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2.2 Vibrotactile Illusions
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2.4 Moving Sensations on the Palm
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Fig. 2. Independent variables of user study 1: CONFIGURATION, target X (X1), and target Y (YT).
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Fig. 3. Apparatus used in user study 1: (a) 3D model of vibrotactile grid, (b&c) the grid from both sides, and (d) the smartpen used for
input on the digital paper.
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Fig. 4. Error ellipses for (a) 4 MOTOR, (b) 6 MOTOR, (c) 9 MOTOR, and (d) 15 MOTOR CONFIGURATIONS based on the mean and covariance of
point clouds at the different locations defined by X and Yy (o =. ).
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Fig. 5. Illustration of the influence of the factors CONFIGURATION (a = 4 MOTOR, b = 6 MOTOR, ¢ = 9 MOTOR, and d = 15 MOTOR), Xy, Yrand
the interactions CONFIGURATION:X; and CONFIGURATION:Y+ on the euclidean distance. Error bars are the standard error.

4 USER STUDY 1: RESULTS

» ®e  rprx rsus owrfirs wsrsw s ® proxs » s x »s
[MF-#] rwm m» ff s » [IF-#] r®» «x n ff sT r =« » S su z mTgur 4
4.1 Euclidean Distance
T g w»wue rs » wng wfle s w gmr z ® o s xS s
o mos W n rg (. m ) moprx ms “gur S S rsaSs W N SS
x » sgnfi m wr CO ¥ mor »n ff s "o sgnfi m mor s M
ng o I mawm ff s wm osgnfi m om ox »n ff s

nus xp Sw W



4.1.1 CONFIGURATION. [MF-1]T ®m sss sgnfi wm (Fi 4 . 4 » Nwa m ff x
K¥ X W w ® S W wmww(n, 1 ) f sz we 1 M NF
® ( 1T wm[11 w14 m])r sw » S rr xS M N ®
( 141 a1 w1 m]) M NF ® ( 1 4m[14 w1 m]) » fis
4 M ¥  ( 1 w1 m  1m])Ps ss wfirm sgnfi m Frwm s »
4 M ¥ L r  XNF wo(p 1) » » M » 1 M
¥ x (p 1)
4.1.2  INTENSITY. w owm fin sgnfi »mowm owm ff x rK X (Fip 11 p ) m
w oS m » O ( 1T w1l wm11m]) » 1 wx x ( 1 m[14 m
)
4.1.3 Xr. [MF-2] ar m» ssrx sgnfi m (F. a4 11 p Nw wn ff ¥ »
» oS ® sma (179 ) sz T w » s m s s x s
r omer 1 ( 14 m[1 w1 4 m)) ( 14 m[1 w1 m)w» g r =«
mS ® W ( 1 w1 w1 m]) ( 17 w1 w1 m]) w
4 ( 17 w1 w1 m])
414 Yr. [MF-3]T ®» ssx sgnfi m (Fou, . 41 p» Nmwa » x »
w oS W oW (}79 1) ff sz Sm «r s ® S ®m S x » w
g s r o mgr 1 ( 1 maf 1l om]) w 11 ( wa [ w
11 m)]) s m " s g 1w ®m S m S " 14 m[1 w1 4m)])
4 ( 1T wm[1" w1 m]) ( 1T 4m[1 m wa]) ( 1 4m[1 m
1 wa]) o 1 wma[1'1wm 4 m)]) ( 1T w1 w1l m]) = 1 (

14 wm[1 w1 m)])

4.1.5 CONFIGURATION : X7. [IF-1]T m sss sgnfi wm (F 4 - » )m o n ff »
xS NF L) sm £ sz (g )T w ®ITT MW » R Ow
N L ¥ X WS N T WK X w rs(4 m )s ngsenfi w
frm s ) s mg s m KF X us wg g rmuwa r w o ors( owm 1)s »e
wyp ¥ pr ormn (p ) rss wgwNg
4.1.6 CONFIGURATION : Y. [IF-2]T m» ssr sgnfi m (F4 1 » 1) » x wn ff »
XS X¥ L mowwm ff sz (;79 )T noS ssgnfi m x
» W M gs er x XY N X X NWF X owS Ng rRasa x
w s (4 n )segnfi m fFrwm s(p ) r s« » r wg 1 11 r s
KT X $ S wmws x wooxs(1)s wap x proman (p )

4.2 X Deviation

T g rum s W nNg wfla ® XS W WS S Z SWNS NS Wg
P W oz ns s » rg W opr ws

4.2.1 CONFIGURATION. [MF-4] T ®» ssx sgnfi » (F, | LY Nm » ff x
KT X oW r ox » sm (ng ) sz e M KT w

nUS TP SU W



( 4 m[ ® 1 m])r sw » s xx s 1 M KF x (
w [ 4 m)]) M ¥ ® ( om0 om m]) » fim 4 M
KT ® ( wm[  m  4m])Ps ss wfirm sgnfi W r o swg ng wg
™ oW rRaw X w rs(4 ) § rwasm x « rs( 1) 1) oS wmpr x
KF xnp rs(4 ) wm (1)
4.2.2 INTENsITY. T ®m  sss m sgnfi wm (Fi1 » ywma wm ff RN »
» L ( Com[ m m])s wyp x T WS VR (
4Am|[ m w])
423 Xr. [MF-6]T ®» ssrx sgnfi ®m (F 44 .1 1p Ywa » ff x »
» wmo wwa(, 1) sz T ® s s x 1 ( 4 m
[ w wm]) » rg ( [ wm  4m]) gs X mer ns
" s g T » ( [ m wa]) ( 4m[ 1m
m]) » 4 1 m[ m 1l m])Ps whirma  sgnfi m  rswg ng wng
rwo ogs( ) s om “e
424 Yr. w own fin  sgnfi m (Fo - . 11 p )wm w» ff x » roox
» wp x ws x ®oox s x XSS s 1 ( wm [ i)
wa]) - Com[ 4w T ow]) 4 Cowm[ om w]) (
wml  wm w]) ( Com[owm w]) ( Am[  wm w])
( Com[ 1 m]) 1 ( 4w » m]) = 11 ( Com[ i}
)
4.3 Y Deviation
T g rum XS M Ng wfla ® XS W WS xS Z S WS NS we neg
» ™ nzZ »S ® S n org WmopTr N
4.3.1 CONFIGURATION. [MF-7]T ®» sss sgnfi m (Fi. 4 - o Hw w» ff %

NF L » moowwm(y, ) fF sz T 4m ¥ HEosw »

g s m( 17 w1 w1 m)]) M WF x ( 11 m[1 " m
1 4 m]) M KF ® ( 11wl 1wl 1m]) = fis 1 M XF x
( 4m[ 4wl 4m])Ps ss wfizma sgnfi »m ffrm s m AM KF X

» X XF x (1 1) w1 (p 1) = w1 (p )
4.3.2 INTENSITY. @ » fim sgnfi mow ow ff X rN N (F1,1 » ) ®
» » LI ( 1T w11 w1l 4m])) » 1 x x ( 1T 1wm[11
17 wm)])
433 Xr. w wm fin sgnfi mowm w ff x r (F. 4.1 1 p ) w »
sr wp mox 1 ( 11 m[1 w1 m]) ( 1T 1m[11 m
1 m]) ( 1T w1l w1 4m]) 4 ( T m[l w1l m]) = (

1T 4m[11 w1  m])

nNUS TP su W



m xs W mgS nxoow g r S wm x S waw now P wa 11
2x2 o 2X3 2x5 . 100 2x9
. 99.22 — —
100] 97,66  96.09 98.44 ' X ) —_——— -
: —_—— —_———
100 93,65 9631 9834 — 80
., 80 84,00 100 —
o - *
g e 75 7 60 — 45.95
E 37.54 38.67 3
$ a0 50 50 401 2930
20 25 25 20
0 0 0 0
4 6 9 15 4 6 9 15 4 6 9 15
4 3X2 5 3X3 3x5 3x9
S 125 —— [ | 100 -
—_— ook —_— —
100 93.18 f g 100 bk
8158 82,67 88.61 100 065 90.56  g7.40 || - 80 m
>
— —_—
g7 ° 754 68,59 75 61,24 64.09 + 60 .
3 ° | — 40,31
g so 50 501 40.82 40 31.00 3433 §
E 23.61
25 25 25 20 |—'—|
0 0 0 0
4 6 9 15 4 6 9 15 4 15 4 6 9 15
5X2 4, 5X3 4un 5X5 up 100 5x9 ..
—— — —_—
— —— * o
100 x 100 ko 100 T 80 f 1
— —_— —_— ok
N —_— 80 e —_—
s 75 62,00 63.03 75 58.83 60,38 60 L 1 60 —
3 5o 4800 5% 50 48.29 & 4384 47,86 sk
g ) 40,04 36.29 ¥ 40 | — 28.66
+ 401 35 1097 2560
25 25 ; 204 13.34 -
20
0 0 0 0
4 6 9 15 4 6 9 15 4 6 9 15 4 6 9 15
Configuration Configuration Configuration Configuration

Fig. 6. Localization accuracy of stationary sensations on the palm across different resolutions. Error bars are the standard errors.
Results from post-hoc pairwise comparisons are shown (* < 0.05, ** < 0.01, *** < 0.001)
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Xt, and Y. Error bars are the standard errors.
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Fig. 9. Accuracy and TCT for the factors REsoLUTION and DIRECTION. Error bars are the standard error. Results from post-hoc pairwise
comparisons are shown (* < 0.05, ** < 0.01).
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Fig. 11. High-resolution palm-based tactile displays are applicable to many situations and can be embedded in a diverse set of devices,
e.g., (a) VR controllers, (b) bicycle handlebar, (c) car steering wheel, and (d) computer mouse.
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