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ABSTRACT

We investigated the effect of stiffness, damping, and contact transient(amplitude,
frequency, decay rate) on perceived hardness. To investigate whether each factor
has an effect on perceived hardness, we conducted an experiment 1 to report
the hardness magnitude of virtual surfaces that had different values of stiffness,
damping, and contact transient. Using the data of experiment 1, we conducted
5-way ANOVA and the result showed that stiffness, damping, amplitude and fre-
quency of contact transient significantly affected perceived hardness; decay rate
was not significant.

To verify the effect of decay rate, we conducted an experiment 2 that used
various decay rate values. Although we used various values of decay rate, the
experiment result showed the same statistical result with the result of experiment

1.



Based on the results of experiment 1 and 2, we excluded decay rate and
focused stiffness, damping, amplitude and frequency of contact transient. We
collected hardness magnitude data of different virtual surfaces that had different
values of stiffness, damping, amplitude, and frequency but had the same value
of decay rate. After then, we constructed a psychophysical magnitude function
using those data. This fitted function will guide the design of methods to render

virtual surfaces specific perceived hardness they want.
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Standardized Hardness by Damping
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Source F(d.f.1, d.f.2) p Source F(d.f.1, d.f.2) p
k F(1,17) = 293.22 < 0.001% k:b:a F(2,34) =0.36  0.695
b F(1,17) = 7470 < 0.001x kib:f  F(2,34) =065 0.525
a F(2,34) = 24.88 < 0.001% k:a:f F(4,68) = 0.78  0.535
f F(2,34) = 58.26 < 0.001x b:a:f F(4,68) = 0.14  0.967
r F(234) =012  0.883 kib:r  F(2,34) =085  0.430
k:b  F(L17) =023  0.630 kia:t  F(4,68) =079 0530
k:a F(2,34) =0.21 0.807 b:a:T F(4,68) = 0.04  0.997
b:a F(2,34) =127  0.282 k:f:r  F(468) =031 0.873
k:f F(2,34) =1.27 0.281 b:f:7 F(4,68) = 1.56  0.181
b:f F(2,34) = 1.06 0.346 a:f:T F(8,136) = 0.33 0.954
a:f F(4,68) =6.44 < 0.001x E:b:a:f F(4,68) =0.65 0.624
E:r F(2,34) = 0.26 0.771 k:b:a: F(4,68) =1.06 0.376
b:7  F(2,34) =121 0.298 kE:b:f:7 F(4,68) =040 0.807
a:r  F(4,68) = 040  0.808 k:a:f:7 F(8136) =022 0.988
f:7 F(4,68) = 0.65 0.625 bra:f:T F(8,136) = 0.24 0.983
k:b:a:f:7 F(8136) =040 0.922
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Source F(d.f.1, d.f.2) p Source F(d.f1,d.f2) p
k  F(1,19) = 284.58 < 0.001x k:b:a  F(1,19) = 0.84 0.360
b F(L,19) = 16.64 < 0.001x kib:f  F(1,19) = 0.13 0.720
a F(1,19) = 30.89 < 0.001x k:a:f F(1,19) = 2.62 0.106
£ F(1,19) = 103.74 < 0.001# b:a:f  F(1,19) =000 0.954
r F(4,76) = 0.63  0.644 k:b:r  F(4,76) = 0.16 0.957
E:b F(1,19) = 0.38 0.536 k:a:T F(4,76) = 0.58 0.679
k:a F(1,19) = 0.27 0.602 b:a:T F(4,76) = 0.28 0.893
b:a F(1,19) = 1.85 0.174 k:f:r F(4,76) = 0.55 0.696
k:f F(1,19) =112 0290 b:f:r  F(4,76) = 0.33 0.856
b:f F(1,19) =025 0.615 a:f:r  F(476) = 0.73 0.568
a:f F(1,19) =31.59 < 0.001x k:b:a: F(1,19) = 0.08 0.779
kE:r F(4,76) = 0.24 0.914 k:b:a: F(4,76) = 1.19 0.315
b:r  F(4,76) = 0.84  0.498 k:b:f:r F(476) = 0.16 0.961
a:17 F(4,76) = 0.65 0.628 k:a:f:7 F(4,76) = 0.09 0.985
fir  F(4,76) =092 0.450 bia:f:r F(476) = 0.51 0.728
E:b:a:f:7 F(4,76) =0.50 0.734
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Stiffness = 300 (N/m)

Stiffness = 150 (N/m)
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Stiffness = 300 (N/m)

Stiffness = 150 (N/m)
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Stiffness | Damping | Amplitude | Frequency | Perceived | Increasing
(N/m) | (N -s/m) (N) (Hz) Hardness Rate
0.45 11.7417
150 0.4 50 1.1436
1.8 13.4281
0.45 12.1035
150 0.4 180 1.1393
1.8 13.7899
0.45 11.8153
150 1.2 50 1.1427
1.8 13.5017
0.45 13.5231
150 1.2 180 1.1247
1.8 15.2094
0.45 18.961
600 0.4 50 1.1436
1.8 21.6842
0.45 19.5452
600 0.4 180 1.1393
1.8 22.2684
0.45 19.0798
600 1.2 50 1.1427
1.8 21.803
0.45 21.8376
600 1.2 180 1.1247
1.8 24.5608
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Stiffness | Damping | Amplitude | Frequency | Perceived | Increasing
(N/m) | (N-s/m) (N) (Hz) Hardness Rate
50 11.7417
150 0.45 0.4 1.0308
180 12.1035
50 11.8153
150 0.45 1.2 1.1445
180 13.5231
50 13.4281
150 1.8 0.4 1.0269
180 13.7899
50 13.5017
150 1.8 1.2 1.1265
180 15.2094
50 18.961
600 0.45 0.4 1.0308
180 19.5452
50 19.0798
600 0.45 1.2 1.1445
180 21.8376
50 21.6842
600 1.8 0.4 1.0269
180 22.2684
50 21.803
600 1.8 1.2 1.1265
180 24.5608
Table 5.6: F75-2] Z7}0] W2 172 whetgte] 7} vlg
Min Max
Relative Ratio Relative Ratio
Coefficient Coefficient
Stiffness 0.4037 1 0.4037 1
Damping 0.2812 0.6966 0.3590 0.8893
Amplitude 0.3352 0.8303 0.3724 0.9225
Frequency 0.2853 0.7067 0.4014 0.9943
Table 5.7: Z} @40] F7tof| whE Q1A4 dtete] S71 A 2 449 A
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