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Abstract

This study presents a multivariate regression-based analysis aimed at quantifying the
influence of key vibration-generating components in two types of grain combines—C110H
(with straw walker) and CASE IH (axial flow)—on the operator’s seat (OS). Using tri-
axial accelerometers, vibrational measurements were performed under both stationary
and operational working mode. RMS acceleration values were recorded for major sub-
systems (engine, threshing unit, chassis, chopper/header) and processed via multiple
linear regression. The models generated for each combine and axis (Ox, Oy, Oz) revealed
high coefficients of determination (R? > 0.85), confirming the linear model’s validity. In-
fluence maps and standardized coefficients were used to rank the sources of vibration.
Results indicate that the straw walker dominates vibration transmission in the C110H,
while the header and threshing system are more significant in the CASE IH. The findings
support the development of predictive algorithms for real-time vibration monitoring and
ergonomic improvements in combine design. Moreover, the proposed methodology pro-
vides a cost-effective diagnostic tool for early fault detection, targeted maintenance, and
the long-term reduction of operator fatigue and injury risks.

Keywords: vibrations; grain harvesting combine; regression analysis; influence map;
dominant components; sources; receiver

1. Introduction

As detailed in specialized literature [1,2], regression provides a robust framework for
inferential analysis, which is essential in decision-making, forecasting, and the diagnosis of
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technical systems. Multiple linear regression allows for the simultaneous examination of
the influence of several factors on a measurable quantity, offering a clear hierarchy of their
importance through estimated coefficients and statistical significance tests.

By applying these principles to the field of vibration mechanics, it becomes possible to
quantitatively evaluate the impact exerted by various sources of mechanical excitation on a
specific subsystem—in this case, the operator’s seat (OS) of a grain harvesting combine.
Thus, regression analysis becomes a useful tool not only for phenomenological investigation
but also for the functional optimization of agricultural machinery.

Linear regression can be classified as either simple, when the model includes a single
explanatory variable, or multiple, when two or more independent variables are analyzed
simultaneously. The simple model involves an intercept and a slope coefficient, while the
multiple models assign coefficients to each included predictor [3]. Multiple regression is
frequently used in applied studies, even under limited data conditions, particularly when
variable selection is essential for prediction accuracy [4,5]. In parallel, simple regression
remains useful for analyzing fundamental relationships, with an emphasis on proper
sample sizing [6].

Multivariate linear regression extends classical analysis by simultaneously modeling
multiple correlated dependent variables, providing a more accurate representation of
complex processes. This method enables not only the prediction of multiple response
values but also the identification of the proportion of their variation that can be explained
by the predictor variables [7]. In fields such as vibration analysis or predictive maintenance,
this approach has proven effective in capturing the multidimensional relationships between
excitation sources and the dynamic responses of the system [8-10]. In this regard, efficient
variable selection and multicollinearity diagnostics become critical steps in constructing a
robust and interpretable model [6,11-13].

Regression models are frequently used in forecasting energy consumption, supply
chain demand, or time series prediction in agriculture and tourism, demonstrating their
relevance in complex applied contexts [14-17]. Moreover, the proper handling of phenom-
ena such as multicollinearity contributes to the increased robustness and interpretability of
regression models [18].

In the study of mechanical vibrations and their effects on various categories of re-
ceivers, including the human body, the use of regression analysis and coherence analysis
represents a set of methodological tools frequently applied in practice [19-33]. In the case
of grain harvesting combines, determining the main sources of vibration is essential for
understanding their interaction with the natural frequencies of the supporting structure
and chassis to avoid resonance phenomena and premature functional degradation [34-36].

In the field of agricultural vibration ergonomics, the present study is grounded in a
comprehensive body of literature that highlights the physiological and operational con-
sequences of prolonged exposure to whole-body vibrations (WBVs) among machinery
operators. Previous studies have emphasized the need to identify and mitigate the trans-
mission paths of harmful vibrational energy, particularly at the operator-machine interface,
where comfort, safety, and long-term health outcomes are significantly affected [37-42]. By
aligning with these research directions, the current work addresses the vibration exposure
specific to combine harvesters, offering an engineering-based perspective for assessing and
reducing operator discomfort through statistical modeling and predictive analysis.

Theoretically, these relationships can be modeled using advanced dynamic approaches,
as found in the specialized literature [43].

This study utilizes experimental data previously obtained for two models of grain
harvesting combines—C110H (with straw walker) and CASE IH (with axial flow)—as de-
scribed in detail in [44]. The prior study had a comparative character and aimed to estimate
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the influence of the main vibration sources—the threshing mechanism, chassis, header, and,
in the case of the conventional combine, the straw walker—on the OS, considered the main
receiver. Spectral recordings of the sources and the receiver were carried out in accordance
with ISO 2631-1:2001 and ISO 2631-5:2018 standards [45,46], and the evaluation of influence
was based on interspectral correlation analysis and influence coefficients.

Building upon this experimental foundation, the present study deepens the investiga-
tion of the C110H combine by applying the multiple linear regression method, aiming to
quantitatively and predictively determine the contribution of each vibration source to the
signals received at the OS. The analysis focuses on the root mean square (RMS) values of
accelerations measured over frequency bands, thus providing an integrated perspective on
the relationship between vibrational emissions and the effects experienced by the operator.

Identifying the main sources of vibrations in grain harvesting combines is essential for
analyzing their interaction with the natural frequency spectrum of the chassis and structural
frame to prevent dangerous resonance phenomena [34]. Recent studies emphasize that the
engine, threshing system, transmission, and chopper are among the primary sources of
mechanical excitation affecting the OS [44].

The integration of this method with modal analysis and structural optimization con-
tributes to the development of technical solutions aimed at reducing vibration exposure
and improving operator ergonomics [36]. These contributions underscore the necessity of a
systematic and predictive approach to vibration analysis based on rigorous algorithms and
relevant experimental data. During the operation of agricultural combines, the complex
interaction between component assemblies (the internal combustion engine, threshing
system, chopping mechanism, and power transmission) generates a wide spectrum of
mechanical vibrations with varying intensities and frequencies, which are transmitted to
the supporting structure and cabin.

A relevant and current research direction is the precise evaluation of how these
vibrations propagate to the OS, affecting comfort, safety, and operational efficiency.

Thus, the use of modern regression analysis techniques enables not only the quantifica-
tion of these influences but also the identification of dominant vibration sources, providing
a valuable framework for engineering interventions aimed at their reduction. The integra-
tion of experimental modal analysis with multivariate regression is particularly important
for understanding the relationships between excitation parameters (such as engine speed,
transmitted torque, and accelerator position) and the acceleration levels experienced by the
operator along the three axes (X, Y, Z). Furthermore, obtaining a statistically significant re-
gression predictive model can contribute to the development of real-time active monitoring
algorithms integrated into modern combines.

In the context of mechanical vibration analysis generated by the functional assemblies
of agricultural combine harvesters, the application of multiple linear regression provides a
predictive and integrative approach for quantifying the influence exerted by each excitation
source on the operator’s seat (OS), regarded as the primary vibration receiver. Compared
to conventional methods based on spectral correlation or coherence analysis, regression
enables the functional modeling of relationships between independent variables (vibration
sources) and the dependent variable (triaxial acceleration at the OS) while also identifying
statistically significant predictors.

The novelty of this study lies in the application of a multivariate regression structure
to experimental data collected from a conventional combine harvester (C110H) operating
under real-world conditions. By relating the RMS values of accelerations measured across
frequency bands to the corresponding excitation source values, a mathematical model is de-
veloped to describe and predict how each subsystem contributes to the vibration perceived
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by the operator. This approach supports structural and ergonomic optimization, as well as
the implementation of active algorithms for vibration monitoring and exposure mitigation.

The motivation for adopting this method stems from the current need to develop
rigorous analytical tools that support engineering decision-making in the design and
operation of modern agricultural machinery, with a focus on operator protection and the
enhancement of equipment functional durability.

2. Materials and Methods

The data used in this research originate from previous experiments conducted on two
models of grain harvesting combines—C110H and CASE IH—as described in detail in our
previous study [44]. The RMS acceleration spectrum was graphically represented for both
the vibration-generating components and the OS, considered the primary receiver. For
the C110H combine, the vibration sources considered were the straw walker, threshing
mechanism, header, and chassis. In the case of the CASE IH combine, the analyzed
components included the threshing mechanism, header, and chassis. For both combine
types, measurements were also taken at the operator’s seat to determine the level of
vibrations transmitted to the operator.

Vibration measurements were performed in terms of acceleration along the three
reference axes: Ox (horizontal, in the forward direction), Oy (lateral, perpendicular to the
direction of travel), and Oz (vertical). Data were collected for each source component and
for the OS along these three directions, according to the illustrative figures presented in the
scientific study [44].

The relevant operating conditions of the two combine harvesters used In the study
are illustrated in Figures 1 and 2 and were maintained constant throughout the entire
measurement period.

The experimental measurements were carried out in 2024 at the National Institute of
Research-Development for Machines and Installations Designed for Agriculture and Food
Industry (INMA) Bucharest, Romania, at the institute’s testing facilities, which include
both a concrete test track and an adjacent experimental agricultural field (geographical
coordinates: 44.5006742 N, 26.0724372 E). The field tests were performed in a wheat crop
at the stubble stage, with an average plant height of 86 cm and a mean plant density of
421 plants/m?. The machine operated at an average working speed of 6.2 km/h during the
vibration recordings. The atmospheric conditions recorded during the testing sessions were:
ambient temperature of 34.6 °C, relative humidity of 43.8%, wind speed of 0.45 m/s, and
atmospheric pressure of 754.6 mmHg. These environmental parameters were monitored to
ensure consistency in experimental conditions and to support the reproducibility of the
vibration measurements.

Figure 1. C 110H harvester, perspective view.
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Figure 2. CASE-TH harvester, perspective view.

The evaluation of the influence of vibration-generating components on the operator’s
seat can be performed using several methods:

e Linear analysis, separately on each axis, based on the vibratory components corre-
sponding to that axis;

e Linear analysis on all axes simultaneously;

o Nonlinear analysis, axis by axis;

e  Multidirectional nonlinear analysis.

In addition to these approaches, other complementary methods are also possible. In
the present study, the influence of vibration sources on the OS is analyzed separately for
two operating modes of the machine: stationary and working, in accordance with the
initially established experimental design.

The obtained vibration spectra are graphically expressed in frequency—RMS accelera-
tion coordinates, as described in study [44]. The notations used in the regression analysis
are systematically presented in Table 1.

Table 1. Notations of RMS acceleration components along the axes of the absolute coordinate system,

for each measured vibratory component of the two combines.

No. Notation Definition
1 ARMSShx RMS acceleration component on the Ox axis at the straw walker
2 ARMSThx RMS acceleration component on the Ox axis at the threshing mechanism
3 ARMSChx RMS acceleration component on the Ox axis at the chassis
4 ARMSHx RMS acceleration component on the Ox axis at the header
5 ARMSSx RMS acceleration component on the Ox axis at the operator’s seat
6 aRMSShy RMS acceleration component on the Oy axis at the straw walker
7 aRMSThy RMS acceleration component on the Oy axis at the threshing mechanism
8 ARMSChy RMS acceleration component on the Oy axis at the chassis
9 ARMSHy RMS acceleration component on the Oy axis at the header
10 aRMSSy RMS acceleration component on the Oy axis at the operator’s seat
11 ARMSShz RMS acceleration component on the Oz axis at the straw walker
12 ARMSThz RMS acceleration component on the Oz axis at the threshing mechanism
13 ARMSChz RMS acceleration component on the Oz axis at the chassis
14 ARMSHz RMS acceleration component on the Oz axis at the header
15 ARMSSz RMS acceleration component on the Oz axis at the operator’s seat

The data processing method consists of applying multiple linear regression analysis

to the numerical files extracted from the graphical representations of the experimental
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ARMSSx — 0.0021434 — 4-3484223RMSThx + 0.804587aRM5Thy - 1.388706aRMSChy + 0.845321aRM5Hy

data described in [44]. The regression is classified as multiple because, for each of the
three components of the RMS acceleration recorded at the OS, the corresponding RMS
acceleration components from the vibration sources were considered (four in the case of
the C110H combine and three in the case of the CASE IH combine).

The model was constructed under the assumption of a first-order linear relation-
ship between the explanatory variables (source accelerations) and the response variable
(acceleration at the OS). This assumption was considered reasonable for two main reasons:

e [t provides an accessible and interpretable analytical framework;

e There is no significant experimental evidence to justify the assumption of major
nonlinearities in the transmission of vibrations from the source to the receiver in the
analyzed configurations.

Regression analysis was performed using the software application specified in [47],
and the validation of the results was conducted through the program indicated in [48]. The
high values of the coefficient of determination R? confirm the adequacy of the chosen linear
model for evaluating the influence of vibration-generating sources on the OS.

In this study, by hypothesis, the dependent variables are the three components of
the RMS acceleration measured at the OS, denoted as armssx, armssy, and armssz- The
independent variables (predictors) are represented by the three RMS acceleration com-
ponents associated with each vibration source. Thus, in the case of the C110H combine,
12 independent variables are analyzed (corresponding to sources 1-4, 6-9, 11-14), while
for the CASE IH combine, 9 variables are considered (corresponding to labels 2—4, 7-9,
12-14), according to the structure presented in Table 1.

Thus, the working statistical hypothesis assumes that the 3 dependent variables—the
RMS acceleration components recorded at the OS—are functions of a set of 12 independent
variables in the case of the C110H combine and 9 independent variables in the case of the
CASE IH combine.

The software used for the multiple linear regression analysis automatically performs
the selection of statistically significant independent variables for each regression equation,
retaining only the relevant predictors in the final model form. The calculation of the
coefficient of determination R? for each relationship allows the assessment of the extent to
which the selected independent variables explain the variation of the dependent variables.

3. Results
3.1. C110H Combine
3.1.1. Case of Stationary Operating Mode

In the stationary mode, where all vibration-generating components operate idly with-
out the movement of the machine, an almost perfect linear relationship was identified
between the RMS value of the acceleration measured at the operator’s seat along the Ox
direction and the vibration along the same direction of the chassis.

This significant dependence is highlighted by the regression coefficients calculated us-
ing the multiple analysis algorithm available within the Stats Kingdom software [47], which
was used for data processing and coefficient estimation. Mathematically, this statement is
expressed by Equation (1):

1)
+1.32383aRM55hZ

The results of the multiple linear regression analysis indicated a significant collective

effect among the variables arysshx, ARMSThxs @RMSChxs @RMSHx, @RMSShy s @RMSThy s @RMSChy
ARMSHy, @RMSShz, @RMSThz, @RMSChz, @RMSHz, and agrmssx- The coefficient of determination
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armssy = 0.00372845 — 0.593186arusrx + 0.793287agusshy — 0.985051agyish, — 1.036009aRwsChy

armss; = —0.0127511 — 5.386504arwisthy — 0.517121agwmstix + 0.943862agysthy — 1.396184aRwschy

obtained from Equation (1) is R? = 0.96 (very close to 1). Under these conditions, the
F statistic has a value of F(5,14) = 66.42, with a probability of p < 0.001. For evaluating
the statistical significance of regression models, ANOVA analysis provides essential tools,
particularly through the F statistic and the associated p-value. The F value expresses the
ratio between the variation explained by the model and the residual variation, indicating
whether the regression model significantly explains the variation of the dependent variable.
On the other hand, the p-value associated with the F test reflects the probability that an
observed relationship occurred by chance. Generally, p-value < 0.05 indicates high statistical
significance, justifying the retention of the model (or variables) in the final analysis. For
further theoretical details and applied examples regarding the interpretation of the F
value and p-value in the context of ANOVA, references [48-50] may be consulted. The
software referenced in [47] selects as significant predictors those that appear in the structural
Equation (1) for the dependent variable arpssx (acceleration in the forward direction of the
combine, Ox). The coefficient of determination indicates that the five predictors selected by
the multiple regression analysis explain 96% of the variation in longitudinal acceleration
(Ox) at the operator’s seat in stationary mode.

For the lateral component of the RMS acceleration at the operator’s seat in stationary
mode, the multiple regression analysis performed according to the procedure described
in [47] led to regression Equation (2). The calculations were carried out using the Stats
Kingdom platform [47], with the application’s default settings: medium effect size (f), effect
size of 0.39, and numerical precision of six decimal places for the regression coefficients.

(2)
+2.4229 73aRM5HZ

The results of the multiple linear regression analysis indicated a significant collec-

tive effect among arnsshxs ARMSThxs ARMSChxs ARMSHx, @RMSShys ARMSThy s ARMSChy ARMSHy

ARMSShzs ARMSThz, ARMSChz, aRMSHz, and arwssy -
The coefficient of determination obtained from Equation (2) is R? = 1.00. Under these

conditions, the F statistic has a value of F(5,14) = 1208.03, with a probability of p < 0.001.
The software tool referenced in [47] identifies as statistically significant predictors those
that appear in the structural Equation (2) for the dependent variable armssy (acceleration
in the lateral direction relative to the combine’s forward motion, Oy). The coefficient of
determination for the model obtained for the lateral component (Oy) of the RMS acceler-
ation at the operator’s seat in stationary mode indicates that the five predictors selected
through multiple regression analysis explain 100% of the recorded signal variation. This
result reflects an excellent correspondence between the model and the experimental data,
confirming the relevance of the predictors included in the equation.

For the vertical component (Oz) of the RMS acceleration at the OS in the same operating
mode (stationary), the Stats Kingdom software [47] generated the structural Equation (3), high-
lighting the relevant linear relationships between the vibration sources and the mechanical
response measured at the operator’s level:

3
+1.660118am55hz + 2.284598aRM5HZ ( )

The results of the multiple linear regression analysis indicated a significant collec-
tive effect among arnsshx, @RMSThxs @ARMSChxs @RMSHx, @RMSShys ARMSThy» ARMSChy ARMSHy
ARMSShz, @RMSThz, @RMSChz, aRMSHz, and armssz- The coefficient of determination obtained
from Equation (3) is R? = 0.98. Under these conditions, the F statistic has a value of
F(6,13) = 95.68, with a probability of p < 0.001. The software referenced in [47] selects
as statistically significant predictors those that appear in the structural Equation (3) for
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the dependent variable arpmss, (acceleration in the vertical direction of the combine, Oz).
The coefficient of determination shows that the five predictors selected through multiple
regression analysis explain 98% of the variation in vertical acceleration (Oz) at the OS in
stationary mode.

Appendix A.1.1 provides the graphical representations associated with Figure Ala—c,
illustrating the root mean square (RMS) acceleration components along the three orthogonal
axes (X, Y, and Z) measured for the C110 H combine harvester under stationary operating
conditions. The figures depict both the directional RMS values and the resultant global
acceleration, computed through the vectorial synthesis of the tri-axial components.

From an analytical perspective, these representations characterize the baseline dy-
namic response of the combine under stationary conditions, when excitation is mainly
generated by inertial unbalances of rotating subassemblies and structural interactions trans-
mitted through the chassis. The triaxial RMS decomposition reveals anisotropic vibration
patterns, with higher magnitudes typically along the vertical (Oz) axis due to structural
and gravitational effects. The resultant RMS acceleration, computed through Euclidean
synthesis, provides an integrative indicator of whole-body vibration exposure, in line with
ISO 2631-1:2001 and ISO 2631-5:2018 standards, and facilitates the identification of potential
resonance intervals within the critical 20-60 Hz frequency range.

In this context, Figure 3 presents the influence map of the C110H combine under
stationary mode, synthesizing the regression-derived coefficients to highlight the relative
contributions of each source (straw walker, threshing system, chassis, header) to the op-
erator’s seat vibrations. Such maps offer both a quantitative ranking of influences and a
practical diagnostic tool for guiding structural optimization and ergonomic interventions
aimed at reducing operator exposure.

Figure 3. Influence map of the vibratory components of the C110H combine on the operator’s seat in
stationary mode.

3.1.2. Case of Working Operating Mode

For the working operating mode, in which the combine performs actual harvesting
operations and all vibration-generating components operate simultaneously under load,
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armssz = —0.0936682 + 2.386383agrmsshx — 0-241027agrmstx — 0.397579agrmschy + 0.273108arwmsshz

the multiple regression analysis software Stats Kingdom [47] was used to determine the
functional relationships between the RMS acceleration values recorded at the OS and the
corresponding acceleration values of the vibration sources.

The obtained results are expressed by structural Equations (4)—(6), which describe
the linear dependencies of each component (Ox, Oy, Oz) of the RMS acceleration at the
operator’s seat on the relevant acceleration components of the vibration generators.

armssx = 0.0728602 — 0.834345agpsshy + 0.580065ansshy — 0.53317%aRmschy  (4)

The results of the multiple linear regression analysis indicated a significant collec-
tive effect among arnisshx, ARMSThy, ARMSChx, ARMSHx, ARMSShy, #RMSThy, @RMSChy, #RMSHy/
ARMSShzs ARMSThz, ARMSChz, RMSHz, and armssx- The coefficient of determination obtained
from Equation (4) is R? = 0.96 (very close to 1). Under these conditions, the F statistic has a
value of F(3,16) = 129.62, with a probability of p < 0.001.

The software referenced in [47] selects as significant predictors those appearing in
the structural Equation (4) for the dependent variable aryissx (acceleration in the forward
direction of the combine, Ox). The coefficient of determination indicates that the three
predictors selected by the multiple regression analysis explain 96% of the variation in
longitudinal acceleration (Ox) at the OS in the working (harvesting) mode.

aRMssy = 0.0398874 + 0.450284aRM55hy + O~286636aRMSThy - O.536784aRM5HZ (5)

The results of the multiple linear regression analysis indicated a significant collec-
tive effect among armsshx, ARMSThxs @RMSChxs @RMSHx, @RMSShy s ARMSThy s ARMSChy, @RMSHy
ARMSShz, @RMSThz, aRMSChz, @RMSHz, and armssy- The coefficient of determination obtained
from Equation (5) is R? = 0.97. Under these conditions, the F statistic has a value of
F(3,16) = 193.96, with a probability of p < 0.001. The software referenced in [47] selects as
significant predictors those appearing in structural Equation (5) for the dependent variable
armssy (acceleration in the lateral direction relative to the forward direction of the combine,
Oy) in working mode. The coefficient of determination indicates that the three predic-
tors selected by the multiple regression analysis explain 97% of the variation in lateral
acceleration (Oy) at the OS during working mode.

6
+1.977262arMSThy ©)

The results of the multiple linear regression analysis indicated a significant collec-
tive effect among agrmsshx, ARMSThx, @RMSChx, @RMSHx~ ARMSShy, ARMSThy, ARMSChy, @RMSHy-
ARMSShzs ARMSThz, ARMSChz, AaRMSHz, and armss,- The coefficient of determination obtained
from Equation (6) is R? =0.98. Under these conditions, the F statistic has a value of
F(5,14) = 164.47, with a probability of p < 0.001. The software referenced in [47] selects as
significant predictors those appearing in structural Equation (6) for the dependent variable
aRrmss; (acceleration in the vertical direction of the combine, Oz, in working mode). The
coefficient of determination indicates that the five predictors selected by the multiple re-
gression analysis explain 98% of the variation in vertical acceleration (Oz) at the OS during
working mode.

Appendix A.1.2 presents the graphical representations corresponding to Figure A2a—c,
which highlight the root mean square (RMS) acceleration components along the three
orthogonal directions (X, Y, and Z), recorded for the C110 H combine harvester during
active operational mode.
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3.1.3. Identification of the Maximum RMS Resultant Acceleration at the Operator’s Seat

Identification of the maximum resultant acceleration values at the OS reveals the
frequencies at which the reception of vibrational influences is most intense.

The resultant acceleration at the OS is calculated using the Euclidean norm formula
for the RMS acceleration vector:

_ 2 2 2
ARMSSrez = \/ ARMSSx + aRMSSy + ARMSSz (7)

In Equations (1)—(3), the expressions for the RMS acceleration components at the OS
are constructed based on the derived regression relationships, where each term on the
right-hand side depends on the signal frequency. This dependency directly implies that the
RMS value of the total resultant acceleration at the OS is also frequency-dependent.

Therefore, by using the frequency network defined for the experimental recordings, it
is possible to graphically represent the spectral variation for each component of the RMS
acceleration (Ox, Oy, Oz), as well as for the total resultant acceleration, according to relation (7).

Figure 4 presents the influence map of the vibratory components of the C110H com-
bine harvester on the OS during the working operating mode. This visual representation
synthesizes the relative contributions of the vibration-generating sources (the threshing
system, straw walkers, header, and chassis) to the measured acceleration values at the OS,
along each of the three directions (Ox, Oy, Oz). In working mode, vibration transmission
results from both the rotating subsystems and their interaction with crop flow, soil-machine
contact, and forward motion, leading to stochastic fluctuations superimposed on determin-
istic excitations. The triaxial analysis shows that vertical accelerations (Oz) dominate due to
structural coupling and soil reaction, while lateral (Oy) and longitudinal (Ox) components
are largely influenced by the threshing and separation units. The straw walker remains a
critical vibration source, while the header gains importance during crop engagement. The
influence map thus provides a realistic diagnostic of vibration propagation, enabling the
identification of dominant sources and critical frequency ranges (20-60 Hz) relevant for
resonance, and guiding engineering measures such as structural reinforcement, improved
balancing, and vibration isolation to reduce operator exposure.
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Figure 4. Influence map of the vibratory components of the C110H combine harvester on the
operator’s seat during working operation.
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Figure 5 highlights the intensity peaks and the dominant excitation zones as a function
of frequency. The frequency spectrum analysis of the resultant acceleration recorded at
the OS indicates that the dominant vibration range lies between 20 and 60 Hz, with a
pronounced peak around 40 Hz, an aspect also confirmed in the specialized literature, for
example in [51]. This spectral distribution remains consistent across both operating modes
analyzed: stationary (Figure 5) and working (Figure 6).
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Figure 5. Variation of the RMS resultant acceleration as a function of frequency in the stationary
operating mode.
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Figure 6. Variation of the RMS resultant acceleration as a function of frequency in the working
operating mode.

It is also observed that the maximum value of the total RMS acceleration is approx-
imately 46% higher in stationary mode compared to the working operating mode. This
phenomenon can be interpreted as a damping effect of the vibrations generated by the
structural components of the machine when transitioning from idle operation to operation
under load. Thus, entering the actual working mode leads to a partial dissipation of vibra-
tional energy through contact with the ground, the crop mass, and other functional factors
(travel speed, soil conditions, combine adjustment parameters) specific to the adopted
experimental setup.

3.2. CASE IH Combine

In the case of the CASE IH combine, which operates based on the axial-flow principle,
acceleration measurements were conducted for only four components: the threshing system,
chassis, header, and operator’s seat.

Unlike the conventional C110H combine, this design type is not equipped with a straw
walker, a component found only in combines with a conventional separation system.
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3.2.1. Case of Stationary Operating Mode

For the CASE IH combine, under stationary operating conditions, multiple regression
analysis was performed using the same methodology and statistical computation platform
previously mentioned, Stats Kingdom [47]. By applying this approach to the experimental
data obtained, regression Equations (8)-(10) were generated, describing the linear rela-
tionships between the RMS components of the acceleration measured at the OS and the
corresponding accelerations of the three vibration-generating sources: the threshing system,
chassis, and header.

ARMSSX = 0.0132446 — 2.270205aRM5ThX + 1.345614aRMSHX + 1.221719aRM5ChZ (8)

The results of the multiple linear regression analysis indicated a significant collective ef-
fect among arMSThx, ARMSChx, ARMSHx/ ARMSThy, ARMSChy, #RMSHy s #RMSThz, ARMSChz, ARMSHz/
and agyssx. The coefficient of determination obtained using Equation (8) is R? = 0.98. The
F-statistic value F(3,16) = 248.37 and the associated p-value (p < 0.001) indicate that the
model is statistically significant and the predictor coefficients are reliable. The program
from source [47] selects as significant predictors those included in the structural Equation (8)
for the dependent variable agyssy (acceleration along the combine’s forward direction, Ox).

The coefficient of determination shows that the three predictors selected through
multiple regression analysis explain 98% of the longitudinal acceleration (Ox) variation at
the OS under stationary operating conditions.

For the lateral component of the RMS acceleration at the OS under stationary operating
conditions, regression (9) is obtained according to [47]:

armssy = 0.00976259 — 1.945658aRnisThy + 3.996885aRMschx — 0.116424agpsThy + 0.343817agwsTh, 9)

ARMSSz = 0.0378521 — 2.421584aRM5ThX + 1.910592aRM5HX - 0.297716aRMschy + O.812542aRMSHy

The results of the multiple linear regression analysis indicated a significant collective
effect among the independent variables agpsThy, ARMSChxs ARMSHxs ARMSThys ARMSChy
ARMSHy, ARMSThz, ARMSChzs ARMSHz, and the dependent variable agpss,. The coefficient
of determination obtained from Equation (9) is R? = 0.69. Under these conditions, the F-
statistic value is F(4,15) = 8.53, with a probability of p < 0.001. The program from [47] selects
as significant predictors those appearing in the structural Equation (9) for the dependent
variable agpssy, (acceleration in the lateral direction relative to the combine’s forward
direction, Oy). The coefficient of determination shows that the four predictors selected by
the multiple regression analysis explain 69% of the variation in lateral acceleration (Oy) at
the OS under stationary conditions.

For the RMS acceleration component along the Oz axis of the OS in stationary mode,
Ref. [47] provides structural Equation (10):

10
+0.186563arMmsTh, + 1.245875armsch, — 0.600474armsHz (19

The results of the multiple linear regression analysis indicated a significant collective
effect among agrisThy, ARMSChxs ARMSHx, ARMSThy, ARMSChys ARMSHy, @RMSThzs ARMSChz
ArMsHz, and agyss;. The coefficient of determination obtained from Equation (10) is
R? =0.99.

Under these conditions, the F-statistic value is F(7,12) = 150.51, with a probability of
p < 0.001. The program from source [47] selects as significant predictors those included
in the structural Equation (10) for the dependent variable agpss, (acceleration in the
vertical direction of the combine, Oz). The coefficient of determination shows that the
five predictors selected by the multiple regression analysis explain 99% of the variation in
vertical acceleration (Oz) at the OS under stationary operating conditions.
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Appendix A.1.3 presents the graphical representations corresponding to Figure A3a—c,
which illustrate the root mean square (RMS) acceleration components along the three
orthogonal axes (X, Y, and Z), recorded for the CASE IH combine harvester under stationary
operating conditions.

Figure 7 presents the influence map of the vibratory components of the CASE IH
combine on the OS under stationary operating conditions. This graphical representation
integrates the regression-derived coefficients to highlight the relative contributions of
the threshing system, chassis, and header to the triaxial RMS accelerations (Ox, Oy, Oz)
recorded at the operator’s seat. In stationary mode, vibrations are mainly generated by
inertial unbalances of rotating assemblies and structural interactions, in the absence of crop
load and forward motion. The influence map in Figure 7 quantifies how each subsystem
transmits vibrational energy to the operator’s seat, serving as a baseline for comparison
with working conditions. Vertical accelerations (Oz) dominate due to structural coupling,
while the threshing mechanism and chassis contribute significantly to the longitudinal (Ox)
and lateral (Oy) components. From an ergonomic perspective, such maps are essential for
identifying dominant transmission paths and resonance-prone frequency bands (20-60 Hz),
thus supporting targeted design optimizations—such as isolation systems, structural rein-
forcements, and improved balancing—aimed at reducing operator whole-body vibration.
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Figure 7. Influence map of the vibratory components of the CASE IH combine on the operator’s seat
in stationary operating mode.

3.2.2. Case of Working Operating Mode

For the working operating mode of the CASE IH combine, multiple regression analysis
performed using the Stats Kingdom platform [47] allowed the determination of dependency
relationships between the RMS values of accelerations measured at the operator’s seat and
the corresponding RMS values of accelerations recorded at the vibration-generating com-
ponents. These relationships are formally expressed in Equations (11)—(13), corresponding
to the three directions of analysis: longitudinal (Ox), lateral (Oy), and vertical (Oz).
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armssx = 0.00331524 + 1.527482apwistix + 0.45565apschy + 0.604215aRwsty — 1.007575aRusThy (11)

The results of the multiple linear regression indicated a significant collective effect
among arMSThx, ARMSChxs ARMSHx, aRMSThy, @RMSChy, @RMSHy, ARMSThzs @RMSChz, aRMSHz,
and armssx. The coefficient of determination obtained from Equation (11) is R2=0.85. Under
these conditions, the F-statistic value is F(4,15) = 20.78, with a probability of p < 0.001. The
program from [47] selects as significant predictors those included in structural Equation (11)
for the dependent variable agnmssy (acceleration in the forward direction of the combine,
Ox). The coefficient of determination shows that the four predictors selected by the multiple
regression analysis explain 85% of the variation in longitudinal acceleration (Ox) at the
operator’s seat under working (harvesting) conditions.

For the lateral component of the RMS acceleration at the OS, the program from [47]
provides the structural model given by Equation (12):

armssy = 0.179218 — 1.896722agnstx + 0.173787aRusThy (12)

The results of the multiple linear regression analysis indicated a significant collec-
tive effect among armMsThx, @RMSChx, @RMSHx, @RMSThy, @RMSChy, ARMSHy, @RMSThz, ARMSChz/
arMsHz, and agmssy. The coefficient of determination obtained from Equation (12) is
R? = 0.31. Under these conditions, the F-statistic value is F(2,17) = 3.82, with a probability
of p < 0.001. The program from [47] selects as significant predictors those included in
structural Equation (12) for the dependent variable agyssy (acceleration in the lateral direc-
tion relative to the combine’s forward direction, Oy), under working operating conditions.
The coefficient of determination shows that the three predictors selected by the multiple
regression analysis explain 31% of the variation in lateral acceleration (Oy) at the OS under
working conditions.

For the vertical component of the RMS acceleration at the OS, the program from [41]
provides the structural model given by Equation (13):

ARMSSz — 0.068286 + 1.169624aRM5HX + 0'394019aRMSHy - 0'264484aRMSThZ (13)

The results of the multiple linear regression analysis indicated a significant collec-
tive effect among arnsThx, ARMSChxs @RMSHx, @RMSThy, @RMSChy, ARMSHy, @RMSThz, ARMSChz/
arMsHz, and armssz. The coefficient of determination obtained from Equation (13) is
R? = 0.58. Under these conditions, the F-statistic value is F(3,16) = 7.42, with a probability
of p < 0.001. The program from [47] selects as significant predictors those included in
structural Equation (13) for the dependent variable agrmss, (acceleration in the vertical
direction of the combine, Oz, under working operating conditions).

The coefficient of determination shows that the three predictors selected by the multi-
ple regression analysis explain 58% of the variation in vertical acceleration (Oz) at the OS
under working conditions.

Appendix A.1.4 presents the graphical representations corresponding to Figure Ada—c,
which highlight the root mean square (RMS) acceleration components along the three
orthogonal directions (X, Y, and Z), recorded for the CASE IH combine harvester during
active operational conditions.

3.2.3. Identification of the Maximum Resultant Accelerations at the Operator’s Seat

In this subsection, the calculations and graphical representations previously performed
for the C110H combine are revisited, now applied to the dataset obtained from the CASE
IH combine. Considering the methodological similarity, the generalities presented in
Section 3.1.3 are not repeated here. In Figure 8, the Influence map of the vibratory compo-
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nents of the CASE IH combine on the operator’s seat during working operating mode is

described and presented. The graphical representation of the RMS of the resultant accelera-

tion at the operator’s seat under stationary operating conditions is illustrated in Figure 9.

For the working operating mode, the same representation is shown in Figure 10.
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Figure 8. Influence map of the vibratory components of the CASE IH combine on the operator’s seat

during working operating mode.
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Figure 10. Variation of the RMS resultant acceleration as a function of frequency in the working

operating mode for the CASE IH combine.
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The frequency spectrum analysis of the resultant acceleration at the operator’s seat of
the CASE IH combine highlights that the dominant vibration range lies between 20 and
60 Hz, similar to the observations made for the C110H combine. According to [51], within
this range there are two to three local maxima, located around 20 Hz, 31.5 Hz, and 50 Hz,
applicable for both operating modes: stationary (Figure 9) and working (Figure 10).

Furthermore, the maximum value of the total RMS acceleration in stationary mode
is approximately 46% higher than in working mode. This result can be attributed to the
natural damping effect that occurs when the combine is operating effectively in the field.
In this situation, the pure vibrations generated by the internal components are partially
dissipated through interaction with the crop mass, the ground surface, and the operational
parameters of the machine (speed, settings, soil conditions, etc.).

4. Possibilities for Ranking the Influences of the Combine’s Vibratory
Components on the Operator’s Seat

In many studies from the specialized literature dedicated to vibration analysis, the
RMS value is interpreted as an indirect measure of the energy transmitted from the vibra-
tion source (emitter) to the mechanical receptor, such as the operator of the agricultural
machinery. Such approaches are mentioned, for example, in [52,53], where the RMS is asso-
ciated with the energetic content of the vibrational signal. Building on these interpretations,
this study introduces a complementary perspective in which the influence of each vibratory
component of the combine on the operator’s seat is interpreted in terms of the mechanical
energy transmitted to the operator’s body, derived from RMS acceleration values. This
energetic interpretation allows the regression-derived influence coefficients to be under-
stood as an energy-based ranking, expressing either the absolute energy transmitted or a
mass-specific energy density, thus providing a more intuitive and ergonomically relevant
evaluation of vibration exposure. By extension, the hierarchy of influences resulting from
the regression analysis can also be considered an energetic ranking, expressing either the
absolute level of energy transmitted or a mass-specific density of the mechanical energy
applied to the operator’s body.

From this perspective, in this section, we developed a method to rank the contributions
of the RMS values of accelerations recorded at the vibration-generating sources (threshing sys-
tem, header, chassis, etc.) on each component (Ox, Oy, Oz) of the acceleration measured at the
operator’s seat (OS). This ranking allows for a better mechanical understanding of vibration
transmission as well as a foundation for technical decisions aimed at optimizing operator com-
fort. Based on the expressions obtained from the structural multiple linear regression models
presented in Sections 3.1 and 3.2, each contribution of the vibration-generating components to
the RMS acceleration measured at the OS is quantified by an influence coefficient included
in the structural equations. These Equations, (1)-(3), (4)—(6), (8)—(10) and (11)—(13), describe
the RMS acceleration at the OS as a function of the RMS components of the respective
sources’ accelerations.

According to the data presented in [44], each component of the RMS accelerations of
the sources varies as a function of frequency.

This property allows the regression relationships to be expressed in a form dependent
on a single variable, namely frequency, which facilitates a complete and interpretable
graphical representation of the vibration transmission phenomenon.

Thus, both the RMS values of the source components and the RMS acceleration at the
OS can be graphically represented as functions of frequency. By plotting the expressions
derived from the structural models, representations are obtained that highlight the domi-
nant components and their respective dominance ranges within the frequency spectrum.
On the same graph, the evolution of the individual components alongside the total RMS at
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the OS can be visualized, allowing for a relevant visual comparison. Table 2 summarizes
the static values of the coefficient of determination (R2) obtained from the regression equa-
tions for each relationship, allowing the assessment of the model’s explanatory power for
both combines.

Table 2. Summary of the static values of the coefficient of determination R? resulting from the
equations for each relationship allows the assessment for each combine.

Coefficient of Determination C110 H Combine CASE IH Combine
R? Equation (1) 0.96 Equation (8) 0.98
R? Equation (2) 1.00 Equation (9) 0.69
R? Equation (3) 0.98 Equation (10) 0.99
R? Equation (4) 0.96 Equation (11) 0.85
R? Equation (5) 0.97 Equation (12) 0.31
R? Equation (6) 0.98 Equation (13) 0.58

As afirst validation criterion of the model, the positivity of the RMS values was verified
for all considered frequencies, an observation confirmed for all analyzed signals. Following
these procedures, the results summarized in Table 3 were obtained, which underpin the
ranking and energetic interpretation of the influences transmitted to the operator.

Table 3. Dominant components influencing operator’s seat vibration.

Direction C110 H Combine CASE IH Combine
Operating mode Stationary Working Stationary
Ox ARMSShz aRMSShy ARMSChz
Oy ARMSShy ARMSShy ARMSChxs @RMSThz
Oz ARMSShz ARMSShx aRMSHy, ARMSHx

An immediate and consistent observation, highlighted by the regression analysis and
the corresponding graphical representations, is that the straw walker constitutes the main
source of vibrations transmitted to the OS in the case of the C110H combine. This finding
is supported by the dominant coefficients in the regression expressions as well as by the
obtained spectra.

Furthermore, throughout all the calculations and graphical representations performed
to obtain the results in Section 4, it is once again confirmed, consistent with the observations
from Sections 3.1.3 and 3.2.3, that all expressions derived from the structural models
for the RMS components of acceleration at the operator’s seat are strictly positive, an
essential aspect for the mathematical and physical validation of the model. This internal
consistency of the solutions confirms the coherence of the assumptions underlying the
adopted multivariate linear model.

5. Discussion

The regression analysis applied to the experimental data collected from the C110H
and CASE IH combines allowed for the precise identification of the dominant sources of
vibrations affecting the operator’s seat across each of the RMS acceleration components.
The evaluation was conducted separately for the two operating modes analyzed: stationary
and working.

Based on the structural equations obtained through multiple linear regression, consid-
ered as statistical models of vibrational transmission between the mechanical components of
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the machinery, a ranking of the contribution of each source to each acceleration component
at the OS was performed.

These models, expressed by relations (1)—(3), (4)—(6), (8)—(10), and (11)—(13), were
utilized in the form of influence maps presented in Figures 1, 2, 5 and 6.

However, the obtained formulas may raise questions regarding the mathematical
consistency of the models, especially in cases where the coefficients of certain terms are
negative. Since RMS is by definition a positive quantity, the presence of these terms
might suggest an apparent inconsistency. Nevertheless, the verifications carried out in
Section 3.1.3, and Section 4 confirm that the results obtained are valid, with the estimated
RMS values being positive for all analyzed frequencies.

From a physical standpoint, terms with negative coefficients can be interpreted as
phase opposition effects between vibrational signals originating from different sources.
Thus, these negative contributions may reflect a phenomenon of “phase damping,” where
interferences among sources reduce the net vibration intensity perceived at the OS, without
compromising the overall validity of the model.

The information obtained through regression analysis and organized in Table 2 clearly
highlights the main sources of vibrations in the case of the two analyzed combines (C110H
and CASE IH), allowing for the classification of the intensity of their influence on the OS.

The results not only indicate the dominant sources but also provide practical guidance
regarding possible measures for isolation or reconfiguration of their mounting on the
chassis, aimed at reducing vibration transmission.

For both types of combines, critical frequency ranges (20-60 Hz) were identified,
within which the vibration intensity is significantly increased, including the occurrence of
peak values.

Although our research focused on the effects on the (OS, the specialized literature
reveals that within this frequency range are the natural frequencies of certain structural
components of the combine, such as: bending of the fuel tank support beam (24.09 Hz,
35.75 Hz), torsion of the cabin frame (28.11 Hz, 39.11 Hz), bending of the threshing frame
(43.07 Hz), and bending at the front part of the chassis (50.78 Hz).

According to [54], these structural frequencies can resonate with the internal excitation
sources of the machinery, thereby amplifying the vibrations transmitted to the operator.
The distribution of vibration frequencies at various points of a combine is presented in [51],
confirming the frequency range for which the maximum RMS acceleration values at the OS
were recorded, as obtained from the regression analysis in the present study. Additionally,
a series of vibration-generating sources in cereal harvesting combines are listed in [55],
which show that, at certain rotational speeds, the engine develops a characteristic frequency
of approximately 90 Hz, the gearbox 50 Hz, and the countershaft 23.75 Hz, all within the
critical range identified in our study (20-60 Hz). Study [56] complements this picture
by providing additional data about vibration sources emitting in the lower part of the
spectrum, frequencies which also appear in measurements performed on the C110H and
CASE IH combines.

Consequently, the frequencies identified in this study agree with the specialized
literature, reinforcing the validity of the conclusions obtained, especially in the context of
applying statistical regression methods which, to our knowledge, have not been previously
used in this form for the vibration analysis of combines.

In line with previous research on structural dynamics and vibration propagation in
agricultural machinery, it is important to consider that the transmission of vibrational
energy to the operator’s seat may be influenced by modal behavior and internal wave inter-
ference within the chassis and supporting frame. Modal analysis enables the identification
of the natural frequencies and mode shapes of these structures, which may resonate with ex-
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citation frequencies from the engine, threshing system, or drivetrain. When such resonance
conditions are met, even low-level excitations can lead to amplified seat vibrations.

Moreover, wave interference phenomena—particularly the superposition of waves
traveling through multiple mechanical paths—can cause constructive or destructive inter-
ference, depending on the phase relationships. These phenomena may partially explain
localized amplification or damping effects observed in the measured triaxial accelerations.
Similar interpretations have been reported in [36,37,40], where modal interactions were
shown to significantly affect the dynamic response of mobile machinery cabins.

6. Conclusions

The main conclusions of the statistical research based on the experimental data ob-
tained from measuring the vibrations of the components of the C110H and CASE IH
combines concern the influence of vibration sources on the OS. Four structural statisti-
cal models were developed, corresponding to the two types of combines, each analyzed
under both stationary and working operating modes. These models, expressed through
Equations (1)—(3), (4)—(6), (8)—(10) and (11)—(13), identify the vibration sources and direc-
tional components of the accelerations that exert significant influence on the vibrations
perceived at the OS, according to the regression analysis results. The influence maps
(Figures 1, 2, 5 and 6) allow visualization of the impact of each source on each acceleration
component. The influence ranking Table 3) highlights that, for the C110H combine, the
straw walker is the component with the strongest vibrational contribution to the OS, while
for the CASE IH combine, the header plays the dominant role, followed by the threshing
system and chassis.

This study introduced a comprehensive multivariate regression modeling approach to
evaluate vibration transmission to the operator’s seat in two types of combine harvesters
(C110H and CASE IH). The analysis demonstrated that regression modeling provides a
robust quantitative framework for ranking the contribution of individual components, such
as the straw walker, header, and threshing system, to the overall whole-body vibration expe-
rienced by the operator. Unlike traditional methods, such as coherence or spectral analysis,
which primarily focus on correlation strength in the frequency domain, this approach deliv-
ers numerical influence coefficients and predictive models that are applicable across both
stationary and operational modes. Results also highlight a measurable vibration attenua-
tion effect of approximately 46% in working conditions due to crop-soil interaction, offering
valuable insight into machine—environment dynamics. Beyond validating the utility of
regression modeling in agricultural vibration studies, this work establishes a method-
ological foundation for future research, including the integration of nonlinear modeling
approaches, exploration of interaction effects, and coupling with modal and finite element
simulations to strengthen structural interpretation. In future applied research, we will focus
on expanding the experimental dataset to include additional machine components (e.g.,
engine, cabin, and grain tank) to further refine predictive modeling accuracy; investigating
nonlinear regression models and interaction effects to capture more complex vibration
dynamics; integrating regression modeling with modal and finite element simulations to
validate experimental findings and strengthen structural analysis; developing real-time
monitoring and diagnostic systems based on regression outputs to detect mechanical faults
and optimize maintenance schedules; conducting comparative studies to benchmark this
regression-based framework against traditional methods such as coherence and spectral
analysis across different harvester platforms; exploring ergonomic interventions and design
optimization strategies to minimize operator whole-body vibration exposure and improve
occupational health outcomes.
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Overall, this study contributes a novel, data-driven methodology to vibration er-
gonomics in agriculture, providing actionable insights for ergonomic design improvements,
preventive maintenance planning, and enhanced operator health protection.
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Appendix A
Appendix A.1. Ranking of Vibration Intensity at the Operator’s Seat

The three RMS acceleration components acting on the OS, corresponding to the three
directions of the absolute reference system, can be graphically represented together with
all source components influencing each respective direction. This representation is made
possible by the frequency dependence of each component, according to the spectral dis-
tributions described in [44]. Accordingly, this appendix illustrates, for each of the two
analyzed combines, the spectral curves corresponding to the RMS acceleration components
at the O for both stationary and working operating modes.

Appendix A.1.1. C110H Combine in Stationary Operating Mode

The graphical representations in Figure A1 are based on the structural Equations (1)-(3),
obtained through the multilinear analysis described in Section 3.1.1. The horizontal axis
represents the spectral frequency, while the vertical axis shows the RMS acceleration val-
ues, both total and component-wise (each being labeled in accordance with the structural
Equations (1)—(3)). The dominant components (in terms of maximum value within the
0-80 Hz frequency range) can be identified and are listed in Table A1.
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Figure A1. (a) Graphical and spectral representation of the RMS acceleration components on the Ox
direction at the operator’s seat, C110H combine, in stationary operating mode. (b) Graphical and
spectral representation of the RMS acceleration components on the Oy direction at the operator’s seat,
C110H combine, in stationary operating mode. (c¢) Graphical and spectral representation of the RMS
acceleration components on the Oz direction at the operator’s seat, C110H combine, in stationary

operating mode.
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Table A1. Dominant components acting on the three directions at the operator’s seat of the C110H
combine in stationary operating mode.

Direction Dominant Component
Ox aRMSShz
Oy ARMSShy
Oz aRMSShz

The analysis can be further detailed by frequency intervals, through the definition
of a ranking criterion for contributions. In this way, specific intervals can be identified
where components other than those listed in Table A1 become dominant. Such an approach
is particularly useful for identifying potential resonance sources and for optimizing the
vibrational behavior of the assembly.

To clarify the legends that appear in each of the Figures Ala—c, A2a—, A3a—c and A4a—,
the meaning of each row in the legend, of each variable that appears in the legend, is
explained below. The explanation is given only for Figure A1; for the rest, the explanations
are similar. To understand the legend in Figure Ala, it is specified that on the horizontal
axis the values of the discrete spectrum determined according to [18] are represented, v;
representing the frequency with the index 7, i = 1...80, in Hz. The vertical axis of Figure A1
represents in order the values of the terms that appear in the Regression Formula (1) of
the RMS at the driver’s seat, namely the free term (0.0021434), the term generated by the
acceleration component on the Ox axis at the threshing mechanism —4.348422ar\sThy (S€E
Table 1), the term generated by the acceleration component on the Oy axis at the threshing
mechanism (0.804587aRrnsthy), the term generated by the acceleration component on the Oy
axis at the chassis (—1.388706arwmschy), the term generated by the acceleration component
on the Oy axis at the header (0.845321agmsHy), the term generated by the acceleration
component on the Oz axis at the straw walker (1.32383armsshz)- The last row of the legend
corresponds to the acceleration function on the Ox axis at the operator’s seat, arpssx from
the left member of Equation (1). The legends in the other figures in the appendix are
read similarly.

Appendix A.1.2. C110H Combine in Working Operating Mode

The graphical representations in Figure A2 are generated using the structural
Equations (4)—(6), derived from the multilinear analysis in Section 3.1.2. The horizon-
tal axis shows the spectral frequency, while the vertical axis displays the RMS accelera-
tion values, both total and by components (each labeled clearly, matching the structural
Equations (4)—(6)). The dominant components (in terms of maximum value within the
0-80 Hz frequency range) are identified in Table A2.

The analysis of vibration source influences can be further refined by segmenting the
spectrum into frequency intervals and defining a criterion for ranking contributions. This
approach allows for the identification of intervals where components other than those
highlighted in Table A2 become dominant. Such an analysis is particularly recommended
for detecting potential resonance sources.

Table A2. Dominant components acting on the three directions at the operator’s seat of the C110H

combine in working operating mode.

Direction Dominant Component
Ox aRMSShy
Oy aRMSShy

Oz ARMSShx
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Figure A2. (a) Graphical and spectral representation of the RMS acceleration components on the
Ox direction at the operator’s seat, C110H combine, in operating mode. (b) Graphical and spectral
representation of the RMS acceleration components on the Oy direction at the operator’s seat,
C110Hcombine, in operating mode. (c) Graphical and spectral representation of the RMS acceleration
components on the Oz direction at the operator’s seat, C110H combine, in operating mode.

Appendix A.1.3. CASE IH Combine in Stationary Operating Mode

The graphical representations in Figure A3 are generated using the structural
Equations (8)—(10), derived from the multilinear analysis in Section 3.2.1. The horizon-
tal axis represents the spectral frequency, while the vertical axis shows the RMS acceleration
values, both total and by components (each clearly labeled, in accordance with the struc-
tural Equations (8)—(10)). The dominant components (in terms of maximum value within
the 0-80 Hz frequency range) are listed in Table A3.
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Figure A3. (a) Graphical and spectral representation of the RMS acceleration components on the Ox
direction at the operator’s seat, CASE IH combine, in stationary operating mode. (b) Graphical and
spectral representation of the RMS acceleration components on the Oy direction at the operator’s
seat, CASE IH combine, in stationary operating mode. (c) Graphical and spectral representation of
the RMS acceleration components on the Oz direction at the operator’s seat, CASE IHcombine, in
stationary operating mode.

Table A3. Dominant components acting on the three directions at the operator’s seat of the CASE IH
combine in stationary operating mode.

Direction Dominant Component
Ox ARMSChz
Oy ARMSChxs @RMSThz
Oz aRMSHy, aRMSHx

The analysis of vibration source influences can be further detailed by segmenting
frequency intervals using a well-defined ranking criterion. This approach allows the
identification of frequency ranges where certain components, other than those highlighted
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in Table A3, become dominant. This method of analysis is particularly useful in the context
of investigating resonance phenomena.

Appendix A.1.4. CASE IH Combine in Working Operating Mode

The graphical representations in Figure A4 are generated using the structural
Equations (8)—(10), derived from the multilinear analysis in Section 3.2.2. The horizontal
axis represents the spectral frequency, while the vertical axis shows the RMS accelera-
tion values, both total and by components (each clearly labeled, matching the structural
Equations (8)—(10)). The dominant components (in terms of maximum value within the
0-80 Hz frequency range) are listed in Table A3.
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Figure A4. Representation of RMS acceleration components along Ox, Oy, and Oz directions at the
operator’s seat, CASE IH combine, in working operating mode—individual components and total.
(a) Graphical and spectral representation of the RMS acceleration components on the Ox direction at
the operator’s seat, CASE IHcombine, in operating mode. (b) Graphical and spectral representation
of the RMS acceleration components on the Oy direction at the operator’s seat, CASE IH combine, in
operating mode. (c) Graphical and spectral representation of the RMS acceleration components on
the Oz direction at the operator’s seat, CASE IH combine, in operating mode.
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Table A4. Dominant components acting on the three directions at the operator’s seat of the CASE IH

combine in working operating mode.

Direction Dominant Component
Ox ARMSHy, ARMSHx
Oy ARMSThy
Oz ARMSHy, aRMSHx

The analysis of vibration source influences can be extended through detailed investi-
gation across frequency intervals using a well-defined ranking criterion. This approach
enables the identification of specific intervals where certain components, different from
those presented in Table A4, become predominant in terms of vibrational contribution. Such
results are particularly valuable in the context of identifying potential resonance sources.
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