push force could be detected by the KWT either, even at
individual frequencies. However, the plots of the magnitude and phase angle of the RMI
across the applied frequency spectrum were similar to those in Figure 8.
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Figure 8. Boxplots and median trend lines of the RMI’s magnitude (a) and phase angle (b) for push
forces of 15N, 32.5 N, and 50 N at a gripping force of For =24N exerted in the standing posture.

3.3. Influence of the Body Posture on the RMI

The boxplots in Figure 9 visualize the influence of standing and sitting postures on
the magnitude and phase angle of the RMI for the factor combination of 24 N of gripping
force and 50 N of push force. For the plots represented in Figure 9, the highest coupling
forces were chosen to show that even with these strong couplings between the HAS and
the vibration source, no influence of the body posture is visible. Nevertheless, the influence
of body posture on RMI was also evaluated for lower coupling forces.
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Figure 9. Boxplots and median trend line of the RMI's magnitude (a) and phase angle (b) for the
standing and sitting postures at a push force of F,;, = 50 N and a gripping force of Fp;, = 24 N.

The boxplots and trend lines in Figure 9 show no distinct differences in magnitude
or phase angle between the plots of the standing and sitting positions. The position,
interquartile range, and whisker height of the boxplots are quite similar for both groups
across the frequency spectrum. The red boxplots of the magnitude and phase angle
corresponding to the standing posture shown in Figure 9 are the same as the gray boxplot
shown in Figure 8 since the factor combination is the same and, consequently, the magnitude
and phase angle of the RMI data are too. The whiskers of the boxplots for the sitting posture
at 80 Hz and 100 Hz are also relatively large and shifted towards higher values. The courses
of the phase angles” boxplots and trend lines are quite similar for both postures: from 10 Hz
to up to 16 Hz, both phase angles increase slightly to up to approximately —% and remain
almost constant up to 80 Hz, while at 100 Hz both phase angles drop to a value of around
—7%. The results of the MWU regarding the effect of body posture on the magnitude of
the RMI correspond to the plots in Figure 9, as no significances were found across the
frequency spectrum. The influence of body posture on the RMI was also evaluated for
the other factor combinations of the coupling forces of 32.5 N of push force and 24 N of
gripping force and 15 N of push force and 24 N of gripping force. The MWU was not
significant at any frequency for any of these factor combinations. In this context, the course
and the distribution of the magnitude and phase angle of the RMI were also plotted for
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these factor combinations. Regarding the plots of the magnitude and phase angle of the
RMI for these factor combinations along the applied frequency spectrum, they were similar
to the ones presented in Figure 9, with lower whiskers heights at frequencies of 32 Hz,
80 Hz, and 100 Hz than in Figure 9.

4. Discussion
4.1. What Is the Course of the RMI of the HAS for Rotational Vibration Excitation around the
Yp-axis?

This subchapter provides a general discussion of both the RMI magnitude and phase
results. First, the RMI magnitude is discussed with respect to the frequency. Then, the RMI
phase angle results are discussed separately.

The interquartile range of the boxplots and the height of the whiskers of the RMI
magnitude in Figures 6-9 show a rather broad distribution of the RMI at each frequency,
especially when higher coupling forces are applied. In this context, coupling forces include
the gripping and push forces. This distribution may be due to the wide range of anthropo-
metric and physical characteristics of the subjects, as suggested by the range of weights,
BMI values, and anthropometric properties in Table 1. Consequently, a difference in the
muscle mass and strength of the subjects can be assumed. The distribution of the maximum
gripping forces of the subjects in Table 2 also supports this assumption. The interquartile
range of the maximum applied gripping force in the sitting posture is about 102.5 N and
about 220.5 N in the standing body posture, for which the minimum and maximum values
are even more distant from each other. These differences indicate differences in the muscle
mass and strength of the subjects.

Therefore, the constant application of higher coupling forces was likely more difficult
for some subjects, resulting in a larger interquartile range and whisker height for the
specific factor combinations. In this context, the magnitude plots of all the figures show
that for factor combinations with a low gripping force level and a high push force level,
the interquartile ranges and the whiskers are usually larger. These coupling-force-related
differences in the distribution of the RMI magnitude can be seen in Figure 6. Here, the
interquartile ranges of the RMI boxplots at the gripping forces of Fg; = 5.5 N and Fg; = 10N
are overall larger at a push force of F,, = 32.5 N than at the same gripping forces at a
push force of F,, = 15 N. This observation could be due to the difficulty the subjects
experienced in terms of applying these coupling forces, as the hand tends to slide down the
surface of the cylindrical handle when it is pushed down and thus only a small gripping
force is applied. Consequently, the subjects may have had more difficulty maintaining a
constant push and gripping force while keeping their hands in the same position on the
vibrating handle when the values of both forces were too far apart. This assumption is
supported by the percentage deviations between the requested and applied coupling forces
in Table 4, in which the highest mean percentage deviations of the gripping and the push
force occur at the factor combination of Fy, = 32.5 N and Fg, = 5.5 N followed by the factor
combination of F,;, = 32.5 N and Fgr = 10 N. As a result, it was probably more difficult
for the subjects to keep the muscle tension of the HAS constant while performing these
factor combinations because the muscles of the hand had to be mostly relaxed, while the
upper arm muscles had to be tense. Due to this unequal distribution of muscle tension, the
muscle tension had to be corrected more often by the subject, as suggested by the deviations
shown in Table 4. The conscious or unconscious correction of muscle tension resulted in a
changing stiffness and damping of the HAS, leading to the observed dispersion of the RML
In the same context, high coupling forces generally seem to result in a larger interquartile
range and whisker height of the RMI magnitude, as can be seen for the coupling forces
of F,y = 50 N and Fgr = 24 N applied while standing and sitting at the frequencies of
32 Hz, 80 Hz, and 100 Hz (Figure 9). The shift of the whiskers at 80 Hz and 100 Hz in the
sitting position (Figure 9) towards higher values could indicate that the degree of coupling
between the HAS and the handle is stronger. A possible explanation for this could be
that in the sitting position, the requested high coupling forces were more difficult to apply
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at higher frequencies since the rapid handle movement made it difficult to perceive the
applied forces. This difficulty in perception might have led to some subjects using excessive
force and thus exceeding the requested force levels, resulting in a stronger coupling of
the HAS to the handle. Additionally, the application of the coupling forces in the sitting
position could be more difficult in general since each subject’s arm was stretched out. The
need to adjust the gripping force level from Fy, = 5.5 N to Fg; = 10 N for the sitting
position supports this assumption. Further evidence for this assumption is provided by the
distribution of maximum gripping force values in Table 2, in which the force values are
higher overall in the sitting posture.

Regarding the phase angle plots of the RMI of all factor combinations in Figures 7-9,
all phase angles of the RMI increase slightly linearly up to approximately —% at 16 Hz
and, subsequently, remain constant up to 100 Hz. In Figures 7 and 9, the phase angles of
both factor combinations drop to approximately — % at 100 Hz. Overall, the courses of the
phase angles indicate a spring-damper dynamic of the HAS with a slightly predominant
spring component at low frequencies, which decreases to as low as 16 Hz and changes to a
uniformly distributed spring-damper dynamic at a phase angle of —7 at up to 80 Hz. At
100 Hz, the spring component increases again. The tissue of the wrist and the muscles of the
forearm, which are stretched and squeezed by the vibration, possibly generate the spring
component of the phase angle plots. In this context, the damper component would result
from the specific combination of the rotational vibration direction and the hand orientation.
The centerline of the cylindrical measuring handle is coaxial with respect to the excitation
axis. Therefore, the torque of vibration acts tangentially to the surface of the palm and the
fingers via the frictional contact between the hand and measuring handle. This frictional
hand-handle contact may confer a damping effect. In this context, the shear of the skin and
the tissue between the hand bones and the handle possibly results in the damper-dominant
characteristic of the phase angle plots, as shown by the increasing phase angle between
10 Hz and 16 Hz. At higher frequencies, the frictional contact between the hand and
the handle may be temporarily interrupted in some areas due to the rapidly oscillating
handle movement. These temporary interruptions of hand-handle contact would also
confer a damping effect as the handle slips slightly in the hand. This hypothesis could
explain the damper-dominated dynamic of the phase angle beyond 16 Hz, as suggested
by the increased phase angle of —7. Accordingly, the angular deflection of the handle at
100 Hz is possibly too small to interrupt the hand-handle contact in certain places. As
a result, the damping effect of the frictional contact is reduced, and a greater degree of
vibration exposure is transmitted to the wrist again. The exposure of wrist tissue would
increase the spring component of the spring-damper dynamic, resulting in a decrease in
the phase angle.

The obtained results largely correspond to those by presented Schroder et al., (2022),
who excited the HAS with rotational vibrations up to a frequency of 250 Hz via a knob-
shaped measuring handle. Therein, the same shaker test bench was used (and in the
same orientation). The human hand gripped the knob-shaped handle from above. The
results obtained by Schroder et al., (2022) can be compared to the results of this study
since in both studies the HAS was rotationally vibrated via predominantly or exclusively
frictional contact between the hand and the measuring handle. The phase angle plots
presented by Schroder et al., (2022) also show a spring—damper dynamic of the HAS with a
decreasing spring component at higher frequencies [34]. Specifically, the phase angle plots
by Schroder et al., (2022) show a spring-dominated spring—damper dynamic of the HAS,
which changes to a damping-dominated dynamic between 40 Hz and 160 Hz. Beyond
160 Hz, the degree of damping increases further and reaches full damping at 250 Hz [34].
In comparison to the results of the present study, the spring component is predominant
in Schroder et al.’s (2022) phase angle plots up to 40 Hz. This difference in the results
obtained could be due to the slightly different types of contact between the hand and the
measuring handle in the case of a cylindrical and a knob-shaped handle. The knob-shaped
measuring handle used by Schroder et al., (2022) was gripped from above in a reclining
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hand position, with the palm resting on the top of the handle and the fingers enclosing
the elliptical geometry of the knob. In this “palm” position, the vibration is transmitted to
the HAS via a combination of frictional contact and form-fitting contact between the hand
and the handle. The form-fitting contact results from the elliptical geometry of the knob
enclosed by the fingers, which prevents the handle from slipping to a certain extent during
the propagation of rotational vibrations. Therefore, this additional form-fitting contact may
enable vibration transmission to the forearm of the HAS at higher frequencies. As a result,
the tissues of the wrist and the muscles of the forearm would also be exposed to higher
frequency vibrations, which would increase the spring component of the phase angle at
these frequencies. Consequently, the damping effect of the frictional hand-handle contact
assumed from the results of the present study would only occur at a higher frequency in
the case of the knob-shaped handle.

Schroder et al., (2022) adjusted the acceleration magnitude of the applied vibration
in the same way as in the presented study. Therefore, the magnitude plots of the RMI
of both studies are comparable. In this context, the magnitude plots of the RMI of the
presented study are similar to the magnitude plots presented by Schroder et al., (2022).
Since the magnitude plots of the present study correspond to the course of the phase angles
and to the results presented by Schroder et al., (2022), it seems that the spring—damper
dynamics of the HAS with a predominant spring component changing to a predominant
damping component at high frequencies are valid. Thus, the assumed frictional damping
of the vibration propagated via contact between hand and handle could also be considered
plausible. When comparing the obtained plots of the phase angle of the RMI with the
plots obtained by Lindenmann et al., it is evident that the phase angles differ from each
other [33]. Lindenmann et al., (2019) vibrated the HAS via the measuring handle of the ISO
10819 along the zj,-axis, whereas the handle geometry of the present study also corresponds
to the ISO 10819 handle but was excited around the y;-axis [33,40]. The phase angle plot
in the studies conducted by Lindenmann et al., (2019) also indicates a spring-damper
dynamic of the HAS but with an increasing spring component in the frequency range
from 10 Hz to up to 201 Hz. In the study conducted by Lindenmann et al., the vibration
excitation around the zj-axis causes an exclusive form-fitting connection between the hand
and the cylindrical handle since the applied torque acts normally with respect to the palm
and the fingers [33]. This positive locking between the hand and the cylindrical handle
results in a stronger degree of coupling between the HAS and the vibration source, as the
handle cannot slip in the hand at high frequencies. Accordingly, no frictional damping
of vibration can occur at high frequencies, as reported in the present study. Instead, the
handle pushes with high frequency against the palm of the hand and compresses the
tissue of the hand. The compression and rebound of the palm’s tissue may result in the
increasing spring component that is observable at high frequencies in the phase angle plot
by Lindenmann et al., (2019).

In addition, rotational excitation around the z;-axis rotates the hand around the axis
of the forearm, which further involves the forearm more in this movement. This vibrational
excitation of the forearm and the stronger coupling between hand and handle could be due
to the spring-dominated dynamic of the HAS depicted in the phase angle plot presented
by Lindenmann et al., (2019).

By comparing the obtained results with the results of Schroder et al., (2022) and
Lindenmann et al., (2019), it can be concluded that the type of contact between the handle
and the HAS has an influence on the vibration transmission to the HAS when it is exposed
to rotational vibrations. In this context, frictional hand—-handle contact appears to have a
damping effect, which reduces the transmission of vibrations to the HAS.

The obtained plots of the magnitude and the phase angle of the RMI differ from those
for translational excitation along the y,-axis presented in ISO 10068 [23]. For comparison,
Figure 10 shows the magnitude and the phase angle plot of the MI for translational ex-
citation along the y,-axis from ISO 10068 [23]. The phase angle plot of ISO 10068 shows
that the phase angle of the MI for translational excitation along the y,-axis starts at about
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7, at which point it decreases to slightly below 0 at 100 Hz. This course differs from the
phase angle plot of the RMI and indicates mass-damper dynamics of the HAS with an
increasing damping component. A possible explanation for these differences can be found
by considering the excitation directions. In this study, the rotational excitation around the
yp-axis rotates the measuring handle within the grip of the hand, resulting in the already-
mentioned degree of frictional damping. Alternatively, the translational excitation along
the yj,-axis in ISO 10068 makes the hand bounce up and down. Consequently, the applied
vibrational motion acts against the inertia of the HAS, thus explaining the mass component
in the phase angle. Rotational vibration excitation results in the lateral flexion of the wrist,
which decouples the rest of the HAS from this vibration to some extent such that the
inertia of the HAS does not affect the phase angle. The phase angle plots of rotational and
translational excitation both indicate a damping component. This component may result
from the already-mentioned frictional damping of the hand-handle contact, which can also
occur during the propagation of translational vibrations of the cylindrical handle along the
yp-axis. The magnitude plots of ISO 10068 and the current study match in terms of their
respective phase angle plots. In Figure 10, the increasing magnitude plot from ISO 10068
indicates mass-dominated dynamics of the HAS, thus confirming the mass component
in the phase angle plot. As mentioned earlier, the magnitude plots of Figure 6 through
Figure 9 indicate spring-damper dynamics of the HAS, which also match the phase angle
plots of the RMI.
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Figure 10. (a): Magnitude plot of the MI for vibration excitation along the y;-axis from ISO 10068.
(b): Phase angle plot of the MI for vibration excitation along the y,-axis from ISO 10068. Key: X:
frequency (Hz); Y1: modulus (corresponds to the magnitude) [%] ; Y2: phase angel (degree) [23].

4.2. How Is the RMI in yy, Direction Influenced by Gripping Forces?

In Figure 6, the offset between the boxplots and the median trend lines of the different
gripping force levels indicates that applying a higher gripping force results in a higher
magnitude of the RMI. These results are supported by the results of the MWU in Table 5.
According to the MWU, gripping force has a significant effect on the magnitude of the
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RMI, with a high positive effect strength at almost every frequency regardless of the
applied push force and body posture. An explanation for these results can possibly be
found in the alignment between the axis of vibration excitation and the gripping of the
cylindrical measuring handle. As mentioned above, the axis of excitation of rotational
vibration is coaxial with respect to the centerline of the cylindrical handle. Therefore,
vibration is transmitted to the HAS via frictional contact between the handle’s surface
and the hand. Consequently, a higher gripping force increases this frictional contact,
resulting in better vibration transmission, which increases the magnitude of the RMIL
Figure 11 graphically illustrates the described relationship between the gripping force and
the rotational vibration excitation.

‘ X
Figure 11. Schematic of the relationship between hand position and rotational axis on the basis of
the “hand-grip” position from ISO 10068, where yellow indicates contact surface between hand
and handle, blue indicates deflection angle and tangential force of excitation, and green indicates
normal and friction force, resulting from the gripping force of the test subject [23]. Key: r = radius
of the handle, ¢ = deflection angle of rotational vibration excitation, Fr = tangential force on the

handle surface conferred by rotational vibration excitation acting on the HAS, Fyy = normal force,
and Fg = frictional force.

Following the force vectors in Figure 11, it can be seen that the tangential force Fr
of the rotational vibration excitation acting on the hand counteracts the frictional force
Fr between the hand and the handle. Since frictional force F is a product of the friction
coefficient yj, and normal force Fy, which depends on gripping force F,, the following
relationship can be derived from Figure 11.

R _ Fr
for = Hrn Hn )

As illustrated by the force arrangement shown in Figure 11 and the relationship
described in equation 3, a higher gripping force results in a higher frictional force, allowing
for a greater proportion of the tangential force of the vibration to be transmitted to the HAS.
Consequently, the vibration exposure as well as the magnitude and HAS generate stronger
vibration exposure of the HAS and a higher RMI magnitude.

Overall, the observed influence of the gripping force on the RMI corresponds to the in-
fluence of the gripping force on the translational MI [23,25,27-30,43,44]. However, the mech-
anisms of action leading to stronger vibration transmission of rotational vibration excitation
in this study may be different from those for translational vibrations [23,25,27-30,43,44].
In the case of rotational vibration excitation, Schroder et al., (2022) also described a sim-
ilar influence [34]. Hence, the observed effect of the applied gripping force on the RMI
corresponds to the current literature [8,23,25,27,28,30,34,43,44].

4.3. How Is the RMI in yy, Direction Influenced by Push Forces?

The applied push force does not appear to have any influence on the RMI, as the
interquartile ranges of the boxplots for the different push force levels in Figure 8 largely
overlap. The KWT results confirm this conclusion, as they showed no significant effect of the
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applied push force on the RMI except at frequencies of 40 Hz, 65 Hz, and 80 Hz. However,
the significance of these frequencies can be neglected because they were confirmed by
pairwise comparison in only two cases. Furthermore, the KWT regarding the influence
of the applied push force on the RMI was also insignificant at every analyzed frequency.
Therefore, a random correlation corresponding to these frequencies can be assumed. The
absent influence of the push force on the RMI of the HAS can be explained by the coaxial
alignment between the vector of the push force and the rotational axis of the handle’s
angular oscillation. This alignment between the push force and the rotational axis for the
torque applied through vibration is shown in Figure 12.
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Figure 12. Schematic drawing of the relationship between the rotational axis and the direction of the
push force on the basis of the “hand-grip” position from ISO 10068, where blue indicates torque of
the rotational vibration excitation and red indicates the push force applied by the subject [23]. Key:
Fpu = push force; T(jw) = torque of the rotational vibration excitation acting on the hand.

As Figure 12 shows, the push force vector is aligned coaxially with the vector of
the torque of the rotational vibration acting on the hand. Thus, the push force does not
counteract the tangential force resulting from the torque. Consequently, a higher push
force would not lead to a stronger degree of coupling between the hand and the handle, as
both force vectors are skewed with respect to one another regardless of the direction the
handle moves. As a result, more pushing has little or no effect on the coupling of the HAS
with the vibration source. Hence, the push force has no verifiable influence on the RMI for
rotational vibration excitation around the y,-axis propagated by a cylindrical handle. These
results correspond to those reported by Schroder et al., (2022) concerning the influence of
the push force on the RMI in the case of vibration excitation propagated via a knob-shaped
handle [34]. Nevertheless, Figure 8 shows a slight offset between the RMI’'s magnitudes
at the push forces of F,, = 15 N and F,, = 50 N as well as F;, = 32.5 N and F,;, = 50 N
in the frequency range between 25 Hz and 80 Hz, respectively. This offset could be due
to the positioning of the hand, as the hand may slip down the cylindrical handle a little,
especially with high push forces. This sliding can cause parts of the edge of the hand to
lightly touch the flange to which the handle is attached when high push force is applied.
This would slightly change the contact area between the hand and the handle, resulting in
the observed selective offset of the RMI’s magnitude for higher push forces.

4.4. How Is the RMI in yy, Direction Influenced by Body Posture?

The overlapping interquartile ranges of the boxplots and the median trend lines of the
magnitude of the RMI in Figure 9 indicate that body posture does not influence RMI. This
conclusion is supported by the results of the KWT, which do not indicate any significant
effect of body posture on the RMI regardless of the applied coupling forces. These results
do not correspond with the influence of posture on translational MI described in the
literature [13,23,25,29,33]. A possible explanation for the absence of an effect conferred by
body posture in the case of rotational vibration excitation can be found by considering
the rotational excitation direction and the positioning of the hand. As mentioned above,
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the overall phase angle and magnitude plots led to the hypothesis that the HAS had a
spring—damper dynamic. According to this hypothesis, the tissue of the wrist and the
forearm could generate a spring component, while damping can occur partly because
of the frictional contact between the hand and the measuring handle. Assuming this
hypothesis is correct, the wrist would compensate for vibrations via lateral flexion as the
hand follows the motion of the vibrating handle. This flexion would involve the tissue of
the wrist and the forearm, as indicated by the described spring component of the phase
angle plots. The described frictional hand-handle contact would additionally dampen the
transmission of vibrations to the HAS. Since the mobility of the wrist allows the hand to
follow the movement of the measuring handle up to a certain frequency and the frictional
“hand-grip” position additionally dampens vibration excitation, it is possible that the
generated vibrations are not transmitted to the rest of the hand-arm system and the body.
Consequently, the RMI of the HAS would not be affected by the stiffness or mass of the
upper arm or the body. Therefore, body posture would not influence the RMI.

4.5. Relevance of the Results to Industrial Applications

The results of this study extend the body of knowledge regarding the MI of the HAS
by providing an approach to the biodynamics of the HAS for rotational vibration excitation,
which could be extended by further studies to increase the database concerning the RMI of
the HAS. In this context, a larger database would enable the more extensive parametrization
of rotational HAMs. These HAMs could be added to the translational models of ISO 10068
to represent the excitation of the HAS by rotational vibrations. For industrial purposes,
such models can be used for the validation and simulation of vibrational human-machine
interactions, such as in the development of power tools that transmit rotational vibrations.
Furthermore, the results are also relevant in the field of vibration-related occupational
health and safety as well as the design of handles for power tools. In this context, the results
suggest that a mainly frictional type of contact between hand and handle may reduce
the vibrational exposure of the HAS, as the friction between the hand and the handle
imparts an additional degree of damping. Regarding the vibration-related occupational
health and safety of industrial assembly tasks, power tools with a primarily rotational
excitation direction and a cylindrical handle, such as the inline air impact wrench, could
confer vibration-damping properties due to friction related to hand positioning. However,
these assumed damping properties would depend on the applied gripping force, for which
a lower gripping force would result in less coupling between the hand and the vibration
source. The push force, on the other hand, does not seem to have any influence on the
RMI of the HAS as long as it is applied coaxially with respect to the excitation axis of the
rotational vibration. In this context, the use of an inline impact wrench with a cylindrical
handle aligned coaxially with the axis of rotation would possibly be preferable to an impact
wrench with a pistol-grip in terms of occupational protection. The results of this study may
also form the basis for the design of power tool handles that transmit rotational vibrations.
A handle design based mainly on frictional contact between the user’s hand and the handle
could potentially expose the HAS to less vibration due to frictional damping. Although
such a handle design could reduce the vibrational exposure of the HAS, the positioning of
the power tool and the force transmission between the user and the power tool must also
be considered, for which positive locking might be a better solution.

5. Limitations

The results concerning the progression of the RMI and the influences of coupling
forces and body posture are limited in terms of their validity for the applied frequency
spectrum of up to 100 Hz. Therefore, frequencies beyond 100 Hz need to be investigated
in further studies. Accordingly, a preliminary investigation of the natural frequencies for
the combination of a handle and the HAS under rotational vibration excitation is required.
Other limiting factors that must be considered include the number of subjects and the
fact that each subject could only perform one trial per factor combination due to the test’s
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duration and the subjects’ fatigue. These limiting factors can be compensated to a certain
extent by the fact that the observations and conclusions drawn from the results can be found
for different factor combinations, resulting in a larger volume of data on which to base these
findings. The plots of the magnitude and phase angle of the RMI are qualitatively similar
for all the factor combinations. Consequently, the conclusions drawn from the course of
magnitude and phase angle are based on the plots of each factor combination, resulting
in ten plots per subject. The influence of the gripping force on the magnitude of the RMI
could also be determined for different push forces and body postures. Since no influence
of the push force and body posture on the RMI could be determined, the influence of the
gripping force on the RMI can thus be derived from four data sets per subject. In the same
manner, the influence of push force and body posture also could not be determined for
the sitting position or different coupling forces. Consequently, the observation that the
push force or the body posture do not influence RMI is based on two and five data sets per
subject, respectively. Nevertheless, in further studies, the number of subjects as well as
the number of trials per subject should be increased to confirm the results of this study by
using a broader database. In this context, the present study provides an initial exploratory
approach covering a broad range of potential factors influencing the RMI. Based on the
results of this study, the number of factor combinations can be reduced in future studies on
the same excitation direction because factors that do not appear to influence the RMI do
not need to be varied. Reducing the variable factors would result in a shorter test duration,
thereby enabling more trials per subject and a larger number of subjects.

6. Conclusions

The results of this study contribute to the investigation of the biodynamics of the HAS,
as the measured RMI of the HAS indicates a spring—-damper characteristic for rotational
vibration excitation around the y,-axis. Furthermore, the magnitudes and the phase angles
of the RMI indicate that when a rotational vibration is transmitted to the HAS via frictional
contact between the hand and a cylindrical measuring handle, this frictional contact is likely
to have a damping effect on the transmitted vibration. In this context, the applied gripping
force has a significant influence on the magnitude of the RMI of the HAS, as a stronger
gripping force increases the friction between the hand and the handle. This influence
could be shown qualitatively and statistically for up to 100 Hz with a strong positive effect
strength regardless of the applied push force and the posture of the subject. Regarding
the push force and body posture, no similar influence on the RMI could be shown. This
absent influence could be due to the alignment between the positioning of the hand and the
vibration excitation axis. Both the influence of the gripping force on the RMI and the lack
of influence of the push force confirm the results obtained by Schroder et al., (2022). In this
context, the hypothesis concerning the effect of frictionally engaged gripping positions on
vibration transmission reported by Schroder et al., (2022) could also be confirmed through
the results obtained.

Nevertheless, the observed influences of the coupling force and the body posture on
the RMI of the HAS need to be further investigated for other excitation directions and hand
positions as well as for the frequency spectrum beyond 100 Hz. In this context, this study
constitutes an initial approach to investigating the RMI of the HAS and its influencing
factors under rotational vibration excitation along the y;-axis. Figure 13 summarizes the
findings regarding the influence of gripping and pressing force, which result from the
positioning of the hand and the vibration excitation axis, based on Figures 11 and 12.
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The gripping force counteracts the tangential force
of the rotational vibration:
Influence on the RMI

The push force is aligned coaxial to the axis of the
vibrational rotation:
No influence on the RMI

References

NNEZ
T(jw)

(a) (b)

Figure 13. (a) Top view from Figure 11, where yellow indicates contact surface between hand and
handle, blue indicates deflection angle and tangential force of excitation, and green indicates normal
and frictional force resulting from the gripping force of the test subject. (b) Side view from Figure 12,
where blue indicates torque of the rotational vibration excitation and red indicates push force applied
by the subject. Key: r = radius of the handle, ¢ = deflection angle of the rotational vibration excitation,
Fr = tangential force on the handle’s surface conferred by rotational vibration excitation acting on the
HAS, Fy = normal force, Fg = frictional force, F,;, = push force, and T(jw) = torque of the rotational
vibration excitation acting on the hand.
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