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This paper introduces a time-resolved evaluation method for determining the mechanical impedance of the
human hand-arm system under time-varying force conditions within a single continuous test. The method is
intended to support the investigation of dynamic hand-arm interaction conditions, while the present proof-of-
concept focuses primarily on continuously varying applied grip-force profiles. Conventional impedance mea-
surements, in contrast, are typically conducted at discrete constant force levels and require multiple separate
tests at different force conditions. The proposed approach enables the measurement of mechanical impedance for
continuously varying force profiles, resulting in increased test efficiency.

Experiments were conducted using a test rig compliant with DIN EN ISO 10819:2022. Test subjects were
exposed to multi-sine translational vibration in z-direction at frequencies between 10 and 500 Hz, in accordance
with DIN EN ISO 5349-1, while performing time-varying applied grip-force profiles. First, mechanical impedance
was evaluated using an established frequency-dependent impedance evaluation method for constant force
conditions as a reference. In a second step, the proposed time-resolved evaluation method was applied to
determine mechanical impedance under non-stationary force conditions.

The results showed strong agreement between the dynamic method and the conventional approach, with a
coefficient of determination of R? = 0.9925 over the investigated frequency range for static grip-force conditions.
These findings indicate that mechanical impedance can be reliably calculated under time-varying force condi-
tions, eliminating the need for separate measurements at each force level.

This method reduces experimental effort without compromising accuracy and enables future investigations of
force-dependent, time-varying impedance behaviour of the human hand-arm system. Furthermore, it enables the
representation of mechanical impedance as a time-resolved curve for different frequencies and varying inter-
action forces.

1. Introduction

Vibration exposure to the human body can lead to significant health
impairments. The hand-arm system is particularly susceptible, as it plays
a key role in transmitting force and information to technical systems that
generate vibrations [1]. Research into the biomechanical effects of
mechanical vibrations dates back to the 1970 s. Reynolds and Angevine
demonstrated that vibration transmission to the hand-arm system elicits
distinct physiological responses [2]. This topic remains highly relevant
today, as the chronological overview of the transmission and effects of
mechanical vibrations in the workplace by Cristea et al. clearly shows
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[3]. “This review presents a contribution to vibration transmissibility studies
involving hand—arm systems, providing and overview of research from 1980
to 2024, without assuming coverage of all relevant studies, as this field is
extremely vast” [3].

Handheld vibration-generating tools are one of the possible causes of
work-related vibration exposure, and are particularly prevalent in in-
dustrial applications [4]. Examples include hammer drills, chipping
hammers and chainsaw, which are used in various fields such as con-
struction and forestry [3]. Due to the associated health risks, the use of
such tools is subject to strict legal requirements within the European
Union aimed at limiting exposure [5]. Excessive vibration exposure can
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cause health problems such as white finger syndrome, finger necrosis,
retinal detachment and dizziness [6].

Various metrics are used to quantify the biomechanical stress on the
hand-arm system. One such metric is the power absorbed by the hand-
arm system ('vibration power absorption', VPA), as demonstrated by
numerous studies [7-10]. There is also extensive literature on the vi-
bration transmission of various tools and activities, summarized in
Cristea et al. [3] and DIN EN ISO 22867:2022 [11], among others.
Precise vibration transmission measurements are essential as they form
the basis for any further analysis [12].

Basis for most of the metrics used is the mechanical impedance (MI).
Which according to ISO 10068:2012-12 [13] is defined as the biody-
namic response of the hand-arm system at the excitation point,
expressed as the complex ratio between the excited force and the
resulting velocity. Current research shows that MI is influenced by fac-
tors including coupling forces, arm posture and the experience of test
subjects [14-16]. This paper focuses on coupling forces, consisting of
grip and push forces. Furthermore, in real-world applications such as
hammer drilling, the coupling force is not constant. Instead, dynamic,
time-varying force curves occur [17].

The influence of push force has been investigated several times
previously. For instance, Lindenmann et al. [1] evaluated the data from
Jahn [18] and found that higher push forces led to lower vibration levels
measured at the power-tool housing.. However, in another study, Uhl
et al. [19] found that higher push forces can increase vibrations at the
main tool handle. The influence of grip force has also been extensively
documented [1]. Welcome et al. [20] define grip force as the necessary
counterforce for guiding the tool, which significantly influences system
dynamics and vibration perception [1,12]. The relationship between
static grip forces and Mlis well documented [21-24]. Biodynamic re-
sponses have also been investigated during continuously time varying
grip-force conditions. Pan et al. [25] instructed participants to increase
their applied grip force approximately linearly while vibration trans-
missibility was evaluated as a continuous function of grip force at
discrete sinusoidal excitation frequencies. In a separate experiment,
apparent mass and MI were determined under several discrete constant
grip-force and combined grip-and-push-force conditions. Therefore,
previous research has demonstrated the continuous acquisition and
evaluation of force-dependent biodynamic responses, but it has not
provided a time-resolved evaluation of MI across a broad frequency
range during the same continuous measurement with varying applied
grip force. Since forces while using a power-tool are not static and
knowledge about the MI dependency to non-static forces is missing, the
present study focuses on time based varying grip forces.

Until now, the influence on the MI of grip and push forces have
predominantly been examined statically on shaker based test benches.
The interface between tool and human is provided by standardised
measuring handles in accordance with DIN EN ISO 10819-2021 [26];
the influence of the handle of these can be calibrated according to
Heyden et al. [27]. Current studies specify the coupling forces statically
and require them to remain constant throughout the measurement (e.g.
[28], with a grip force of 30 N and a push force of 50 N, with a tolerance
of & 5N). ISO 10068:2012-12 [13] documents validated evaluation
methods for determining MI in these static conditions. Spengler et al.
[10] recently conducted a large-scale investigation of MI over a large
number of static combinations of different grip and push forces, taking
1500 measurements. All these investigations and measurements require
separate static measurements for each combination of push and grip
force, which is an extremely time-consuming process. Although test
subjects can follow these dynamic force curves using the measuring
handle [17]. Furthermore, signal segmentation, short-time frequency-
domain evaluation and overlapping-window processing are established
signal-processing approaches [29]. However, these established pro-
cessing elements have not yet been integrated into an evaluation method
that repeatedly determines the frequency-dependent MI of the hand-arm
system over time during a single measurement with continuously
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varying applied interaction forces. The contribution of the present work
is therefore not the introduction of segmentation or overlapping win-
dows as new signal-processing techniques, but their systematic appli-
cation and adaptation to the time-resolved calculation of hand-arm MI.
The resulting method is intended to support both continuously varying
force profiles and future investigations involving more complex dy-
namic interaction conditions.

Therefore, current research lacks a documented method for evalu-
ating the MI of the hand-arm system repeatedly as a function of fre-
quency and time during a single continuous measurement with time-
varying applied interaction forces. This gives rise to the following
research question for this work:

Main research question:

How can the dynamic behaviour of mechanical impedance be
calculated on varying interaction forces?

To address this research question, a user study was conducted in
which exploratory measurement data were collected. Measurements
were performed under static grip and push force conditions as well as
under dynamically varying interaction forces. To evaluate the static
data, “Reference method” was used, as described in Chapter 2.5 and in
line with the current state of research, representing an interpretation of
ISO 10068:2012 [13]. For the dynamic data, a new evaluation method
called DTIA (Dynamic Time-Resolved MI Analysis) was developed by
combining the established mechanical-impedance calculation with
signal segmentation and overlapping evaluation windows (see Chapter
3). The DTIA method was subsequently validated by comparison with
the established method.

2. Experimental Framework

All experiments were conducted on the human-machine interaction
test rig at the Institute of Product Engineering at the Karlsruhe Institute
of Technology [1]. This setup, shown in Fig. 1 follows the methodologies
established in previous MI research [30].

The test setup consists of two electromechanical shakers and a
measuring handle designed in accordance with the ISO standard ISO
10068:2012-12 [13]. For this study, only the axial shaker (M124M,
10 kN; ETS Solutions Europe GmbH, Loffenau, Germany) was used. The
secondary shaker (L215M, 2 kN force, ETS Solutions Europe, GmbH,
Loffenau, Germany), which is typically used for rotational excitation via
a rack-and-pinion system, was left inactive.

To measure the grip and push forces as well as the accelerations on
the participant, a standardized measurement handle, compliant with
DIN EN ISO 10819-2021 [26] was rigidly mounted on the shaker axis
(Fig. 1).

The handle has a diameter of 40 mm. The design of the measuring
handle is consistent with the description provided in Lindenmann's
study [29]. The handle was calibrated according to the procedure pro-
posed by Heyden et al. [27], which is an advancement to the method-
ology of Dong et al. [31] for the calibration of hand-arm vibration
measurement systems. For this purpose, calibration masses of 0.159 kg
and 0.309 kg were attached to the handle and the frequency-dependent
calibration function was determined from apparent mass measurements.
Lindenmann et al. [29] have previously reported on the dynamic char-
acteristics and calibration of this measurement handle. The reported
measurement error was below 3% across the investigated frequency
range, except at 50 Hz where an error of 7% was observed. Furthermore,
a finite element modal analysis of the handle conducted by Lindenmann
et al. identified the first translational eigenfrequency at approximately
1320 Hz, which is substantially higher than the frequency range inves-
tigated in the present study. The corresponding calibration results are
presented in Lindenmann et al. [30].

Fig. 2 shows Lindenmann's design and calibration of the measuring
handle.

The instrumentation included:
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Fig. 1. The left panel shows the visual force-tracking display presented to the participant, indicating the prescribed grip-force profile to be followed over time. The
right panel shows the user-interaction test rig at the Karlsruhe Institute of Technology, with the participant adopting the standardized posture and interacting with
the shaker system through an ISO-compliant instrumented handle while applying the prescribed time-varying grip force.
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Fig. 2. Instrumented handle used in the present study. The handle design is based on the measurement handle proposed by Lindenmann et al. [30] and complies with
the relevant ISO specifications. The handle is equipped with two accelerometers mounted at the upper and lower sections of the cylindrical handle, two triaxial force
transducers (1) for measuring the interaction forces, and two grip-force sensors (3) integrated into the handle shells. The handle was calibrated according to the

procedure proposed by Heyden et al. [27], using the calibration masses (4).

e Acceleration measurement sensor (2) in Fig. 2: two uniaxial accel-
erometers (type 356A15, PCB Piezotronics GmbH, Hiickelhoven,
Germany), which were mounted at the top and bottom of the cy-
lindrical handle to capture translational acceleration.

e Grip force measurement sensor (3) in Fig. 2: Two uniaxial force
sensors (type 9011A, [9]Kistler Instruments, Winterthur,
Switzerland) were integrated within the split cylindrical handle.

e Push force measurement sensor (1) in Fig. 2.: Two triaxial force
sensors (type 9027C, Kistler Instruments AG, Winterthur,
Switzerland), which were mounted at the interface between the hand
and the handle.

The dynamic signal path used to calculate apparent mass and MI
comprises the axial force signals measured by the two triaxial force push
force sensors and the acceleration signals measured at the handle. The
grip-force sensors integrated into the handle shells are used exclusively
to determine the applied grip force and associate each evaluation

window with its corresponding grip-force condition. These dynamic
signals are not used in the calculation of apparent mass or MI. A real-
time data acquisition system (ADwin Pro II, Jaeger Computer-
gesteuerte Messtechnik GmbH, Lorsch, Germany) recorded all signals.
The signals from the upper and lower sensors were corrected for their
mean offset. The force signals were summed, while the acceleration
signals were combined by calculating the arithmetic mean of the
respective sensor measurements. To minimize potential offset drift of
the force measurement system, the instrumented handle was reset and
zeroed before each measurement run. This procedure ensured a stable
reference level throughout the experiments. The conducted measure-
ments are sampled with 10 kHz which leads to a frequency resolution of
0.1 Hz per second measuring time. In combination with the used fre-
quency step of 5 Hz for the multi-sine.
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2.1. Test subjects

Twenty-five test subjects participated in the experimental study.
Prior to data collection, all subjects completed standardized training to
ensure the reproducibility of the force-tracking tasks. Participation was
voluntary and the subjects were permitted to pause or terminate the
experiment at any time; however, no interruptions occurred. The test rig
was adjusted to ensure a consistent elbow flexion angle of 90°, in line
with ISO 10068:2012-12 [13].

2.2. Excitation signal and calibration

The translational shaker operated within a multi-sine signal based on
the 10-500 Hz frequency range, as defined by the upper limit in ISO
10068:2012-12 [13]. The use of a multi-sine signal was used to ensure
comparability between different measurements [30]. To ensure
maximal comparability between measurements the shaker was cali-
brated for each measurement day to a multi-sine from 10 Hz to 500 Hz
in 5 Hz steps. The resulting time domain and frequency domain signals
are illustrated in Fig. 3. The excitation signal was adjusted iteratively
until the deviation between the target and actual amplitude was mini-
mized. As seen in the time-based signal the multi-sine signal is repeating
every 0.2 s, with each repetition showing the exact same form. The
frequency domain shows well defined amplitudes for each 5 Hz step and
nearly no signals in between.

2.3. Experimental procedure

The experimental procedure and measurement data were published
at the VDI-Schwingungen [VDI conference Vibrations], focusing on the
deviation of the measurement data from the specified grip profiles [32].
The exact procedure can be found in Saurbier's publication. This study
only presents the most important steps [31].

All test subjects performed the same measurement tasks in ran-
domized order. This followed the test procedure described by [32]. The
subjects stood in a shoulder-width stance, as specified in ISO
10068:2012 [13].

The test plan included four predefined grip force profiles:
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SineCurve : Fgp(t) = 40*sin (t%) + 50N 3)

a realistic, dynamic profile obtained from hammer drilling applications
[32]This study used a dataset comprising two different experimental
subsets. Static Value, Sine Curve and dynamic profile measurements
were available from two participants, with three repeated measure-
ments per participant. Linearly increasing grip force measurements were
available from 25 participants, including the two, with three repeated
measurements per participant. Thus, the dynamic dataset comprises 75
individual measurement runs. All force profiles were randomized.
During measurement, the axial shaker generated vibrations in the
translational direction along the test subjects' forearm axis according to
DIN EN ISO 5349 [33]. Similar to the experimental procedure reported
by Pan et al. [25], the grip force was continuously increased during the
measurement, whereas no predefined push force was specified. Conse-
quently, variations in push force were not part of the investigated
experimental factors but resulted from the natural interaction of the
subjects with the instrumented handle. The focus of the present study
was therefore solely on the effect of time-varying grip force conditions

Accuracy was assessed in Saurbier's publication using the root mean
square error (RMSE). For the profile derived from boreholes, the
maximum RMSE observed was 13.10 N [32].

3. [34] Reference Evaluation Method

The current state of research outlines how to calculate MI in DIN ISO
10068:2012 [13]. This section outlines the method published by Lin-
denmann et al., which uses this standard and provides additional steps
for determining MI [30]. According to this method, all static measure-
ments were processed using the “ReferenceReference method” to eval-
uate MIL. The multi-step procedure was performed in MATLAB (The
MathWorks, Inc., USA). The individual steps of the method include the
following activities:

Data Import and Preprocessing:

The recorded force signals were checked for deviations from the
target values. Following Lindenmann et al. [30], recordings exceeding a
12% deviation threshold were discarded.

Fourier transformation & peak identification:

The time-domain force and acceleration signals were converted to

StaticValue : Fgrip(t) = 40N (¢}
the frequency domain using a discrete Fourier transform. The peak force
. N and acceleration amplitudes were determined at the excitation
Linear : Fgrp(t) = t*8— 2) .
s frequencies.
Mechanical impedance Calculation:
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Fig. 3. Calibration of the shaker system. Top a: Representation of the raw signal over time for the multi-sine from 10 to 500 Hz. Bottom b: The specified amplitude is
displayed as a ramp. Green dots indicate the target, red dots indicate the measured signal. The measured amplitude for the multi-sine wave is displayed in black.
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The apparent mass (AM) was calculated as a complex ratio of force to
acceleration. The theoretical MIwas derived by integrating the acceler-
ation term using Fourier transformation (force divided by velocity).
Compensation and calibration of the handle mass according to Heyden
et al. [27] was applied to all data sets. Finally, each MI (Formular 4)
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value was associated with the corresponding test conditions (grip force,
push force, and posture). The MI is determined at the excitation point,
the hand-handle interface, and represents the dynamic response of the
coupled hand-arm system at the driving point.
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Fig. 4. Overview of the proposed Dynamic Time-Resolved mechanical Impedance Analysis (DTIA) method for evaluating mechanical impedance under dynamic
interaction forces. The method extends“Reference”impedance evaluation procedure [21] by introducing three additional steps for excitation signal calibration, data
segmenting and an overlapping analysis to enable time-resolved impedance evaluation.
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4. DTIA - Dynamic Time-Resolved mechanical impedance
analysis

The newly introduced DTIA method allows dynamic MI curves to be
calculated over time and frequency, depending on dynamic interaction
forces. It is based on the “Reference method” presented by Lindenmann
et al. [30] in Chapter 2.5 under 'State of Research'.

The method presented in this paper is based on “Reference
method”[30] and is visualized in Fig. 4. The green-highlighted boxes are
added steps and are described in detail in the following section. Three
additional evaluation steps are required prior to the FFT calculation. As
shown in Fig. 4, the FFT and peak identification steps, the calculation of
Am and Handle Am Compression, and finally the Output MI are now
performed for each window. This sequence is not explained again here
but can be found in Chapter 2.5. The calibration of the multi-sine
excitation, already detailed in the Methods section, is not repeated here.

Segmentation:

Based on the repeating multi-sine with a period of 0.2 s the total
measurement can be segmented into several subsets. Based on the total
measurement time of 13 s, a total of 63 segments can be generated. Since
the FFT over a segment length of 0.2 s has a limited frequency resolution
the method developed, combines five segments into one evaluation step.
This definition ensures that each segment contains enough cycles to
enable stable frequency-based evaluation while maintaining sufficient
temporal resolution. For each evaluation step a separate MI can be
calculated.

Overlap of segments:

To increase the time resolution of the grip and push forces for one
evaluation step of the calculated MI, a sliding window approach is used.
Each evaluation step has an overlap with the previous step. The overlap
was chosen to four multi-sine periods, which leads to the highest
possible time resolution. This overlap allows the existing measurement
data to be used more efficiently, improves the smoothing and stability of
the resulting impedance curves, and increases the coherence of the
calculated frequency components. This approach also reduces sensitivity
to local measurement disturbances and enables a more consistent tem-
poral representation of the MI under dynamic force conditions.In the
following steps, the MI is determined for each individual segment using
the “Reference method”. By dividing the structure into segments, the MI
can also be determined for forces that change over time.

4.1. Output of the new evaluation method

The developed method determines the MI under dynamic force
conditions by segmenting the measurement signal and evaluating the
segments in an overlapping manner. This allows a separate frequency-
dependent impedance curve to be calculated for time varying interac-
tion force in the measurement. Together, the resulting impedance curves
form a continuously resolved force-frequency space that allows the
force-dependent behavior to be represented across a wider range of
operating conditions than in conventional static approaches.

In two-dimensional space, this higher resolution can be represented
as a bundle of several impedance curves over the frequency, with each
curve corresponding to a specific force combination. As an extension, a
three-dimensional representation has been introduced: by adding time
as a third axis, the time-based variation of the interaction force and the
resulting changes in MI can be visualized simultaneously. This 3D rep-
resentation allows the non-stationary behavior of the hand-arm system
to be visualized across time, frequency, and interaction force.
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5. Validation and dynamic evaluation

The results of this study are presented in two consecutive parts.

This section begins with an evaluation of the data recorded in this
study under constant force conditions. This involves systematically
comparing the established evaluation “Reference method” [29] with the
dynamic method presented in this study. The objective is to ascertain the
degree of agreement between the two methods under stationary condi-
tions and whether the new method can reproduce the reference results.

The new method is applied to measurement data with time-varying
grip forces in the concluding section. The linear force curve from
section 2.3 was selected for exemplary representation as it exhibits clear
and unambiguous variation over time. The other force curves examined,
including sine profiles and application-based profiles, are documented
in the appendix II & IIIL.

5.1. Validation

To validate the new DTIA method introduced in Chapter 4, the me-
chanical impedance obtained using DTIA was compared with the
reference evaluation method results described in Chapter 3. Validation
was performed in two consecutive steps.

First, a static measurement of one participant was evaluated using
both methods. This measurement was taken for the constant value F
(t) = 40 N, which the participant could maintain with an error value of
0.81 N [32]. Based on the reference method, the participant applied
mean push and grip forces of 9.9 N and 40.2 N, respectively. Since the
complete measurement is evaluated as a single dataset, the reference
evaluation yields one MI curve over frequency, shown in red in Fig. 5a.

The same measurement was also evaluated using the DTIA method.
Due to its sliding-window evaluation, the DTIA method yields multiple
MI curves, as the grip and push forces cannot be maintained at exactly
the same level throughout the entire measurement. The area of all the
resulting MI curves is highlighted in grey in Fig. 5a. From these curves,
the DTIA curve with grip and push forces closest to the static reference
condition was identified and is shown in blue. The best-fitting window
was defined as the time window for which the sum of the absolute de-
viations of the grip and push forces from the corresponding static
reference forces was minimal.

In addition, the 75 dynamic measurements, which increased linearly,
from 25 participants (including the participant used for the preceding
static comparison) were evaluated using the DTIA method. For each
measurement, the time window in which the grip and push forces were
closest to the static reference condition within + 5N was selected. These
force-matched time windows are shown in Fig. 5¢ and are predomi-
nantly located between approximately 4 and 6 s. This interval corre-
sponds to the section of the linearly increasing grip-force profile in
which the dynamically applied interaction forces most closely approach
the static reference condition. Only the force-matched DTIA evaluation
window was included for each of the 75 measurements. The resulting MI
curves are shown as the blue area in Fig. 5a and were compared with the
red static reference curve.

In the second evaluation step, two measurements were analysed for
the same participant: one with a constant grip and push force (Static
Value), and one with a grip-force curve that increased linearly (Linear
Value). The static measurement was processed using the reference
evaluation method, and the resulting MI curve is shown in red in Fig. 6.
For the linear measurement, the DTIA method was applied to the entire
measurement. The grip force increased evenly from 0 N to 100 N
throughout the measurement period, while the push force remained at
approximately O N. The grey area in Fig. 6a comprises all the MI curves
resulting from the DTIA evaluation of this complete dynamic
measurement.

From these curves, the impedance curve with force conditions most
similar to the constant reference measurement was identified and is
shown in blue. In this case, it corresponds to a segment with interaction
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Fig. 5. Top a: 2D display of the mechanical impedance for static forces over a frequency range of 10 to 500 Hz. The mechanical impedance, as determined by the
“Reference method”, is shown in red and represents the reference [21]. The area of all the MI curves from the new DTIA method is highlighted in grey. The curve
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Newtons over time. The continuous curves represent the static reference condition,

individually selected force-matched windows from the 75 dynamic measurements.

forces of 39.9 N grip force and almost 0 N push force. Finally, the
complete, linearly increasing force profiles of all 75 dynamic measure-
ments from the 25 participants were evaluated using DTIA, without
restricting the analysis to a force-matched window. The resulting MI
curves, shown as the blue area in Fig. 6a, cover the full grip-force range
occurring during the measurements, from 0 N to 100 N. [30,32]To
determine the best-fitting specimen, the difference between the instanta-
neous grip and push forces of the dynamic measurement and the cor-
responding static reference forces was calculated for each time window.
The best-fitting specimen was defined as the time window for which the
sum of the absolute deviations of both force components was minimal:

)

al‘gmiil'l( ‘F Gclassic — F, Gslidingl + ‘F Pclassic — F, Psliding|)

while the clustered dynamic sections around approximately 4 s represent the

In the upper of Fig. 5, the MI for the evaluation method according to the
established method is shown in red. A first peak between 20 and 30 Hz
with 200 Ns/m can be seen. A second local peak is visible at 100 Hz with
180 Ns/m. From 150 Hz onwards, the MI rises continuously, with a
global maximum at 500 Hz and a MI of 350 Ns/m. Since the new
method leads to an overall of 65 MI curves there is no one single curve
that can be shown. Instead, the Area of all MI curves is highlighted in
grey and a single curve with the closest match in both grip and push
force is shown in blue. The resulting curve closely matches the pro-
gression of the MI curve obtained using the conventional evaluation
method (red curve). The coefficient of determination, R2, for both curves
was determined to be R? = 0.9925 [34]. In addition, the blue area
represents the force-matched MI curves obtained from 75 linearly
increasing measurements. Only the DTIA evaluation window with grip
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Fig. 6. Top a: 2D display of the mechanical impedance for static forces over a frequency range of 10 to 500 Hz. The mechanical impedance, as determined by the
“Reference method”, is shown in red and represents the reference [21]. The mechanical impedance curve determined by using the Best Fit approach according to the
new method presented in this paper is shown in blue. The correlation between the curves is R? of 0.8001..The blue area represents the DTIA results obtained from all
75 linearly increasing dynamic measurements. Across these measurements, the coefficients of determination relative to the static reference had a mean of Rmean? =
0.1213 with an SD of 0.618. Middle b: The Phase from the mechanical Impedance in rad over the frequency. Bottom c: The grip and push force for static (red) and

dynamic (blue) forces in newtons over time.

and push forces closest to the static reference condition was included for
each measurement. Across these 75 force-matched comparisons, the
mean coefficient of determination relative to the static reference was
ernean = 0.6002, with an SD of 0.351. In comparison the MI values for 2
separate measurements (see Appendix I) that are evaluated with the
state-of-the-art method leads to an R2 = 0.9749. The results show that
the deviation associated with the new evaluation method is smaller than
the variability in repeated measurements from the same individual. This
implies that the new method does not introduce any additional variance
beyond that naturally present in the participant's measurements.

In the second evaluation step, two different measurements were
analysed for the same test subject: a measurement with a constant grip
and push force (Formula 1, Static Value), and a measurement with a grip
force curve that increased linearly (Formula 2, Linear Value). The static
value data sets were processed using the 'reference' evaluation method.

For the linear data, the new evaluation method was used. The results are
shown in Fig. 6. The lower diagram in Fig. 6 shows the interaction forces
over time. For the linear measurement (blue lines), the grip force in-
creases evenly from O N to 100 N, while the push force remains
approximately O N throughout the entire measurement period. The
constant measurement is shown in red and exhibits constant grip forces
of 40 N as well as constant push forces of 10 N. The upper diagram
shows, the MI as a function of frequency. The red curve shows the
reference impedance based on the state-of-the-art method with constant
interaction forces. The gray area comprises, all MI curves resulting from
the new segmentation method. From the total of 63 contained imped-
ance curves, the impedance curve whose force conditions are most
similar to the constant reference measurement was identified and is
shown as the best fitting specimen as the blue curve. In this case, it
corresponds to a segment with interaction forces of 39.9 N grip force
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and nearly O N push force. Despite the significant differences in inter-
action force between the reference and dynamic segments, this selected
curve shows a high degree of agreement with the red reference curve.
The analysis between those two curves yields a coefficient of determi-
nation of R> = 0.8001, confirming a very high degree of agreement
between the conventionally determined impedance and the curve
determined via dynamic segmentation. The blue area represents the MI
curves obtained by applying DTIA to the complete, linearly increasing
force profiles of all 75 dynamic measurements from the 25 participants.
These curves cover the full range of forces occurring during the mea-
surements. The mean coefficient of determination relative to the red
static reference curve across the 75 measurements was Rﬁwan =0.1213,
with an SD of 0.618.

5.2. Dynamic evaluation of mechanical impedance

As described in Section 3, the new method enables an evaluation for
dynamic interaction forces. To visualize the influence of the dynamic
forces a third axis must be added to the already shown visualizations for
MI curves. The following section describes the setup of such a three-
dimensional plot in detail. For better understanding, a measurement
with constant forces is used to explain how the graphic is set up. Then
the same graphic is used with dynamic force behavior. The result is then
explained using a dynamic curve of the “linear curve” (Formula 2). The
results for the other grip force curves can be found in the appendix II &
III.

Fig. 7 shows the classic two-dimensional representation of the MI
curves, showing all 63 MI curves in one plot. Each line has a color
representing the grip force applied by the participant. This extension
makes it possible to recognize the force-dependent dynamics and
simultaneously interpret the MI in the context of the current interaction
force. In this case, the color-coded representation shows that the grip
forces occurring during the measurement under investigation range
from 39.6 N to 40.6 N. The integration of force information in the form
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of a color scale thus increases the informative value of the 2D repre-
sentation, as changes in impedance can now be directly assigned to the
corresponding force levels without having to refer to additional dia-
grams or tables.

A key result of this work is the introduction of a three-dimensional
representation of MI, as shown in Fig. 9. This representation extends
the classic two-dimensional analysis (mechanical impedance over fre-
quency) with an additional time axis, showing clearly variation in the
impedance during changing grip forces. In addition to the color-coded
grip force, the time-based progression of the grip force is integrated as
a black line on the right Y-axis, allowing both the force change and the
resulting impedance curves to be interpreted simultaneously.

In addition, the MI at a fixed frequency at 70 Hz is shown as a red
line over the entire measurement period. The bottom plot shows the MI
for 70 Hz as a 2D, time-based line alongside the grip force. This addi-
tional projection illustrates that the new 3D representation allows the MI
for any frequency to be read as a function of time, even if the underlying
coupling forces vary during the experiment.Based on the new three-
dimensional representation of MI, an analogous plot can be generated
for the time-varying linear force profile (“linear curve”) rather than for a
static force combination; the resulting visualization is shown in Fig. 8.
The segmentation effect is particularly evident, with the dominant in-
fluence of changing grip force occurring in the 30-60 Hz range. At the
start of the measurement, the participant applies a grip force of
approximately 10 N, corresponding to an MI of ~ 50 Ns/m at 50 Hz and
a comparatively flat MI-curve profile. Over time, the grip force increases
to approximately 110 N after 13 s, yielding an MI of 274.11 Ns/m at
50 Hz and a more undulating MI-curve profile. To further quantify this
relationship at a fixed frequency, the bottom subplot depicts grip force
(red) and MI at 70 Hz (blue) as functions of time. This plot demonstrates
that the approximately linear increase in grip force is accompanied by a
pronounced, non-linear increase in MI. This curve is produced because
the dynamic method calculates the MI of each combination of grip force
and frequency that occurs over time individually. Therefore, the curve
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Fig. 7. Top a: Mechanical impedance above a frequency of 10 to 500 Hz, broken down by a color index according to grip force. Bottom b: The Phase from the

mechanical Impedance in rad over the frequency.
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Fig. 8. Top a: 3D graph of the mechanical impedance of a dynamic grip force (linear line in blue) over time (0-15 s) and frequency (10-500 Hz) as a function of grip
force (0-110 N). Bottom b: 2D graph: Mechanical impedance at 70 Hz (3D graph as red line) over time with increasing grip force, shown in red.

shown is not the result of a single MI calculation, but rather a combi-
nation of many individual, force-specific impedance curves, each of
which is valid at the time of its respective measurement.

6. Discussion

This paper presents a new method for evaluating MIs under
dynamically varying interaction forces. This approach has been vali-
dated using example evaluated using static reference data and 75 dy-
namic measurements from 25 participants.. In contrast to established
methods based on constant force conditions over time Griffin and ISO
10068:2012-12 [12,13], the approach presented here extends the
“Reference method”. [1,30] by segmenting and overlapping the mea-
surement data. Comparing the conventional static evaluation with the
dynamic segmentation method (DTIA) using the same static measured
data reveals only minor discrepancies, as evidenced by a high coefficient
of determination (R2 = 0.9925). This suggests that, despite using shorter
time windows for each segment, the new approach is capable of esti-
mating MI with comparable validity to the established method. The high
level of agreement suggests that the essential characteristics of the MI
response are preserved even under dynamically varying interaction
forces, which demonstrates the robustness of the segmentation-based
evaluation. This results in a continuous force-frequency-time connec-
tion (see Fig. 4), which allows for a much more differentiated analysis of
MI than classic point evaluations. The high correlation between the
established and new methods (R2 = 0.9925) confirms the methodolog-
ical consistency and suitability of the approach for both static and dy-
namic force conditions [34]. To evaluate consistency between static and
dynamic conditions, an impedance curve determined using conven-
tional methods and obtained under a well-defined static force combi-
nation was used as a reference. During the dynamic measurement, the
segment whose instantaneous force conditions most closely matched

10

those of the static reference was identified. This was possible even
though an exact replication of the static force combination could not be
achieved due to the continuous nature of the dynamic force progression.
The resulting comparison yielded a coefficient of determination of
R? = 0.8001This comparison is notable because the selected dynamic
segment closely matched the grip force of the static reference, though
not the push force. Therefore, this value should be interpreted as a force
approximation rather than evidence of general equivalence between
static and dynamic measurements. When DTIA was applied to the full
force progression of all 75 dynamic measurements rather than to only
the force-matched windows, the mean coefficient of determination
relative to the single static reference was found to be ernean =0.1213,
with an SD of 0.618. This lower level of agreement is expected because
the complete DTIA dataset intentionally contains MI curves associated
with a broad range of grip force conditions. In contrast, the red reference
curve represents a single static interaction force condition. Therefore,
the result illustrates the additional force-dependent information
retained by DTIA when evaluating the complete dynamic measurement.
How can the dynamic behaviour of mechanical impedance be calcu-
lated on varying interaction forces?

Current research shows that vibration transmission and MI are both
strongly force-dependent. However, previous studies have only exam-
ined this relationship under constant interaction forces [9,14]. Mean-
while, dynamic force curves primarily occur in real-world applications
[3,17]. The results of this study confirm the existing understanding that
MI increases with rising grip force in a distinctly non-linear manner, as
illustrated in Fig. 8. This non-linearity aligns with prior research and can
be attributed to alterations in muscle activation, joint stiffness, and soft-
tissue compression at varying force levels, each of which modifies the
biodynamic response of the hand-arm system. The new method provides
an approach that can map these time-varying forces and determine the
corresponding MI for the first time. Additionally, this method
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significantly reduces experimental effort because a single dynamic
measurement captures a large number of force combinations [10,18].

The novelty of DTIA does not lie in the individual signal-processing
operations of segmentation and overlapping-window analysis. Rather, it
lies in integrating these established operations with the frequency-
domain mechanical-impedance calculation to obtain a sequence of
force-associated impedance spectra during a single continuous mea-
surement. Evaluated data show that MI increases nonlinearly with
increasing gripping force [21,24]. This finding is particularly relevant
within the typical tool frequency range of 30-80 Hz because it directly
impacts the development of handheld tools [35]. The 2D color-coded
grip force representation introduced in this study significantly im-
proves the interpretability of force-dependent impedance phenomena.
The broad distribution of the measured MI and phase responses is likely
influenced by multiple factors, including anthropometric differences
between subjects and variations in hand-handle coupling conditions.
Since no target push force was specified during the measurements,
subject-specific differences in the applied push force may also have
contributed to the observed scatter of the results. Likewise, the phase
response should be interpreted in the context of interaction-force con-
ditions. Previous measurements using the established configuration
revealed force-dependent changes in MI phase, especially at lower fre-
quencies for grip force changes and within specific frequency ranges for
push force changes [29]. Therefore, deviations in phase cannot be
attributed to the DTIA evaluation. The DTIA does not modify the un-
derlying force and acceleration measurement chain, but rather applies a
time-resolved evaluation to these established signals.

Extending this to a 3D representation offers a significant functional
advantage: MI can be read directly over time for each frequency. This is
a decisive step toward realistic evaluations of nonstationary force
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conditions [36]. Displaying individual frequency components, like the
example shown in Fig. 9, as independent time-dependent curves ach-
ieves a level of understanding not yet seen in the literature. This
improvement is made possible by combining segmentation and overlap
according to Welch's principle [29].

More broadly, the presented method opens new perspectives for the
ergonomic evaluation and risk assessment of hand-arm vibrations.
Because it can realistically represent dynamic impedance curves, this
method could be integrated into future HAV assessment standardization,
complementing existing standards such as ISO 10068:2012-12 [13].
With a more comprehensive database, the method could also be used to
develop a complete force-time-frequency model of the hand-arm sys-
tem. This could lay the groundwork for future biodynamic hand-arm
models and the design of vibration-optimized tools.

7. Limitation

The study was conducted using sample measurement data from 25
test subjects for linear time varying curve and two test subjects for static
curve. This small sample size may have led to irregularities in the
measurement data. However, even if such irregularities did occur, they
are not relevant for this study, since the objective is to prove the validity
of the newly developed measurement method and to show that it can
also be used to evaluate dynamic grip forces. The measurements were
carried out with a limited number of test subjects and exemplary force
curves. Thus, no generalizable biomechanical parameters can be
derived. To solve this problem, future studies should therefore extend to
larger samples and consider realistic nonlinear interaction forces [17]. A
limitation of the present study is that push force was not controlled as an
independent experimental variable. Similar to the procedure reported
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Fig. 9. Top a: 3D graph of the mechanical impedance of a quasi-static grip force (constant value) over time (0-15 s) and frequency (10-500 Hz) as a function of the
grip force (approx. 40 N). Bottom b: 2D curve of the mechanical impedance for 70 Hz of a quasi-static grip force in Newton (constant value approx. 40 N) over time.
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by Pan et al. [25], only the grip force was continuously varied. There-
fore, differences in the naturally applied push force between subjects
may have introduced additional variability into the measured biody-
namic responses. Previous research has reported significant variability
among individuals in hand-arm muscle injury and has discussed
anthropometric characteristics as a possible contributing factor [30].
However, the present study was not designed to quantify the influence of
these parameters. Additionally, existing studies highlight the impor-
tance of different grip positions and realistic tool interfaces [16,20].
Further studies should investigate these as well.

The accuracy of the new method depends on the sampling rate and
the accuracy of the test bench. A higher sampling rate can provide more
accurate and meaningful data. Furthermore, this could allow for a finer
segmentation, while keeping the same frequency resolution. This would
also probably increase the significance of the individual MI curves. The
conducted measurements are sampled with 10 kHz which leads to a
frequency resolution of 0.1 Hz per second measuring time. In combi-
nation with the used frequency step of 5 Hz for the multi-sine a seg-
mentation into smaller samples is not suitable. However, this problem
can be solved by using a higher sampling rate in combination with fitting
Sensors.

8. Conclusion

This paper presents a new method, DTIA-Dynamic Time-Resolved MI
Analysis, for evaluation MI under dynamic interaction forces, and vali-
dates it, while established methods are based on static, time-constant
force levels. The presented method enables, for the first time, a
continuous and time-resolved analysis of MI under varying coupling
forces. To this end, the data are segmented and processed using over-
lapping windows. This allows the MI to be represented as a time-
resolved curve across the dynamic force conditions and frequencies
present during the experiment.

A comparison with the established static evaluation method shows
that the new DTIA-method delivers almost identical results for constant
force conditions. This confirms the methodological validity for the static
case. At the same time, dynamic evaluation opens the possibility of
reliably determining MI even for time-based variable interaction forces.
This is an aspect that was not previously possible. The application to 75
dynamic measurements from 25 participants further demonstrates that
force-specific MI curves can be extracted from continuously varying
measurements. This capability is particularly relevant because real
human-machine interactions, such as with hand-held tools, are pri-
marily characterized by dynamic force curves.

The measurements performed are from exemplary nature and were
not carried out with the objective of deriving definitive biomechanical
parameters for the hand-arm system. Rather, they serve to test the
functionality and consistency of the developed evaluation method. The
results clearly show that the DTIA-method presented forms a viable basis
for future studies with realistic dynamic force curves. A key practical
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advantage of the new method is that extensive measurement series with
numerous static repetitions will no longer be necessary in the future.
Instead, a wide range of force-frequency combinations can be derived
from a single dynamic measurement and their influence on MI analyzed.
This not only significantly shortens measurement times but also in-
creases the informative value of experimental investigations under
realistic conditions.

Overall, this method is a significant step toward more realistic and
efficient characterization of the hand-arm system. It also opens new
possibilities for investigating vibration loads under dynamic interaction
forces. The principle of determining MI as a time-resolved function of
dynamic coupling forces, which is used in hand-arm applications, may
also be applicable to other human-vibration scenarios. Examples include
whole-body vibration when standing on vibrating platforms or when
seated in vehicles, where vibrations are transmitted through the seat
interface. In these cases, the method could be adapted by replacing grip
force with the relevant coupling forces acting at the feet, pelvis or back.
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I. Appendix - Mechanical impedance for two separate
measurements was calculated using a reference method
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II Appendix. — Mechanical impedance (Example: Test subject 1)
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P14 sliding profile: "static"
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Fig. 11. Top a: 3D graph of the mechanical impedance for subject 1 of a quasi-static grip force (constant value) over time (015 s) and frequency (10500 Hz) as a
function of the grip force (approx. 40 N). Bottom b: 2D curve of the mechanical impedance for 70 Hz of a quasi-static grip force in Newton (constant value approx.

40 N) over time.

P14 sliding profile: "linear"
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Fig. 12. Top a: 3D graph showing the mechanical impedance of subject 1 for a linear grip force over time (0-15 s) and frequency (10-500 Hz). Bottom b: 2D curve
showing the mechanical impedance at 70 Hz as a function of grip force in Newtons over time.
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P14 sliding profile: "sine"
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Fig. 13. Top a: 3D graph showing the mechanical impedance of subject 1 as a function of grip force (sine curve), frequency (10-500 Hz) and time (0-15 s). Bottom
b: 2D curve showing the mechanical impedance of a 70 Hz sine curve grip force in Newtons over time.

P14 sliding profile: "borehole"
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Fig. 14. Top a: 3D graph showing the mechanical impedance of subject 1's hammer drilling grip force curve over time (0-15 s) and frequency (10-500 Hz). Bottom
b: 2D curve showing the mechanical impedance at 70 Hz of a hammer drilling grip force curve in Newtons over time.
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III Appendix. — Mechanical impedance (Example: Test subject 2)
. Appendix — Mechanical Impedance (Example: Test Subject 2):
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Fig. 15. Top a: 3D graph of the mechanical impedance for subject 2 of a quasi-static grip force (constant value) over time (015 s) and frequency (10500 Hz) as a
function of the grip force (approx. 40 N). Bottom b: 2D curve of the mechanical impedance for 70 Hz of a quasi-static grip force in Newton (constant value approx.

40 N) over time.
P15 sliding profile: "linear"
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Fig. 16. Top a: 3D graph showing the mechanical impedance of subject 2 for a linear grip force over time (0-15 s) and frequency (10-500 Hz). Bottom b: 2D curve
showing the mechanical impedance at 70 Hz as a function of grip force in Newtons over time.
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Fig. 17. Top a: 3D graph showing the mechanical impedance of subject 2 as a function of grip force (sine curve), frequency (10-500 Hz) and time (0-15 s). Bottom

b: 2D curve showing the mechanical impedance of a 70 Hz sine curve grip force in Newtons over time.
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Fig. 18. Top a: 3D graph showing the mechanical impedance of subject 2's hammer drilling grip force curve over time (0-15 s) and frequency (10-500 Hz). Bottom
b: 2D curve showing the mechanical impedance at 70 Hz of a hammer drilling grip force curve in Newtons over time.

Data availability

Data will be made available on request.
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