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ABSTRACT
This study proposes a computational framework for developing a multibody dynamics (MBD) model to accurately predict the

vibration behavior of front‐loading washing machines. The framework integrates component‐level experiments and mathe-

matical modeling to characterize the dynamic behavior of key components, including the free‐stroke damper, connecting

bushing, and gasket, which significantly influence the machine's vibration. Simplified, yet precise, mathematical models were

developed and validated against experimental data to represent these components' dynamic characteristics. The validated

models were then integrated into a comprehensive MBD model of a front‐loading washing machine. This model was further

verified by comparing its predicted vibrations with experimental results obtained from actual washing machines. A parametric

study assessed the model's accuracy under various unbalanced mass conditions and revolutions per minute ranges, which

revealed that the model is capable of generalization across different operating scenarios. Although some errors remain in

specific cases involving phase differences, the overall average error is 20.11%, with a standard deviation of 4.10%. These results

demonstrate that the proposed framework effectively captures the vibration behavior of front‐loading washing machines,

offering a reliable tool for enhancing design and operational efficiency.

1 | Introduction

Accurately predicting the vibration behavior of a front‐loading
washing machine is crucial for its design and development, as
it enables manufacturers to create machines that can operate
more quietly, smoothly, and reliably, thereby enhancing user
experience and safety. A front‐loading washing machine con-
sists of several key components, schematically represented in
Figure 1. To analyze these components, multibody dynamics
(MBD), a branch of mechanics focused on systems composed
of multiple interconnected rigid or flexible bodies, is often
employed [1–4]. MBD simulations model the complex interac-
tions between various components of the washing machine,

providing valuable insights into potential sources of vibration
and allowing for more precise control over the machine's
operational behavior.

Recently, numerous studies have utilized MBD simulations to
predict vibrations in washing machines [5–10]. Fundamental
analyses have been conducted to identify the components that
most significantly impact vibration behavior. In particular,
extensive research has focused on modeling methods for the
damper, a critical component that influences vibration, under-
scoring its importance in the vibration analysis of front‐loading
washing machines [11–14]. The damper plays a vital role in
minimizing vibrations generated during the washing machine's
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operation, especially during the spin cycle, where high‐speed
drum rotation and uneven load distribution, such as wet
clothing, create substantial unbalanced forces. The damper
absorbs and dissipates these forces, reducing vibrations trans-
mitted to the machine's structure and the surrounding en-
vironment [9–12].

Conventional methods, such as the finite element method
(FEM), have been used to model dampers and accurately
determine vibration characteristics [13–16]. However, although
FEM provides highly accurate simulations of complex systems,
it is often computationally intensive and time‐consuming,
making it less suitable for real‐time analysis or situations with
limited computational resources. Consequently, recent studies
have focused on developing simpler yet accurate mathematical
models that balance computational efficiency with prediction
accuracy [11, 12]. Despite advancements in damper modeling
research, the vibration of an assembled washing machine is
accurately predicted only under specific unbalanced mass
conditions, and no existing model demonstrates high accuracy
across a range of unbalanced mass conditions or varying revo-
lutions per minute (RPM) levels. This indicates that precise
modeling of the connecting components made of rubber ma-
terials, such as the connecting bushing that links the damper to
the tub and the gasket that connects the door to the tub, is
essential for developing a generalized model [7, 10].

This study presents a novel computational framework for
accurately predicting the vibration of front‐loading washing
machines. First, to identify the dynamic characteristics of key
components, such as dampers, connecting bushings, and gas-
kets, which significantly influence front‐loading washing
machines, experimental methods and conditions for each
component are proposed. Second, mathematical modeling for
each component is developed, and parameter identification is
performed based on unit‐level experimental results. The models
of each unit are validated by comparing the mathematical
model results with optimized parameters to experimental data.
Finally, the MBD model of a front‐loading washing machine
was constructed by integrating the validated units and is further
verified by comparing it with experimental results from actual
washing machines. To account for various unbalanced mass

conditions, parametric analysis is performed using the front
unbalanced mass, rear unbalanced mass, and the phase differ-
ence between these two masses. Additionally, to verify vibration
accuracy under various RPM conditions during the spin cycle,
the RPM profile was divided into eight regions, and the model
was validated by comparing the root mean square (RMS) values
of the vibrations for each section [17].

The rest of paper is organized as follows. Section 2 presents the
component‐level experiments conducted on a front‐loading
washing machine, including the experimental methods, condi-
tions, and responses of each component, such as the free‐stroke
damper, connecting bushing, and gasket, which are used to
validate the mathematical modeling. Section 3 outlines the
mathematical modeling approach for each component, along
with the parameter identification procedure and the model ver-
ification results. The vibration experimental method for an actual
front‐loading washing machine is introduced in Section 4, where
the vibration responses of the washing machine model, deve-
loped by integrating the mathematical models, are compared
with identify parameters that could not be obtained from the
component‐level experiments and to evaluate the performance of
the simulation. Finally, conclusions are drawn in Section 5.

2 | Component‐Level Experiments of the Front‐
Loading Washing Machine

In this section, experiments are presented to extract the physical
characteristics of components in a front‐loading washing
machine. As depicted in Figure 2, the components that most
significantly affect the vibration of the washing machine are the
free‐stroke damper, the connecting bushing between the
damper and tub, and the gasket. The damper features a free‐
stroke region to isolate vibrations from unbalanced drum
rotation. The connecting bushing is crucial for providing flexi-
bility, damping, and realistic joint behavior between the damper
and the tub. The gasket in a washing machine creates a wa-
terproof seal between the door and the drum to prevent water
leakage during operation and cushions the connection to reduce
vibrations. In the following subsections, the experiments for
each component are detailed, and the characteristics required to

FIGURE 1 | Illustrative schematic of the front‐loading washing machine: (A) the three‐dimensional modeling and (B) the main components.
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validate the mathematical modeling of each component are
explained. The maximum RPM of the spin cycle is 350 RPM,
equivalent to 5.83 Hz, and the goal is to develop a dynamic
model capable of predicting vibrations during this cycle. In the
component‐level experiments, the maximum frequency for
the damper and connecting bushing was set to 7 Hz, while the
gasket was limited to 5 Hz. Various displacements were selected
based on the frequency, and experiments were conducted using
several displacements within the maximum amplitude that the
MTS equipment could reliably handle. Notably, because the
gasket is a relatively bulky component, it becomes challenging
to stably measure the reaction force even with small displace-
ments at frequencies exceeding 5 Hz. Therefore, its character-
istics were extracted to the 5 Hz range. All results have been
normalized to the criterion to maintain internal company
confidentiality.

2.1 | Physical Test of a Free‐Stroke Damper

The free‐stroke damper consists of an outer tube, an inner tube,
and a sponge, as illustrated in the cross‐sectional view in
Figure 3. The leading causes of friction in a free‐stroke damper
can be categorized into three types: basic friction, main friction,
and deformation friction. First, the basic friction is caused by
structural contact between the outer and inner tubes and the
oil's viscosity. Second, the main friction results from structural
contact between the sponge and the inner tube and the oil's
viscosity. Finally, the deformation friction arises from the
reaction force due to sponge deformation between the sponge
and the outer tube. This friction is a force that occurs after the
free‐stroke region.

To determine the characteristics of the damper, a uniaxial test
system is used in the experiment, as shown in Figure 4. The
outer tube of the damper is fixed. In contrast, the equipment
connected to the inner tube moves axially according to
the specified excitation conditions. Harmonic displacements,
expressed as d t A ft( ) = · sin(2π ), are applied to the damper as
combinations of several frequencies ( ∈f [1, 7] Hz) and ampli-
tudes ( ∈A [1, 10] mm). This experimental setup allows for

systematically investigating the damper's behavior under dif-
ferent dynamic loading scenarios.

Figure 5 presents the time–response and force–displacement
curves for the free‐stroke damper test conducted at f = 3Hz

and A = 10 mm. The curve initiates at point A and forms a
loop. The segment from point A to point B represents the free‐
stroke region, where the sponge remains undeformed. Between
points B and C, the force increases as the sponge undergoes
deformation. At point C, the maximum damping force is
reached, and the damper transitions from tension to

FIGURE 2 | The components that most significantly affect the

vibration of the washing machine.

FIGURE 3 | The cross‐sectional illustration of the structure of a

free‐stroke damper.

FIGURE 4 | The free‐stroke damper test using a uniaxial test

system.
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compression at point D. Subsequently, the operation mirrors the
reverse process described earlier.

2.2 | Physical Test of a Connecting Bushing

The connecting bushing links the tub and the damper, per-
mitting free movement while simultaneously providing rigidity
and damping. As depicted in Figure 6, the connecting bushing
exhibits six degrees of freedom, encompassing three transla-
tional motions and three rotational motions. Due to the axial
symmetry of the bushing, its characteristics along the x‐ and
y‐axes are identical.

To determine the characteristics of the connecting bushing,
three types of experiments are conducted, as shown in
Figure 7. In the first and second experiments, the connecting
bushing is fixed to a jig to measure the translational reaction
forces in the radial and axial directions. Similar to the free‐
stroke damper, the excitation is applied at various frequencies
( ∈f [1, 7] Hz) and amplitudes ( ∈A [0.1, 4] mm), and the
corresponding forces Fxb, Fyb

, and Fzb are measured. The small
displacement applied, as opposed to the experiment with the
free‐stroke damper, is due to the limited deformation of the
rubber during the actual operation of the washing machine.
Figure 8 shows the time–response and force–displacement
curves for the connecting bushing test conducted at f = 5Hz.
In the force–displacement curve, a monotonically increasing
trend of stiffness is observed in both the radial and axial
directions. In particular, it can be observed that the radial
direction increases more sharply.

The third experiment is designed to apply moments to ex-
tract the connecting bushing's rotational characteristics.
These characteristics are determined by calculating the
moments, which involve multiplying the measured reaction
forces by the corresponding arm R = 100 mm of the jig and
the kinematically calculated rotation angle. Figure 9 shows
the time–response and force–angle curves for the connecting
bushing test conducted at f = 5Hz. From the force–angle
curve, a monotonous increasing trend in stiffness can be

seen, similar to the previous experiment. Axial rotation is
predominantly governed by friction, making it difficult to
characterize experimentally. Consequently, we utilize
mathematical modeling to identify the parameters that
define the system.

2.3 | Physical Test of a Gasket

The gasket serves as a connector between the tub and the
front door, facilitating free movement while providing
stiffness and damping. As depicted in Figure 10, the gasket
exhibits six degrees of freedom, including three translational
and three rotational motions, similar to the connecting
bushing. The gasket is assumed to be axisymmetric,
indicating that its properties are identical along both the
x‐ and y‐axes.

To confirm the characteristics of the gasket, two types of ex-
periments are conducted, as illustrated in Figure 11. In the first
experiment, the gasket is fixed on a jig, and the translational
reaction forces in the x‐ and y‐directions are measured.
In the second experiment, the translational reaction force in the
z‐direction is measured. Measuring the rotational reaction force
is challenging due to the rapid shape change of the gasket;
therefore, its characteristics are derived from a mathematical
model through parameter identification. Various frequencies

FIGURE 5 | (A) The time–response and (B) force–displacement diagram of the free‐stroke damper test at excitation frequency f = 3 Hz and

amplitude A = 10 mm.

FIGURE 6 | Six degrees of freedom in connecting bushing,

including three translational motions and three rotational motions.
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( ∈f [1, 5] Hz) and amplitudes ( ∈A [1, 10] mm) are used
for excitation, and the corresponding forces Fxg, Fyg, and Fzg

are recorded. Figure 12 represents the time–response and
force–displacement curves for the gasket test conducted at
f = 3Hz. The force–displacement curve reveals a linear trend of
increasing stiffness in both radial and axial directions. Notably,
the stiffness is greater in the radial direction, as indicated by the

steeper slope. The gasket has a complex and thin shape, which
makes it challenging to measure the load uniformly during
rotation. Therefore, instead of conducting a single‐item ex-
periment, the characteristics were determined through param-
eter identification using mathematical modeling for the rotation
direction of the gasket in the verification of an actual washing
machine model.

FIGURE 7 | Experimental methods for determining the characteristics of the connecting bushing: (A) radial reaction force, (B) axial reaction

force, and (C) rotational reaction force.

FIGURE 8 | (A) The time–response and (B) force–displacement diagram of the connecting bushing test for radial and axial reaction forces.

430 International Journal of Mechanical System Dynamics, 2025
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3 | Component‐Level Mathematical Model of the
Front‐Loading Washing Machine

This section introduces a simplified mathematical model to
reduce computational effort while accurately representing the
key characteristics of the main components, including the free‐
stroke damper, connecting bushing, and gasket. An essential
aspect of developing an accurate mathematical model is the
identification of model parameters. The model parameters are
adjusted so that the model results closely match the actual
experimental data. One of the optimization techniques,
the response surface method [18, 19], is adopted to minimize
the difference between the model results and experimental data.
The objective function e is the root mean square error (RMSE)
between the experiment and the model results, which can be
formulated as follows:

e
n

F F= −
1

[ ] ,
i

n

=1

exp sim
2 (1)

where n is the number of data points; Fexp and Fsim are the
experimentally measured reaction force and calculated reaction
force by a mathematical model, respectively. Once the model
parameters are optimized, the mathematical model is verified
based on the RMSE.

3.1 | Mathematical Modeling and Validation of a
Free‐Stroke Damper

To build a mathematical model for the free‐stroke damper,
a free‐body diagram is defined as shown in Figure 13.

The basic friction force fb refers to the friction between the
inner and outer tubes. This force always occurs regardless of the
free‐stroke region, and its equation can be expressed as [20, 21]

f x x v p v p= HAVSIN( ̇ − ̇ , − , , , − ),b o i b b b b (2)

where HAVSIN function is defined as follows:
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(3)

The HAVSIN function processes changes over the interval
(x0–x1) using a sine wave, ensuring smooth and continuous
transitions without abrupt changes. Additionally, it is not only
continuous but also differentiable within the defined interval.
The parameters vb and pb for basic friction are determined
experimentally. The main friction force fm represents the fric-
tion between the inner tube and sponge. This force is defined
using the modified stick transition velocity friction model,
which considers the motion of the sponge as follows:

≥





f

x f C x x x x

f C x

x x ε
x x x x

=

−sgn( ̇ )  · ( + ̇ ), | ̇ | | ̇ − ̇ |,

+ ̇

| ̇ − ̇ | +
̇ , | ̇ | < | ̇ − ̇ |.m

s max m s s o s

max m s

o s
s s o s

(4)

The parameters fmax and Cm for main friction are determined
experimentally, and ε = 0.001 is used. The friction force fd
arises from the deformation of the sponge between the sponge
and the outer tube in the non‐free‐stroke region. Since the
load–deformation relationship of the sponge is nonlinear, it is
determined experimentally, and the friction force is defined as

FIGURE 9 | (A) The time–response and (B) force–angle diagram of the connecting bushing test for rotational reaction force.

FIGURE 10 | Six degrees of freedom of the gasket, including three

translational motions and three rotational motions.
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f K δ δ= ( ) · ,d (5)

where δ x x= −o s is the deformation of the sponge and K δ( ) is
the nonlinear stiffness of the sponge. On the basis of the defined
friction forces, the equilibrium equation can be defined as follows:







m x m x f F

m x f f F m x f f

̈ + ̈ + − = 0 (free‐stroke region),

̈ + + − = 0, ̈ − + = 0

(non‐free‐stroke region),

o o s s b D

o o d b D s s d m (6)

where m m m, ,o s i denote the masses of the outer tube,
the sponge, and the inner tube, respectively. x x x, ̇, ̈ represent
displacement, velocity, and acceleration, respectively, and sub-
scripts define each component.

To identify the parameters of the free‐stroke damper, the model is
optimized by minimizing RMSE using Equation (1). The opti-
mized parameters obtained from this process are presented in
Table 1. The simulation results utilizing these optimized parame-
ters are compared with the actual experimental test results, as
shown in Figure 14 and Table 2. Although RMSE for the 5 and
7Hz is larger than those for the 1 and 3Hz, RMSE remains within
10% of the damper's maximum reaction force. Therefore, this

FIGURE 12 | (A) The time–response and (B) force–displacement diagram of the gasket test for radial and axial reaction forces.

FIGURE 11 | Experimental methods for determining the characteristics of the gasket: (A) radial reaction force and (B) axial reaction force.

FIGURE 13 | A free‐body diagram of free‐stroke damper.
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mathematical model is robust, showing good agreement with the
experimental results conducted under various conditions.

3.2 | Mathematical Modeling and Validation of a
Connecting Bushing

The connecting bushing can be modeled as a joint with six degrees
of freedom, as depicted in Figure 15. The translational reaction
force of the connecting bushing is determined by the product
of the variation of displacement and the corresponding stiffness.
The rotational reaction force is calculated by the product of the
rotational angle and the respective stiffness, excluding rotational
freedom about the y‐axis. To represent the friction characteristics
of the rotational degree of freedom at the interface between the
damper and the washing machine, a friction force similar to
the damper's basic friction force is added. The reaction force FB of
connecting bushing can be expressed as follows:
















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(7)

FIGURE 14 | Comparison of reaction forces versus displacement from experiments and mathematical models at (A) frequency f = 1 Hz and

A = 8 mm and (B) frequency f = 3Hz and A = 10 mm.

TABLE 1 | Optimized parameters of the free‐stroke damper.

Parameters Optimized value

vb (mm/s) 90.0

pb (N) 10.5

fmax (N) 35.0

Cm (Ns/mm) 0.06

TABLE 2 | RMSE of reaction forces of the free‐stroke damper for

each frequency and amplitude.

Frequency (Hz) Amplitude (mm) RMSE

1 6 0.0298

8 0.0303

10 0.0317

3 6 0.0272

8 0.0278

10 0.0296

5 1 0.0453

3 0.0491

5 0.0616

7 1 0.0517

3 0.0523

5 0.0622

Abbreviation: RMSE, root mean square error.

FIGURE 15 | Schematic diagram of the connecting bushing for six

degrees of freedom.
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where k(·) is the stiffness for each axis, which is experimentally
determined and can describe both linear and nonlinear
characteristics. Δ(·) is the change in displacement or angle of
coordinates x y z ψ θ ϕ[ , , , , , ]b b b b b b for six degrees of freedom.
Also, the threshold velocity vector v v v v= [ ]ψ θ ϕb

T
b b b

and the
damping force vector p p p p= [ ]ψ θ ϕb

T
b b b

are determined

experimentally.

Similar to the approach used for the free‐stroke damper, the
model is optimized by minimizing the RMSE using Equation
(1) to determine the parameters of the connecting bushing.
The optimized parameters for the connecting bushing
are listed in Table 3. It should be noted that the stiffness in
the y‐direction exhibits significant nonlinearity; therefore, the
median curve fyb

from the experimental hysteresis data is

utilized in the mathematical model. The radial and axial
reaction forces computed by the mathematical model, using
these optimized parameters, are compared with the experi-
mental test results, as shown in Figure 16 and Table 4. The
RMSE is within 0.3, representing 10% of the maximum
reaction force for the connecting bushing. The rotational
reaction force is compared with the experiment results as
shown in Figure 17 and Table 5. Similarly, it is confirmed that
the RMSE is within 10% of the maximum reaction force.

TABLE 3 | Optimized parameters of the connecting bushing.

Parameters Optimized value

kxb, kzb (N/mm) 200

cxb, czb (Ns/mm) 0.04

kyb
fyb

cyb
(Ns/mm) 0.04

kψb
, kθb (N/rad) 750

cψb
, cθb (Ns/rad) 0.05

vψb
, vθb (mm/s) 2

pψb
, pθb

(N) 80

TABLE 4 | RMSE of radial and axial reaction forces of the con-

necting bushing for each frequency and amplitude.

Frequency
(Hz)

Amplitude
(mm)

RMSE
(radial)

RMSE
(axial)

1 0.1 0.1172 0.2124

0.2 0.1153 0.2167

0.4 0.1127 0.2222

3 0.1 0.1234 0.2097

0.2 0.1198 0.2082

0.4 0.1221 0.2144

5 0.1 0.1302 0.1913

0.2 0.1292 0.1988

0.4 0.1280 0.2034

7 0.1 0.1162 0.2121

0.2 0.1212 0.2056

0.4 0.1267 0.2084

Abbreviation: RMSE, root mean square error.

FIGURE 16 | Comparison of (A) radial ( f = 5Hz, A = 0.4 mm) and (B) axial ( f = 5Hz, A = 0.8 mm) reaction forces versus displacement from

experiments and the mathematical model of the connecting bushing.

FIGURE 17 | Comparison of rotational (f = 5Hz, A = 4mm) reaction

forces versus displacement from experiments and the mathematical model

of the connecting bushing.
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Therefore, this close agreement between the model and the
experimental results under various conditions confirms the
robustness of the mathematical model. In the rotational axis
experiments, the buckling shape of the rubber changes during
each rotational axis experiment, and thus the self‐contact
range also varies. In addition, buckling can induce coupled
forces from deformations in multiple directions. As a result, it
is experimentally difficult to extract the stiffness of the rota-
tional axis by applying pure torsion, and it is equally difficult
to achieve consistent stiffness measurements. It should
be noted that the axial rotation, which is challenging to
characterize experimentally, is parameterized based on the
results of a comprehensive set of experiments conducted on a
front‐loading washing machine.

3.3 | Mathematical Modeling and Validation of a
Gasket

The gasket can also be modeled as a joint with six degrees of
freedom, in the same manner as the connecting bushing, as
shown in Figure 18.

The translational reaction force of the gasket between the door
and the tub cover is determined by the product of the variation
of displacement and its stiffness, as well as the product of
the rotational angle and the corresponding stiffness, except
for rotational freedom about the y‐axis. The damping force
is applied in the same manner as the damper's basic
friction force to model the frictional characteristics of the

rotational degree of freedom at the interface between the door
and the tub cover. The reaction force FG of gasket can be
formulated as follows:

























F

F

F

F

T

T

T

k x c x

k y c y

k z c z
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ψ v p v p

k θ c θ
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=
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−

−

−

−

−

=

− Δ − Δ ̇

− Δ − Δ ̇
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g

g

g

g

g

g

g

g g

g g

g g

g g

g g g g

g g

g g g g

g g g g

(8)

In Equation (8), k(·) denotes the stiffness corresponding to
each axis, determined through experimental method and
capable of representing both linear and nonlinear behavior.
The term Δ(·) indicates the variation in translational dis-
placements and rotational angles x y z ψ θ ϕ[ , , , , , ]g g g g g g across

six degrees of freedom. Furthermore, the threshold velocity
vector v v v v= [ ]ψ θ ϕg

T
g g g

and the damping force vector

p p p p= [ ]ψ θ ϕg
T

g g g
are also derived experimentally.

The parameters of the gasket are optimized to minimize the
RMSE, as described in Equation (1). The optimized param-
eters of the gasket are shown in Table 6. The stiffness and
damping in the y‐direction are approximately one‐third
and one‐fifth of those in the x‐ and z‐directions, respectively.
Using these optimized parameters, the radial and axial reaction
forces calculated from the mathematical model are compared
with the experimental test results, as shown in Figure 19 and
Table 7. The RMSE in the radial reaction force is within 0.2,
which is within 10% of the maximum radial reaction force for the
gasket. In contrast, the RMSE for the axial reaction force exceeds
0.08, which is more than 10% of the maximum reaction force.
Although the complex shape of the gasket seems to have not
been sufficiently experimentally tested, the vibration of the front‐
loading washing machine is expected to be largely unaffected by
the not‐matched hysteresis curve because the slope is similar.
Additionally, since the rotational characteristics of the gasket are
extremely challenging to extract experimentally due to its buck-
ling shape, similar to the connecting bushing mentioned earlier,
the parameters for rotation were determined through the analysis
of a front‐loading washing machine.

FIGURE 18 | Schematic diagram of the gasket with six degrees of

freedom.

TABLE 5 | RMSE of rotational reaction forces of the connecting

bushing for each frequency and amplitude.

Frequency (Hz) Amplitude (mm) RMSE (radial)

1 2 0.0124

4 0.0212

3 2 0.0147

4 0.0232

5 2 0.0144

4 0.0233

7 2 0.0167

4 0.0252

Abbreviation: RMSE, root mean square error.

TABLE 6 | Optimized parameters of the gasket.

Parameters Optimized value

kxg, kzg (N/mm) 8

cxg, czg (Ns/mm) 0.05

kyg (N/mm) 3

cyg (Ns/mm) 0.01
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4 | Experimental Validation and Discussion

4.1 | Experiment Setup of the Front‐Loading
Washing Machine

An MBD model of a front‐loading washing machine can be
developed by integrating the mathematical models of the free‐
stroke damper, connecting bushing, and gasket. A graphical
topology representation of the MBD model for a front‐loading
washing machine is presented in Figure 20. The lines repre-
senting the connections are color coded as black, blue, and
green, corresponding to fixed joints, revolute joints, and
springs, respectively. The tub is connected to three upper
bushings through three fixed joints. Each bushing is attached
to a damper via a fixed joint. The three lower bushings are
anchored to the ground. The gasket is secured to the tub with
a fixed joint. To enhance the stability of the tub, three weights
are attached to it using fixed joints. The drum is connected to
the tub through a revolute joint, allowing it to rotate relative
to the tub. The motor is mounted on the drum, and the
unbalanced mass is attached to the drum using a fixed joint.
RecurDyn, a commercial MBD software, is used to construct
the model in this study [22, 23].

To validate the model, three 3‐axis accelerometer sensors are
attached to the washing machine to measure acceleration, as
illustrated in Figure 21 [17]. To eliminate cabinet flexibility, we
simply disconnected the driving part from the entire washing
machine and connected the springs and dampers to a ground jig
[24]. Since the vibration of the washing machine significantly
affects consumer satisfaction, particularly in relation to whether
contact with the cabinet occurs, vibration is generally evaluated
by displacement rather than acceleration. Consequently, the
measured acceleration data are integrated twice to convert them
into displacement, which is then used for model verification. To
ensure internal company confidentiality, all results have been
normalized to a standard criterion.

During the spin‐drying cycle, significant vibrations can occur
due to changes in RPM and significant unbalanced mass. To
ensure that the model can accurately predict these vibrations
under various conditions, it is crucial to validate it across a wide
range of RPMs and unbalanced mass distributions. Conse-
quently, this study examines the vibration of the washing
machine in eight specific sections of the spin‐drying profile, as
depicted in Figure 21 [17]. Additionally, the configuration of the
unbalanced mass was evaluated using 33 combinations in total,
comprising six single‐mass configurations and 27 dual‐mass
configurations. These combinations include a front unbalanced
mass, mf = [200, 400, 600] g, a rear unbalanced mass mr = [200,
400, 600] g and a phase shift θ= [0, 90, 180]° between the two
masses, as illustrated in Figure 22 [17].

4.2 | Validation of Simulation Performance With
Experiment

Although many parameters are identified from the component‐
level experiments, the parameters of the mathematical model
related to the axial rotation characteristics of the connecting
bushing and the gasket's characteristics in all rotational direc-
tions could not be determined due to the complexity of the
geometry and the difficulty of the experiments. Therefore, the
remaining parameters are identified through a comparison of
experimental and simulation results for 33 unbalanced mass
configurations. The objective function for this parameter

FIGURE 19 | Comparison of (A) radial ( f = 5Hz, A = 0.8 mm) and (B) axial ( f = 5Hz, A = 0.4 mm) reaction forces versus displacement from

experiments and the mathematical model of the gasket.

TABLE 7 | RMSE of radial and axial reaction forces of the gasket

for each frequency and amplitude.

Frequency
(Hz)

Amplitude
(mm)

RMSE
(radial)

RMSE
(axial)

1 1 0.0172 0.0752

5 0.0152 0.0843

10 0.0144 0.0892

3 1 0.0162 0.1055

5 0.0155 0.1143

10 0.0168 0.1037

5 1 0.0182 0.0921

5 0.0177 0.0999

10 0.0135 0.0946

Abbreviation: RMSE, root mean square error.
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identification is defined as the relative error between the ex-
periment and the model for the displacement in the spin‐drying
cycle, as follows:

R
d R d R

d R
=ϵ ( )
‖ ( ) − ( )‖

‖ ( )‖
,i

i i

i
rel

rms,exp rms,sim

rms,exp
(9)

where drms,exp and drms,sim are the displacements, which are ex-
pressed as the RMS value, for experimental and simulation results,
respectively; Ri is the RPM region. Table 8 shows the parameters
optimized through this process. Using these parameters, the
overall accuracy is assessed by comparing the RMS of each RPM

FIGURE 21 | Comprehensive multibody dynamics model and

vibration measurements of a front‐loading washing machine.

FIGURE 22 | RPM profile of the spin cycle of a front‐loading
washing machine. RPM, revolutions per minute.

TABLE 8 | Optimized parameters including axial rotation char-

acteristics of the connecting bushing and gasket characteristics in all

directions of rotation.

Parameters Optimized value

vϕb
(mm/s) 0.1

pϕb
(N) 70

kψg
, kθg (N/rad) 73 000

cψg
, cθg (Ns/rad) 0

vψb
, vθb (rad/s) 1.5

pψb
, pθb

(N) 3700

kϕg
(N/rad) 890 000

cϕg
(Ns/rad) 0

vϕg
(rad/s) 1.5

pϕg
(N) 3700

FIGURE 20 | Topological description of the multibody model of front‐loading machine.
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region, a representative metric, against the results from 33 simu-
lations and corresponding experimental data.

Figure 23 represents the displacements for each RPM region
when the condition of single front unbalanced mass is 400 g.

The displacement trends for each sensor and direction within
the RPM range match closely between the experimental and
simulation results. The simulation, in particular, accurately
predicts the maximum displacement in the y‐ and z‐directions,
which are crucial for evaluating potential cabinet contact.

FIGURE 23 | Definition of front unbalanced mass and rear unbalanced mass and schematic representation of the phase difference between these

two masses.

FIGURE 24 | Comparison of displacements for each RPM region and direction of sensor under the front unbalanced mass mf is 400 g only.

RPM, revolutions per minute.
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The largest vibration occurs in the region R7 in the y‐direction
and in the region R5 in the z‐direction, demonstrating that these
are well estimated. In contrast, the displacements for each RPM
region when the single rear unbalanced mass is set to 400 g are
shown in Figure 24. Similarly, the experimental and simulation
results closely match. It is noteworthy that the vibration is
largest in the R2 section for the y‐direction displacement of the
second sensor, and this characteristic trend is accurately esti-
mated by the simulation.

To examine the effect of displacement on phase, the results
are compared for the condition where the front and rear
unbalanced masses are both 400 g and positioned opposite each
other, corresponding to a phase of 180°, as shown in Figure 25.
The displacement trends between the experimental and
simulation results closely match. Notably, the vibration in the
z‐direction, which represents the up‐and‐down displacement,
is significantly reduced in all sensors, demonstrating that the
model accurately captures this characteristic. However, there
are sections where the displacements in the x‐ and y‐directions
do not align closely, leading to a relatively larger error compared
with the case with a single unbalanced mass.

For quantitative evaluation of simulation performance, the
average of errors of all sensors and directions calculated using
Equation (9) for all conditions is shown in Table 9. The errors

for the single unbalanced mass conditions (Cases 1–6) and the
two unbalanced mass conditions with a 0° phase difference
(Cases 7–15) are relatively small compared with the errors for
the two unbalanced mass conditions with 90° and 180° phase
(Cases 16–33). The causes of this phenomenon can be broadly
categorized into three factors.

First, the simulation does not account for whirling motion, an
instability that causes the shaft or rotor to deviate from the
centerline during rotation, resulting in lateral vibration. Ideally,
the shaft should rotate precisely along its axis, but interactions
between the bearing and the shaft can induce lateral vibrations,
leading to circular or elliptical trajectories. This phenomenon is
particularly pronounced when the two unbalanced masses are
out of phase. However, in the simulation model, the drum and
tub are kinematically constrained to a revolute joint, enforcing a
perfectly circular trajectory and excluding whirling motion.
Although incorporating contact between the bearing and the
shaft could improve accuracy, it would also significantly
increase computational cost.

Second, although the actual drum may not have an inherent
imbalance in mass, achieving perfect balance during the
machining process is not feasible, resulting in a distribution of
imbalance mass. Conversely, in the simulation model, the drum
is modeled to have a perfectly balanced mass (zero imbalance).

FIGURE 25 | Comparison of displacements for each RPM region and direction of sensor under the rear unbalanced mass mr is 400 g only.

RPM, revolutions per minute.
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This uncertainty parameter in the actual experiment can cause
errors with the simulation.

Lastly, another factor contributing to the discrepancy is the
challenge of accurately measuring and aligning phase differences
of 90° and 180° between the front and rear unbalanced masses
in the experiments, whereas achieving a 0° phase difference is
relatively straightforward. In contrast, simulations can precisely
calculate and model these phase differences, which may lead to
discrepancies when compared with experimental conditions.

Despite these challenges, the overall mean error and standard
deviation across all conditions are approximately 20.11% and

4.10%, respectively. These results indicate that the simulation
captures the characteristic trends effectively, with no significant
issues in predicting the overall trends or the maximum
displacement under the various conditions (Figure 26).

5 | Conclusion

In this study, a computational framework is proposed for
developing an MBD model based on component‐level experi-
ments and mathematical modeling to accurately predict the
vibration behavior of front‐loading washing machines. The study
introduces an experimental method to identify the dynamic

TABLE 9 | Results of the average of errors of all sensors and directions for 33 conditions related to the configuration of the unbalanced mass.

Case Front unbalanced mass (g) Rear unbalanced mass (g) Phase (°) Average error (%)

1 200 0 0 21.1

2 400 0 0 16.1

3 600 0 0 17.4

4 0 200 0 17.8

5 0 400 0 13.7

6 0 600 0 16.7

7 200 200 0 18.7

8 400 200 0 14.6

9 600 200 0 16.3

10 200 400 0 16.3

11 400 400 0 13.2

12 600 400 0 15.2

13 200 600 0 17.4

14 400 600 0 13.9

15 600 600 0 17.4

16 200 200 90 27.5

17 400 200 90 25.5

18 600 200 90 24.3

19 200 400 90 21.8

20 400 400 90 27.2

21 600 400 90 27.3

22 200 600 90 23.2

23 400 600 90 22.2

24 600 600 90 24.4

25 200 200 180 20.6

26 400 200 180 18.9

27 600 200 180 21.1

28 200 400 180 23.2

29 400 400 180 24.7

30 600 400 180 23.1

31 200 600 180 20.7

32 400 600 180 19.7

33 600 600 180 22.4
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characteristics of the free‐stroke damper, connecting bushing,
and gasket, which are the components that most significantly
affect the washing machine's vibration. Additionally, a simple yet
accurate mathematical model is developed to represent these
dynamic characteristics, and its accuracy is verified by comparing
the model's results with experimental data from individual
components. The MBD model is then constructed by integrating
these validated mathematical models and further verified by
comparing its predictions with the vibrations observed in an
actual front‐loading washing machine.

The comparison between the results from the proposed
component‐level experiments and mathematical modeling
confirms the models' ability to accurately represent
the dynamic characteristics of each component. The
force–displacement graphs corresponding to one cycle of each
component show a strong correlation, and relative errors are
calculated to quantify model performance. While the axial
reaction force of the gasket does not achieve an RMSE within
10% of the maximum reaction force, the reaction force profiles
of the other components meet this criterion, indicating that
the parameters of the mathematical models are accurately
identified, validating the modeling process as a generalized
procedure.

The framework's performance is further validated through a
parametric study involving the front unbalanced mass, rear

unbalanced mass, and phase differences between these masses.
Additionally, the transient vibration characteristics observed
during RPM changes in the spin cycle are assessed by dividing
the RPM profile into eight regions and extracting the RMS
values of the vibrations in each region, comparing them with
experimental results. Although the error is larger in cases
involving phase differences than for a single unbalanced mass,
the overall average error is 20.11%, with a standard deviation of
4.10%, demonstrating that the model is generalized for various
conditions. Consequently, despite several factors requiring
verification for each component, the proposed framework
accurately predicts the vibration behavior of a front‐loading
washing machine.
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FIGURE 26 | Comparison of displacements for each RPM region and direction of sensor under the front, rear unbalanced mass m = 400gf ,

m = 400 gr , and the phase θ = 180°. RPM, revolutions per minute.
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