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ABSTRACT

The purpose of this study was to collect basic data for use in developing more
comfortable sportswear through the study of skin vibration and tactile sensations. Skin
vibration was measured when eight healthy young women were asked to run their
fingers along nine types of sportswear material (including a control) in both high-
temperature and low-temperature environments. The collected vibration wave data was
then subject to an FFT analysis to determine vibration strength and median frequency.
As a result of looking at skin vibration in response to (1) the physical properties of
the material, (2) skin characteristics, and (3) sensory evaluations, we were able to
indicate a variety of frequency characteristics in the skin vibration data and identified
a high degree of correlation between the frictional characteristics of the material and

skin vibration strength. In comparing the two environments, we found large variations
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in vibration strength in low-temperature condition and a tendency towards higher

median frequency. Skin characteristics changed at low temperatures, which may have

impacted the contact between the skin and materials. With the sensory evaluations,

the study clearly demonstrated that the lower the vibration strength and the more low-

frequency components were included in the vibration, the more readily the subjects felt

smoothness, softness, and moistness; while the higher the vibration strength and the

more high-frequency components were included in the vibration, the more readily they

experienced roughness, stiffness, and dryness.
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%< 1 The list and parameters of the test samples

. . Density (/inch) Thickness Weight Porosity*
Sample Fiber material Wale x Course (mm) (e /m?) (%)
(Warp) (Weft)

a Cotton 100% 82 % 70 0.25 106 73

b Cotton 100% 55 x 35 0.58 174 81
Polyester 38%
Acrylic 32%

c Rayon 21% 33 x 47 041 145 73
Polyurethane 9%
Nylon 59%

d Cupra 31% 50 x 45 0.44 140 74
Polyurethane 10%

e Polyester 100% 14 x 12 0.71 247 75

f Polyester 100% 27 x 20 0.52 130 82

g Polyester 100% 44 x 47 0.66 179 80

h Polyester 100% 6 %7 0.39 81 85

i Polyester 100% 27 X 22 0.60 170 79

j Cotton 100% (Warp) (ietd 159 587 77

*Calcurated by JIS L 1096
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< 2 All results of the sample's physical properties
(Front)Moisture Friction Bending resistance ~ Moistue permeabilty Water absorption(10min) ~ Maximum water ~ Air-flow q-max
sample regain MIU MMD (mm) amount(24h) (mm) absorption ~ Resistance
(Back) (%) Wale  Course  Wale Course  Wale Course (g/mQ/h) Wale  Course (%) (kPa-s/m) (W/cmz)
- (Warp) (Weft) (Warp) (Weft) 0207
0.760 0.780 0.275 0420 (Warp) (Warp) (Weft) ’
a 7.606 (Warp) (Weft) (Warp) (Wef9)  49.00 31.00 718471 93 77 175530  0.205 0200
- 0.750 0.730 0.425 0.540 ’
0975 0.950 0.380 0.370 0.173
b ! 6.738 31.00 16.50 629.299 84 585 294539 0173 @ —————
- 0985 1.020 0.380 0.125 0.167
- 0.870 0955 0.310 0.370 0.169
== 3313 18.00 10.00 769.427 0 0 123262 0127 ————
CEE 1195 0880 0435 0.240 0.162
0.820 0.850 0.540 0.405 0.241
d ! 5.636 11.50 1850 710.828 79 785 251584 0123 @ ———
- 1955 0.725 0.775 0.620 0.184
- 0540 0.730 0510 0.685 0.178
= 0427 23.00 27.00 670.064 109 138 175056  0.018 —— ——
 EE 0570 0910 0710 0625 0.142
0.615 0.830 0.225 0.390 0.161
f ! 0.423 23.50 20.50 662.420 114 109 301912 0019 —08nw—
- 0.670 0965 0.250 0.460 0.121
g g 0.393 0800 1.250 0.300 0.360 2150 20.00 677.707 1235 140  355.294 0.132 &
- 0925 1420 0.345 0410 0.120
h ! 0.370 0805 1160 1605 1215 23.50 16.00 830.573 119.5 1255 357642 0.003 ﬂ
- 0975 0.860 1.070 0.320 0.117
i g 0474 0720 1205 3950 0.705 24.00 20.00 723.567 130 1275 232420 0.023 ﬂ
- 0.665 0.675 1.095 1.325 0.152
7 (Warp) (Weft) (Warp) (Weft) 0116
. 1.005 0.985 0.715 0.900 (Warp) (Warp) (Weft) ’
] 6.487 (Warp) (Weft) (Warp) (Weft) 65.50 46.00 619.108 105 73 175385  3.220 o
1.010 0975 1.565 1.235 )
(a)Sample: j (b)ySample: i
50 -50
-GOh r -60
= -70 = -70
] <
é 90 \8/ 90 »
o100 Q100
110 » 110 &+
-120 ¢ 120 &
0 100 200 300 400 500 0 100 200 300 400 500
Frequency (Hz) Frequency (Hz)
1 The examples of FFT analysis results
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% 3 The statistics of skin vibration intensity
Analysis of variance:
Factor Sum of squares DF Mean square F-value P-value
sample 8.0.E-08 2.794 2.9.E-08 9.776 P<0.001  **
env 6.1.E-10 1 6.1.E-10 0.065 0.802
env* sample 3.6.E-09 2.794 1.3.E-09 0.436 0.715
Total 3.3.E-07 159
Multiple comparisons:
Factor Mean L
Sample 1 Sample 2 Sample 1 Sample 2 DF SE Statistic P-value
a i 2.8.E-05 9.2.E-05 6.3.E-05 1.0.E-05 6.048 P<0.001 **
b i 1.8.E-05 9.2.E-05 7.4.E-05 1.0.E-05 7.065 P<0.001 **
b j 1.8.E-05 6.2.E-05 4.4 E-05 1.0.E-05 4176 0.002 **
c e 1.7.E-05 5.3.E-05 3.6.E-05 1.0.E-05 3415 0.038 *
c i 1.7.E-05 9.2.E-05 7.5.E-05 1.0.E-05 7.153 P<0.001 **
c J 1.7.E-05 6.2.E-05 4.5.E-05 1.0.E-05 4.265 0.002 **
d i 1.8.E-05 9.2.E-05 7.4.E-05 1.0.E-05 7.067 P<0.001 **
d J 1.8.E-05 6.2.E-05 4.4.E-05 1.0.E-05 4.178 0.002 **
e i 5.3.E-05 9.2.E-05 3.9.E-05 1.0.E-05 3.738 0.012 *
f i 3.3.E-05 9.2.E-05 5.8.E-05 1.0.E-05 5.570 P<0.001 **
g i 3.7.E-05 9.2.E-05 5.5.E-05 1.0.E-05 5.246 P<0.001 **
h i 4.1.E-05 9.2.E-05 5.1.E-05 1.0.E-05 4.862 P<0.001 **
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# 4 The statistics of median frequency

Analysis of variance:

Factor Sum of squares DF Mean square F-value P-value
sample 9950.397 3.114 3195.597 6.038 0.001391  **
env 1041.038 1 1041.038 1.054 0.322018
env* sample 1061.782 3.114 340.994 0.644 0.596290
Total 48952473 159
Multiple comparisons:
Factor Mean o
Sample 1 Sample 2 Sample 1 Sample 2 DF SE Statistic P-value
b € 29.3438 49.1563 19.8125 4.7270 4.1913 0.0022 **
b i 29.3438 55.3125 25.9688 47270 5.4937 P<0.001 **
c e 27.9766 49.1563 21.1797 47270 4.4806 P<0.001 **
c i 279766 55.3125 27.3359 4.7270 5.7829 P<0.001 **
d i 36.1953 55.3125 19.1172 4.7270 4.0442 0.0040 **
f i 38.0313 55.3125 17.2813 4.7270 3.6559 0.0165 *
g i 39.2500 55.3125 16.0625 47270 3.3980 0.0402 *
h i 36.1406 55.3125 19.1719 4.7270 4.0558 0.0038 **
i j 55.3125 34.9453 20.3672 4.7270 4.3087 0.0014 **
5 5 The correlation table between skin vibration and physical properties of the samples
[Upper triangle: Coefficient of correlation/ Lower triangle: *, P<0.05 **, P<0.01]
Friction Bending  Moisture ~ Water ~ Maximum Airflow  q-max
Moisture MIU MMD resistance  pemeabilty  ADSOIPHON ey , Skin Median
regain ___ Front Back Front Back min)(mm . Resistance __(W/em”
Wale/ Course/ Wale/ Course/ Wale/ Course/ Wale/ Course/ Wale/ Course/m"u”!(«%h) Wale/ Course/ thsomion vib - frequency
(%) Wap Weft Wap Weft Wap Weft Wap Weft Wap Wet (m’h) Wap Weft (%) (Push) Front Back
Moisture regain (%) 0646 0404 0407 -0243 0.366 -0.261 0.063 -0.016 0560 081 -0.324 -0.380 -0.641 -0.399 0428 0456 0.79% -0.367 048
Wale/Warp ~ * 0314 0464 0156 -0.113 0048 0302 -0.032 0424 0141 -0.132 -0.339 -0.588 -0.019 0559 -0.155 0.218 -0.313 -0.744
MIU Course/Weft 0038 0363 055 0322 0274 0170 -0.119 -0.230 0293 0308 0291 0525 0017 -0.684 -0.494 0267 0.056
Wale/Warp 0150 -0.220 -0.178 0.088 -0.149 -0291 -0.226 0.155 0444 -0434 0009 0059 0523 0340 -0571 -0.453
Function Course/Weft 0440 0214 -0.312 -0.33 -0.004 -0.001 0375 0163 0219 0466 0.107 -0.285 -0.558 -0.165 -0.186
Wale/Warp 0460 0520 0627 -0.096 -0.085 0315 0400 0358 0075 -0.086 -0.502 -0.131 0.696 0.525
MMD Course/Weft 0791 0.3 0270 0293 0382 0408 0363 0.42 0339 0615 0419 0.164 -0.004
; Wale/Warp o 0743 045 0555 0049 0286 0142 -0.169 0681 -0498 -0.129 0.060 -0.041
Course/Weft ¥ 0426 0627 <0236 0420 0277 0311 0546 -0.371 0018 0247 0.389
. Wale/Warp 0872 0424 0168 -0.141 -0.327 0812 -0.300 0209 -0.152 -0.265
Bending resistance(mm) ) _
Course/Weft o 0540 0365 0.45 0329 0821 -0.189 0110 -0.172 -0.005
Moisture permeability amount(24h)(gim’lh) 0211 -0031 0093 -0464 0.047 -0.042 -0.057 0.024
! ! Wale/Warp 0911 0576 0055 -0.394 -0429 0467 0566
Vaersbopton (U)ot a 0362 0195 0302 053 0460 0716
Maximum water absorption (%) 0311 0.231 -0559 0.171 0.045
Air-flow Resistance (kPa-s/m) * Bk <0377 -0.030 -0.346 -0.446
5 Front * 0.700 -0.348 0017
amaxVem) g - * 0142 0020
Skin vib * 0.654
Median frequency * * *
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5 Results of skin elasticity
0 (Upper: The ratio between immediate retraction and total distention,
High Low Middle: The ratio between delayed distention and immediate distention,

Lower: The ratio of the immediate retraction to the immediate distention)

6 The result of skin temperature

< 6 The correlation table between skin characteristics and skin vibration
[Upper triangle: Coefficient of correlation/ Lower triangle: *, P<0.05 **, P<(0.01]

Water content Skin elasticity Skin Sum Median
hydration Ur/Uf Uv/Ue Ur/Ue temperature of PSD Frequency

Water content hydration -0.284 -0.591 -0.592 0.099 -0.177 -0.306
Ur/Uf 0.160 0.589 -0.247 0.035 0.041
Skin elasticity Uv/Ue * 0.882 -0.322 0.266 0.397
Ur/Ue * * o -0.350 0.265 0.250

Skin temperature 0.165 -0.201
Sum of PSD 0.006

Median Frequency
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7 The average of sensory evaluation results
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Welch's test:

3 7 The statistics of “Rough — Smooth”

env F-value DF1 DF2 P-value

High 36.818 9 28.386 P<0.001 **

Low  16.582 9 28.287 P<0.001 **

Multiple comparisons: Multiple comparisons:
Factor Mean oyt Factor Mean oyt )

OV amplel sample? rank] rank? DF  SE Static P-value  env sample] sample2 rankl ~ rank2 DF  SE  Static P-value

High a c 0.125 2000 1.875 0427 4388 0.002 ** Low a ¢ 0000 2250 2.250 0.591 3.806 0.013 *
a d 0.125 1.750 1.625 0427 3.803 0.014 * b i 0625 -1.625 2250 0.591 3.806 0.013 *
a e 0125 -1.375 1500 0427 3.510 0.035 * b j 0625 -1.750 2.375 0.591 4.017 0.007 **
a h 0.125 -1.875 2.000 0427 4.681 P<0.001** c e 2250 -1.375 3.625 0.591 6.131 P<0.001 **
a i 0.125 -1.875 2.000 0.427 4.681 P<0.001%** c h 2250 -1.375 3.625 0.591 6.131 P<0.001 **
a j 0.125 -2.125 2.250 0427 5.266 P<0.001** c i 2250 -1.625 3.875 0.591 6.554 P<0.001 **
b e 1.125 -1.375 2500 0427 5.851 P<0.001** c j 2250 -1.750 4.000 0.591 6.766 P<0.001 **
b h 1.125 -1.875 3.000 0.427 7.021 P<0.001** d e 1500 -1.375 2.875 0.591 4.863 P<0.001 **
b i 1.125 -1.875 3.000 0427 7.021 P<0.001** d h 1500 -1.375 2.875 0.591 4.863 P<0.001 **
b j 1.125 -2.125 3.250 0.427 7.606 P<0.001** d i 1500 -1.625 3.125 0.591 5.286 P<0.001 **
c e 2000 -1.375 3.375 0.427 7.898 P<0.001** d j 1500 -1.750 3.250 0.591 5.497 P<0.001 **
c h 2.000 -1.875 3.875 0427 9.068 P<0.001** e f -1375 1625 3.000 0.591 5.074 P<0.001 **
c i 2000 -1.875 3.875 0.427 9.068 P<0.001%** e g -1375 0.750 2.125 0.591 3.594 0.027 *
c j 2.000 -2.125 4.125 0427 9.654 P<0.001** f h 1625 -1.375 3.000 0.591 5.074 P<0.001 **
d e 1.750 -1.375 3.125 0427 7.313 P<0.001** f i 1625 -1.625 3.250 0.591 5.497 P<0.001 **
d h 1.750 -1.875 3.625 0.427 8.483 P<0.001** f j 1.625 -1.750 3.375 0.591 5.708 P<0.001 **
d i 1.750 -1.875 3.625 0427 8.483 P<0.001** g h 0750 -1375 2.125 0.591 3.594 0.027 *
d j 1.750 -2.125 3.875 0.427 9.068 P<0.001** g i 0.750 -1.625 2.375 0.591 4.017 0.007 **
e f  -1.375 0625 2.000 0427 4.681 P<0.001** g j 0.750 -1.750 2.500 0.591 4.228 0.003 **
e g -1.375 1250 2.625 0427 6.143 P<0.001**
f h 0625 -1.875 2.500 0.427 5851 P<0.001%**
f i 0.625 -1.875 2.500 0427 5.851 P<0.001**
f ] 0625 -2.125 2.750 0427 6436 P<0.001**
g h 1.250 -1.875 3.125 0427 7.313 P<0.001**
g i 1250 -1.875 3.125 0427 7.313 P<0.001**
g j 1.250 -2.125 3.375 0427 7.898 P<0.001**

Welch's test: 7 8 The statistics of “Stiff — Soft”

env F-value DF1 DE2 P-value

High  19.320 9 28.338 P<0.001 **

Low 13.118 9 28.283 P<0.001 **

Multiple comparisons: Multiple comparisons:
Factor Mean . Factor Mean .

en samplel sample2 rankl rank2 DF  SE Static P-value  env samplel sample2 rankl  rank2 DF  SE  Static P-value

High a c 0.250 2625 2375 0526 4514 0.001 ** Low a c 0500 2625 2125 0583 3.646 0.023 *
b e 2000 -1.125 3.125 0.526 5.940 P<0.001** a j 0.500 -2.000 2.500 0.583 4.289 0.003 **
b h 2.000 -0.500 2.500 0.526 4.752 P<0.001%** b e 1500 -0.875 2.375 0.583 4.075 0.005 **
b i 2000 -1.250 3.250 0.526 6.177 P<0.001** b h 1500 -0500 2.000 0.583 3431 0.046 *
b j 2000 -1.125 3.125 0.526 5.940 P<0.001%** b i 1500 -1.000 2.500 0.583 4.289 0.003 **
c e 2625 -1.125 3.750 0.526 7.128 P<0.001** b j 1.500 -2.000 3.500 0.583 6.005 P<0.001 **
c h 2625 -0.500 3.125 0.526 5.940 P<0.001%** c e 2625 -0.875 3.500 0.583 6.005 P<0.001 **
c i 2625 -1.250 3.875 0.526 7.365 P<0.001** c h 2625 -0500 3.125 0.583 5.361 P<0.001 **
c j 2625 -1.125 3.750 0.526 7.128 P<0.001%** c i 2625 -1.000 3.625 0.583 6.219 P<0.001 **
d e 1.875 -1.125 3.000 0.526 5.702 P<0.001** c j 2625 -2.000 4.625 0.583 7.935 P<0.001 **
d h 1.875 -0.500 2.375 0526 4514 0.001 ** d e 2125 -0.875 3.000 0.583 5.147 P<0.001 **
d i 1.875 -1.250 3.125 0.526 5.940 P<0.001** d h 2125 -0500 2.625 0.583 4504 0.001 **
d j 1.875 -1.125 3.000 0.526 5.702 P<0.001** d i 2125 -1.000 3.125 0.583 5.361 P<0.001 **
e f -1.125 1.000 2.125 0526 4.039 0.006 ** d j 2.125 -2.000 4.125 0.583 7.077 P<0.001 **
e g -1.125 1500 2.625 0.526 4.990 P<0.001%** e f -0875 1250 2.125 0583 3.646 0.023 *
f i 1.000 -1.250 2.250 0.526 4.277 0.003 ** e g -0875 1500 2.375 0.583 4.075 0.005 **
f j 1.000 -1.125 2.125 0526 4.039 0.006 ** f i 1.250 -1.000 2.250 0.583 3.860 0.011 *
g h 1.500 -0.500 2.000 0.526 3.802 0.014 * f j 1.250 -2.000 3.250 0.583 5.576 P<0.001 **
g i 1.500 -1.250 2.750 0.526 5.227 P<0.001** g h 1500 -0.500 2.000 0.583 3431 0.046 *
g ] 1.500 -1.125 2.625 0.526 4.990 P<0.001** g i 1.500 -1.000 2.500 0.583 4.289 0.003 **

g j 1500 -2.000 3.500 0.583 6.005 P<0.001 **
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% 9 The statistics of “Sticky — Unsticky”

Welch's test:
env F-value DF1 DF2 P-value
High 0.502 9 28.423 0.861 -
Low 1.194 9 28.141 0337 -
Welch's test: # 10 The statistics of “Moist — Dry”
env F-value DF1 DF2 P-value
High 19.195 9 28.408 P<0.001 **
Low  8.897 9 28.295 P<0.001 **
Multiple comparisons: Multiple comparisons:
Factor __ Mean DF SE Static P-value eny—Lactor Mean __ pe o SE - Static P-value
samplel sample2 rankl rank2 samplel sample2 rankl  rank2
High a j -0250 1750 2.000 0466 4.294 0.002 ** Low b j -0125 2000 2125 0.581 3.658 0.022 *
b e -1250 0875 2.125 0466 4.562 P<0.001** c i -1125 1.375 2500 0581 4.303 0.002 **
b h  -1250 0500 1.750 0466 3.757 0.016 * c j -1125 2000 3.125 0.581 5.379 P<0.001 **
b i -1250 1.250 2500 0466 5.367 P<0.001%* d i -0625 1375 2.000 0.581 3443 0.044 *
b j -1250 1.750 3.000 0466 6.441 P<0.001%** d j -0625 2000 2625 0.581 4518 0.001 **
c e -1625 0875 2500 0466 5.367 P<0.001%** f j 0375 2000 2.375 0581 4.088 0.005 **
c h -1625 0500 2.125 0466 4.562 P<0.001** g i -0625 1375 2000 0.581 3443 0.044 *
¢ i -1625 1.250 2.875 0466 6.172 P<0.001** g j -0625 2000 2625 0.581 4518 0.001 **
c j o -1625 1.750 3.375 0466 7.246 P<0.001%**
d e -1.000 0875 1.875 0466 4.025 0.006 **
d i -1.000 1.250 2.250 0466 4.830 P<0.001**
d j o -1.000 1.750 2.750 0466 5.904 P<0.001%**
e g 0875 -1.500 2.375 0466 5.099 P<0.001#*
f i -0500 1.250 1.750 0466 3.757 0.016 *
f j -0500 1.750 2.250 0466 4.830 P<0.001**
g h -1.500 0.500 2.000 0466 4.294 0.002 **
g i -1500 1.250 2.750 0466 5.904 P<0.001%**
g j 1500 1.750 3.250 0466 6.977 P<0.001**
£ 11 The statistics of “Warm — Cold” #< 12 The statistics of “Uncomfortable — Comfortable”
Welch's test: Welch's test:
env F-value DF1 DF2 P-value env F-value DF1 DF2 P-value
High  7.306 9 28404  P<0.001 ** High ~ 0.531 9 28.380 0.839
Low 1286 9 28324 0287 - Low 2623 9 28394 0024 *
Multiple comparisons: Multiple comparisons:
Fact M - Factor Mean P
env samplii s(;npleZ rankelanrankZ DF SE  Static P-value samplel sample2 rankl rank2 DI SE Static Pvalue
High b e -1.375 0250 1.625 0455 3.570 0.029 * Low -
b h -1.375 0375 1.750 0455 3.845 0.012 *
1 - *
E Jl }g;g gggg 1%8 gigg ggzg 88%3 « %< 13 The statistics of “Disliked — Liked”
c e -1.625 0250 1875 0455 4.120 0.005 ** Welch's test:
© 1 68 020 157 04 4120 Qopp e hv Pvlie DFL_ DR Palc
c i -l . . ) . | .
c j 1625 0375 2.000 0455 4.394 0.002 ** High 0320 Y 28302 0962
Low  2.340 9 28412 0.041 *
Multiple comparisons:
Factor Mean DF SE Static P-value
sample] sample2 rank]l rank2
Low -
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5% 14 The correlation table of sensory evaluation
[Upper triangle: Coefficient of correlation/ Lower triangle: *, P<0. 05 **, P<0.01]

Rough — Stiff — Sticky — Moist — Warm —  Uncomfortable — Disliked —
Smooth Soft Unsticky Dry Cold Comfortable Liked
Rough — Smooth 0.7623 -0.1786 -0.6688 -0.3290 0.3747 0.3355
Stiff — Soft *E -0.1905 -0.6294 -0.3852 0.2824 0.2554
Sticky — Unsticky * * 0.3537 0.3577 0.3557 0.3953
Moist — Dry o *E *E 0.3572 -0.1662 -0.1206
Warm — Cold o wE *E o 0.1429 0.1125
Uncomfortable - Comfortable ~ *7* *E *E * 0.9031
Disliked — Liked *E ** ** **
< 15 The correlation between skin vibration intensity, median frequency and sensory evaluation
[Upper triangle: Coefficient of correlation/ Lower triangle: *, P<0.05 **, P<0.01]
Rough—  Stiff — Sticky—  Moist— Warm — Uncomfortable-  Disliked - Skin  Median
Smooth Soft  Unsticky Dry Cold  Comfortable Liked vib frequency
Rough - Smooth 0.962 -0.393 -0921  -0.704 0.807 0.727 -0.767  -0.527
Stiff - Soft o -0.445 -0943  -0.727 0.790 0.714 -0.813  -0.546
Sticky - Unsticky * 0.620 0.701 -0.130 0.051 0.352 0.246
Moist - Dry ok wx o 0.822 -0.678 -0.56 0.771 0.526
Warm - Cold o o ok o -0.310 -0.24 0.550 0.571
Uncomfortable - Comfortable *E o o 0.902 -0.741 -0.454
Disliked - Liked *x wE * o -0.739  -0.460
Skin vib ok ok wx * *E HE 0.719
Median frequency * * * HE * * HoE
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