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ABSTRACT

This study was aimed at predicting the three-dimensional dynamic behavior of the tub in a

front-loading (FL) washing machine during the spin-drying process under various unbalanced mass

conditions. In FL washing machines, unbalanced mass can induce severe vibration and complex spatial

motion. Conventional displacement-based measurement methods suffer from spatial constraints that

limit their ability to capture the full tub motion. An experimental approach based on multiple

accelerometers mounted on the tub was employed to estimate its rigid-body motion. The estimated

displacements were validated against direct measurements obtained from a wire displacement sensor

installed on a commercial 25-kg FL washing machine at three unbalanced mass positions (front, center,

and rear). The comparison showed that the relative error between the estimated and measured

displacements ranged from 3.1 % to 9.3 %, demonstrating high prediction accuracy. Furthermore, the

analysis of acceleration signals revealed that as the unbalanced mass becomes more biased toward

one side, the spatial motion of the tub exhibits pronounced conical motion characteristics. These

results confirmed that the proposed acceleration-based method can reliably estimate the tub’s dynamic

behavior while overcoming the spatial limitations of conventional displacement sensor-based techniques

to improve both experimental convenience and accuracy.
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Fig. 2 Rotational speed profile of the spin-dry cycle

Table 2 Spatial coordinates of 4 accelerometers and a
wire sensor on the tub surface

Table 1 Specifications of FL washing machine [Unit: mm)]
Parameter Specifications Sensor sl y-dir. il
Capacity ke Acc. 1 0 362 235

Weight 95kg Acc. 2 155 285 -35
Drum diameter 580 mm Acc. 3 0 -208 -262
Drum depth 520 mm Acc. 4 -157 -54 -29
Tub weight 50 kg Wire sensor -240 226 -230
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Table 3 6-DoF rigid behavior at the center of the tub

UB location Component x-dir. or 6, y-dir. or 0, z-dir. or 0, Mag.
Trans. [mm] 1.38 1.43 0.14 1.99

Front
Rot. [deg.] 0.217 0.165 0.182 0.327
Trans. [mm] 0.99 1.10 0.08 1.48

Center
Rot. [deg.] 0.034 0.135 0.192 0.238
Trans. [mm] 0.65 0.87 0.16 1.10

Rear
Rot. [deg.] 0.152 0.266 0.200 0.365
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Fig. 4 Comparison of estimated (solid) and measured (dashed) vertical (y-dir.) displacements at the wire sensor

point

Table 4 Comparison of estimated and measured vertical (y-dir.) displacements (RMS) with relative error

UB location

Estimated [mm]

Measured [mm]

Relative error [%]

Front 0.85 0.82 3.1
Center 1.23 1.28 4.2
Rear 1.46 1.61 9.3
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Table 5 Estimated radius of the tub center (RMS)

[Unit: mm]
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