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Abstract

Background Existing VR controllers provide vibration feedback, including visual and auditory
stimuli, to users who interact with virtual objects. However, these alone have limitations in
delivering the realistic sense of weight to the users when interacting with virtual objects of different
weights, which requires improvement.

Methods Based on the threshold experiment on weight perception, this study designed and
implemented the moment controller, a device that can deliver weight, and developed a VR game to
compare the weight of virtual objects on both arms scales. In addition, five different situations were
classified, including the appearance of a virtual object, the difference in weight, and whether the
expected weight and actual weight of the virtual object were matched. An experiment was conducted
to evaluate the usefulness of the moment controller by performing the two-arm scale game in each
of the five situations.

Results The results of the experiment showed that participants felt more realistic when they
felt the weight matching the visual appearance of a virtual object, and unrealistic when they felt the
opposite weight. In particular, the task resulted in the longest time under the opposite weight. In
addition, the enjoyment score was highest when the weight matching the appearance of the virtual
object was applied.

Conclusions  The moment controller has shown the potential to increase the sense of weight
perception to users interacting with virtual objects, and is expected to enhance the sense of
immersion of users experiencing virtual environments.

Keywords VR Controller, Weight Difference Threshold, Moment Variation, Augmented Weight
Perception
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7H@ A (Virtual reality, VR), $73 4 (Augmented reality), £3+d4A(Mixed reality, MR) 5 7]<&2
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HololH A theFel S99 AHEAF A (User experience, UX)0] 7Fs3HA 2 A olet A &3t
VRS 29 AL Austs dxdsl 71&2A @4 AAE 7HF AAlCl AZFor T93te] $-851=
E3]

e BRlrt. o= AAH fZr of I7te] 7= thE AZHAZ, £7hol YoM E upEzRl ol &
2 Z(Virtual environment, VE)ol Al 7H3EA 9] B4

Agd71E 7dieteh. @4 #ujE il Ql= VR 717182 Al- 34 824 Al8-5h= HMD(Head mounted
display) @]ofl, AAo] Z-gotAY HEot= FA o8 Bt Aot VR @479 4548S 5= VR
Bx7715 At o]8gt VR Bx7]7|E& F& & & 49l A=A E=(Hand-held) FEE FHot
Qlth tE A 08 HTCAY] VIVE AEEH, Oculus Touch AEEH, PlayStation®] Move =4 AEEH
Microsoft®] Windows MR AEZ# %o] 9lchFigure 1). 1L} o]& HZ7|7]152 7HIEA | 9Fe] olg|dA
Al AEE 0§37 &< FEHaptic) =TS Aokl glo] 7HEEAS S5 47 A Agste H
A7 k. wheba] 79 wle W3k}l HR(Hyper reality; #H7h4 (Pagani, 2008))= o7k $1siA=
S0 FE gt oheket 7 Aol tist At B a5ttt
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Figure 1 Existing VR controllers (From left to right: HTC VIVE controller, Oculus touch controller, PlayStation move

motion controller, Microsoft Windows MR controller)
ELE

i‘

LY

Jm

Y, O oY, 2o ay e
Reactive Grip(2014) Grabity(2017) Haptic Revolver(2018) Transcalibur(2019) TORC(2019)
] 6
Virtual flexible
. =) st
Haptx (2019)
€ Elatick
e, 22 25 ZATS z4
CapstanCrunch(2019) Thermoreal (2019) ElastOscillation (2020) ElaStick(2020) Tactsuit (2019)

i " B

SAY, el SHH 2AHZ 371, ME, 2AH e, 2H|
Shifty (2017) GravityCup(2018) Thor’s Hammer(2018) Drag:on(2019) Haptic PIVOT(2020)

Figure 2 VR assistive devices for delivering various haptic senses
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PEEAOIA A7 AR BARS ROl T4 AFEAY A7, B, 2%, Fue) dF 72E

Z73A717] 913t Be AFEo] AP L g ch(Figure 2). T2 A (Provancher, 2014)2] Reactive Grip<
ZAEEY &£5fo] | RIS &Etold EHO|EVL AotR & ol ARl &of TMHEA 9 AT A

| A= Ad€(Shear)2t b EE Agsta ofqlet. 2hd, 2, AHELS, W, &, E9(Choi,
Culbertson, Miller, Olwal & Follmer, 2017)2] Grabity= AEEe|9} T2 R HS HFPAA FA ol

Hazhg AASH sttt FEnjo], Wi, &=, o AZd o|(Whitmire, Benko, Holz, Ofek & Sinclair,
2018)= 7HMFEA 9 1 7S HEsh= A2l Haptic Revolvers st 7MIEAE €02
A5 AFEAFS] HA &g AEE o] YT SE= Mot 7HMEAY W A0 I
Sz}, Al Aokt SHAIRE, @At UFu| ely7te} 5] 2Al(Shigeyama, Hashimoto, Yoshida, Narumi,
Tanikawa & Hirose, 2019)= & 9] FA 371 @2l Bo] ZHof A 39| %] Wshs o]4-51o] 7HFEA| <
FH UAE F= Transcaliburdt FAE Adstdch. o, Ao, ZAUNA-ZFH, 99 Z=(Lee,
Sinclair, Gonzalez-Franco, Ofek & Holz, 2019)2] TORCE £7120 2 7MIEAE FiL A28 o
7HEEA ] FHlOl bt Y A2 SAAAET oA AEde], o¥, 2 A-TF5 | Z=(Sinclair,
Ofek, Gonzalez-Franco & Holz, 2019)¢] CapstanCrunch®= 7}¢], HE, %’J} ro JHFEAE &9
Fa 245 wfo] e v =wlS AlFsect. € 1Yol AHTEGway, 2019)9] & A2] Thermoreal
FAGHLAE Foll AHEATE 24 D WS wEA w24 5 A et "1‘:} ko], &, $-, A(Tsai,
Hung, Wu & Chen, 2020)2 £}1 2H& SEAY GAHE AA= A% SolA A7 A5 277

= ElastOscillationo|?t AEEHE Attt 7, ol, A, v|4A(Ryuy, Lee, Kim & Bianchi, 2020)=
oA A4E M 4T 7HEEAC. 2R d, A4A)E EEAY AFE WY »24& ASdFe
ElaStick= 7H&stqiet. o] o= AAlo|uf o 2H-§sto] 4zt A7 AU A2-E vl AAISH
Agsh= Bl EE(Tactsuit, 20194 JE A A (Haptx Glove, 2019) 5] it}
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5] 4F AFEL TMEAY FAGS 4T YA A EE Adstes VR Bx717) 284S
g h(Figure 2). A4, ZFA(Zenner & Kriiger, 2017)7F 7HEHE Shifty= &3 W& FA 2] Ast
ol 7HYEA S FEiet FAC thgt AREARS JAAE AIFAI7I LA shelen, H, 4, A, 9, 3,
3t 31, 2](Cheng, Chang, Chen, Lin, Huang, Han, Ko & Lee, 2018)7} A|¢tst GravityCup A4 WH2J
HAE ol 5AA AHEAIA FAQ1 S AFstdth 8, 4, 2, $1-Lx==(Heo, Chung, Lee & Wigdor,
2018)9] Thor’s Hammer= 3%9] 237 3d oz WAsH= 3] 9=l o] §sto] ARGAA FARS
Adstget. E3 AU, ZFA(Zenner & Kriiger, 2019)= T 712] 24E o]oj&2<¢]l 29| Dragiono|&
VR AEZZE Aottt Dragion F 719 £27F B4 A5 & 248sto] & 355 w9 37| A%
FAE olgsto] 7HFEAS 271, A, FARE S4A7I= BiE S 29A, o9 2AHA IgT,
4], at2H7], 32 & AZH o](Kovacs, Ofek, Gonzalez Franco, Siu, Marwecki, Holz & Sinclair, 2020)=
Folv it 22 FMFEAE AR, QAL S o 2AY A7, FH, FAC dig dE dAs
Al&5k= Haptic PVOT# HEEDE N5ttt b4, 2lofl&d, 7holdstE, fLAlstoln, £7] Q(Rietzler,
Geiselhart, Gugenheimer & Rukzio, 2018)= <=0l Fo|A]= 7HFEAY AlZH4 vEw &5 & 74549
FA QA 9FE vA & dSS Eoh AN o3t AFES AEIEY HEZHV} 7HAoF &
AR oIU A7 T4 FeEeke AT dAY Hm“zqod &go] ofgrt= &
ol2fgt FAHE FHSIILA 7HYEA ol digt #A JIAE
MadE AQtetar, T2 RS 7dste] 1 fadS 7‘%%5}11} skl

o 32
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2. Moment VR Controller

EHE(Moment)e & A7-IA AFsk= FA A7} 7Hs?E VR AEER] 9] 4] 7ol oo AEE <]
= ZHE FAESHH Bt BHEE dubFor 349, A ™A A% 9 e
stH, 1 A7 oA 9 A-847A19] 247 ﬁﬂ%ﬁPt EHE H(r)e] A7)0 vt =,
2 W @A dio] Foll 77kl e AR (b)9] AEe 2ol
FAIL EA =20,

i_.

o] m]
QI7h2 Figure 33} Zo] HPAS &
o] Fol A "] LX) ol

rﬂELLd
o,

VR 292& FdT o, AMAE2 7MIEAIE AL, fIFEA, 23, AAY, BAste 5 F2 AEEE
© ¥ I3 2AUE T B2 HAIE AU o7t THEY F4a HFe] B W (Figure
39 x FADolAL Fof A2 AEEH Y 7 FHNA F FFer FH| B2 Alo]7] hfjZo
ARGARS] AAL A O] A FAoll whet RHIE Zo Zo(Figure 39| r)7F Gt whEbA oE=AoR
AEZ S| FAR(. Figure 39| vPE)E o] FAA AEER S| 7A T4 W7 ASATE =71
FAR] WekE & 4 Ao 2 AFolA Aokt RUE AEEYE olet &2 HHES] Yt HE

uigro 2 shgirt.

AF olF, T2 | 3, BE| 4, FH9| FVIAT T=
83t HolA BHE AEE = deld Zpol7t At vhd, BHE AEE = 2AR]l F#AF ol

olg3ttt= HoA A, A7 A (Zenner & Kriiger, 2017)9] Shiftyet= 7t FASIT AT ZHIE
AESHE RUES v AndoR AgAel] Ags] Sla $3 2ol e Fe TR olA
Zfol7k olek. & WopO.2 TiAelet o] 9t Al 2ol Aol YA A ATl WulAl, FH(20200]
AFwlo] girk, A BHE 272 /202 FhP2 Shifty A9 Yl HHE A SR} o
Be SR o5 Baw ek £, F wo] Fe © To] Wi F ofF o] s mUE A=
Ao o H3 A BEelgom, F9 olEAUN AWA o F7] el & olFe] At
whg Alzke] Bk whch
2.1, MM HESo| HEf U CIXQ O]

® Qo] 94 RHES F8T wAT %z} VR A= TiAeln A5 5744 WA of 3] Yt
AHATE ahich. Wn1 4, 718 Back & Kim, 2020)& Bhefl FeREHE Figure 49} 2 % woko] 719l
Fert Bt BEHOE HAES ALY 5 azgua 791 $9]0] 2w 1357 AU Attt B2,
5% A 94 e DA AR FAAE FAR Aol 2 AP WAA ghee et
=, 7ARC o5Ae 02 A A= P& Btk AT LAY FAG 4L I VR AESHE
Aal) SlaAE Figure 49k 2ol BAC] GAN), AA) AESe 74 o] S2loli B ¥ w),

223 FARE ol F A (d)ell HEt Aol B astich
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Figure 4 Design variables for developing the moment controller

2. 2. 22| THA (N)
£ AFolA AjtelHe RUE AEEH = 7MEAY] AR FA IHEE AHEA A dAgste 2o ofd
THYEA 7] FARE AAISHA st FATS olEtt. upebA S AEZ A BARE € DA
AgdA o digk Aol Fastet. olof £ Ao A AFEEo] Aot AY & 7HIEAIES] FA digt
QlA1S 7}E A8l (Card sorting) 2 & ZAYsto] AAst BA| oA 45 ARstaA} sheirt.

2.2, 1, AL
20~30t st 2 272l 10780l A Figure 59F 2ol 7HFEA 1H7FEE 7M1 T3 9] & & §iA3E
Pt stolth: @ MR fARE EART s EA7E A5 OF A7, @ HAEe OF £2
Al 18 A7 (1A 543 A0 §9). AAG 1H7=(. 54, A%, 4, $57E & S dquga
VR 28l upAl¢l Oculus®} Steam VRO 4] ZEHI2E o] A5 545 7MIEA 32508 FAsY =,
SEG FAARAE Felshy] Aol Age Zel= 9o of2 Zel2E & /M EAER ZYA A5t

Figure 5 The participant in the card sorting

2,22, A0t Y nE
Table 1& 7t=48 9] Adtolr, o]5 7t=48 E<1 xSort(1.6.1)0] Yol 43+ A€ E&](Cluster
tree)= Figure 63+ Z9tth, FAREL FA} vl EA7ZIE 15 A& 194 AT e B4 7
J50F, 4% 0§ £2 et 207 HlATcME B 4.4 IFOF BAES Ut gutzes
32389 Be BAEO| ohte] A ezl FAlo] EXFEE A= 7] o] /i Zul=H(Table 19
AD)E 2 @A S B D50 R &E ARIAE S Aelstdeh ME Fd2s 32F0 /MIEAE

AR VR AY F AA 2 B2 A& $8shs AY 412 AdAstgt

wAE 19AL B 3775, 284 B 29759AG, 3, ARES e
FEBAS] BAS 347 FEY FHOT AZYTHE Foltt. ol B, FHYEA| 71
4 35 o] RAZ Fito] BadS
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Table 1 Results of the card sorting
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Figure 6 Cluster trees of Phase 2 data in the card sorting

2. 3. A 2Ix|2| x| (D)
HAE AEEHY 7A 9AE FAG Zolg AHEAlA A 3}31 , AR BARE QAT 4
A= HA A 715 dotof gt whghA £ AoAs AEED Y 7|EH o2 HE FARY A7t
Aupry GolxJof AtgE0] FAZG Zolg L7=AF dotk ] A AX APE FPoksith. A9
WS At o7 QIzke] A= @A e W E o]y, AELH]|, EAgolH, 7|25 Y, F
| of| A(Feyzabadi, Straube, Folgheraiter, Kirchner, Kim, Albiez, 2013), J(Hung, 2018), RHZE,
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Figure 9 The participant in the experiment

AY FoAAEL v 7H A Figure 79] L3 YIACLEE SADol FAR G2 7% X9 1458 L9
Q1A % g 2o LA AR HI AAEL SolHHA BAS A vwsts AIE St

(Figure 9). o] i, FARE] 4 A=2 d1(2.5¢m), HH A= d6(15cm)HHt. A& WA L1} 12

wpolc, Ml AL A9 SAZ HASGAOH, AF Folze] v b HFL, A whe he
KX

7
5% 59 A48 £ 0l17]
% 5O AEA $50l17]

L
72 AA AEsh]

@
Aottt dgEolHE thadt 2ol Z9ste] FAAL /1A o, Ha FAR QA AL, 23 273
dlolEl & F&sto] 24 skt 7 709 Hla A Zholl FARZE etal gHet A= 1, 134 2 F9=
0= #7ISHAE, ol FAR AR ARE Yetdich. o& &4, 13 7IE AR} L4~19 A 7 F 44
Hof FAR vl A 5 A FofRpe] FAAL Q1A ol o] digt §H2 ‘0110017 Zo] #7]€ 4 3o
ojuf, A& F WA XA Aoz FARE UAGt 1= HVISHACER i FAZ AAA=
27b "ek, 223 vt 22 F A9 LR AL AFSIA AR, ASS AR AERE
AR QA A AFR AI7E S LA AL F3bel| wid ol Uehb= Apoltt. o=, Ad oAk
FAR g Z9stel AE gho] (0110012 A5, Wl HAlet Al MiAe e7= ddstd=d, 1
olft= A7t A2 T HA M FAFE AP 7] wi2ell 2ET § 31 ] HAe} oAl HA 2

A F olat= EAR H[F(WR20, WR35, WR50), A9, & 43 @, g8), TAR AZ(d1~d6)E
(e}

BARKE G5 gAHolok W] thEolct, BA|, FALE WS A ASolck, o S, ¥k A
L4~19 AElatt 714 7H e 712 A5 13S 6 FATHL QAT ASoltt. o] LRAGE 4245 o

HBSA FARE A4 Role,

2.3.4. 8% A
(1) FAR 914 of
50 o] 248, TARY ALt 248 FARE oI5 § & AXstgon, o ynd

o], dERThE FES ARSIA LS o A&l FosHA H E3ktt (Table 2).
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Table 2 ANOVA Table: weight difference recognition (*p<0.05, **p<0.01)

oIxt DF Adj S Adj MS 2 P-2t
2L HE 2 6.835 3.41751.75782 26.14 0.000**
e 1 1.758 1.7578 13.44 0.000**
&8 1 0.543 0.5425 415 0.042*
2= 72| 5 38.994 7.7988 59.65 0.000**
%t 1142 149.307 0.1307
E7 1151 197.437
2) &7 3
S5 FlpoA AE T FoRE fldoy FAR HEH & F3A FoAF AolE HHHTable 3).
]

RARS] B)F0] FS5E, T B 9o .57} o ol WAlstelt,

Table 3 ANOVA table: number of errors (*p{0.05, **p<0.01)

QIX} DF Adj SS Adj MS F-2 P-2t
FARHIS 2 7.719 3.85938 7.89 0.001**
cE 1 0.083 0.08333 0.17 0.680
=R 1 3.000 3.000 6.13 0.014*
Rt 187 91.51 0.48936
A 191 102.312

(3) H& FAA AR A

Table 4014 BojZo] AR ulFa} Ao & M4 FAR AAA | §-25 Zol7F A oH¢iTt.
Y giot AR vFo] #5545 Hx FARL AA A7 Hoke). J & FAR AXA 9] Hat-S WR200]
d2.11(5.28 cm), WR357} d2(5 cm), 1211 WR500] d1.53(3.83 cm)o| ¢t}

Table 4 ANOVA table: initial weight difference recognition (*p{0.05, **p<0.01)

QIX} DF Adj SS Adj MS F-2 P-2k
FARHIS 2 12.073 6.0365 6.57 0.002**
g 1 7.922 7.9219 8.62 0.004**
= /Y 1 0.422 0.4219 0.46 0.499
Xt 187 171.828 0.9189
EA 191 192.245

(4) FA ol ek 1At 2 A FAR}

Figure 10> £AF Agle] w2 EAZ} AA &3} ol tigt S| ARA AAE Kozt FAR AA&
JHZE BH, A gt FARL vFo] AR FARE AAZe] SIS & 4 ok TS E Aol|A
dohf 1zt sH= FAZE A9 A& A= dubE 0 & 50%9] IA& dFshe A=) WSk <JH]st]
2o AN Pkt 1 A3k FAAL AX&o] 50%Y W] 7 vF B FART A(d) %2
o2k 2okt WR20 - 4.02 ecm, WR35 - 3.34 cm, WR50 - 1.80 c¢m.

WR209] 4%, FAR A7t Scm Kb 4L i Qx| go] wj$ @i EQrAstrt. A, WR502
S50HMEetE Alghd HE WA BFARE Aet M A] FHES whEolof siA AA A& AzS

o AAARI FHAI7E 2 Suboll glck. whebA] 2 A-tel A= WR359F o] AR H|Fo] 35%0]1 BAR 7t
A2 E 3.34cm= FH4H AEEYE AL = 519l
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PR HISE 2AK X2 PR HISE 2AR} 21X 22| 3|24

125 125

WR20 -0 WR20 y = 26.646In(x) + 34.386
2 WR35 -+~ WR35 R=09104 |
— 100 | mm WR50 / P . 100 - -e-WR50
Z Z
% 75 11 %
2 504 2 é Z é S 50 e //’"l; \é; 33.9901In(x)+9.1072
/7 iy
= 1 11 = 2 0%
5 A1 11
25 A A ] 25 | y =29.388In(x) + 9.077
A A | R?=0.941
] ~ Z )
25 5 75 10 125 15 25 5 75 10 125 15
#2|(cm) 7{2|(cm)

Figure 10 Cognition rate of weight difference by weight-ratio of weight part

3. DHE ZHEE2 T2 EEIQ 7y

3.1, A AH> X
2-oA 9 A ATES A wrdsto] Figure 113} 129 22 RUE HAEEHE /fdsigit. RUE
AEEYE A EF7] A HTC VIVE Tracker(e]s} Hio] 2 Edfj7])e} A% AFoolg U DC ZHE
A7) At ofFol RER FAHo] Gtk Hio]B Edfj7= HEE2| 9 91X 9 Wkl digh HR ot
opFo| o] AAE 1§ HES AF JEE PCY FUER FdH VR AZEJ ol AfafEct. AHSA7L
EAE &7 e ofFolke] Ad4E 1Y HEME A9X)E FEH VR 2ZEoloA AFH=
THEEAS FA 9 A HA AR weh AF Jruiy 3 DC REZF FA 0w FARY A5
olFAlZIt, FARY] o5 H& Ad (W0) 2 W guwlg 23t Ul 9419 SIX(W1~W4) A=

A€t
© 2YIE HEES = PC
Hols 274

v
v
v

(Moment controller) (PC)

@ PC — Z0E ZHES?

«
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Figure 12 The prototype of moment controller
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Table 5 Type of experimental cases (=: Equality, #: Difference)
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Y = = # # #
24 # = = #(X3h) #(2x3
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Table 7 ANOVA Table: task completion time (*p<0.05, **p<0.01)

OIX} DF Adj SS Adj MS F-2% P-2t

o 4 2308.5 577.1 2.08 0.089

o 1 285.2 285.2 1.03 0.313

QRt 99 27498.7 277.8

EX 104 30092.4
QAT A= AT Ao dis) BF 93 Aol& E.itH(Table 8). Figure 169] 4% 47 A
I EE B, A FARE2 AR OE Aol 232 FAZF A8H C4ollA 7H =2 A0S =79
A& Y 4 Ut th3 o2 d-T o] =9 d AR Clat C24ith. o] T A9 7/MIEAEL 7|2 = B9
Tt ogolojA AY Fogztgo] EA | gk AP 7] dl&o] 7HeskA] $9k7] W] ofH FAE
AALGA WolE<l Ao Helth, @47 o] 7P WA H7he A2 AL T golA 7diE= FA%

A A8 FARe] AR ARTEAE C39F C5AT. C3= AP0l thaolle FAVE 23471, C5& FA7
R 2 2850710 A FeARe2 Fis] vldd Aol L7le Aolnt. C3u C50f vlsf C4ollA A<
< 7PEEA 0 FA Ot 7o RHE HEZE 0| o5f Fof == FAR LA7F
=S nttt.
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Table 8 ANOVA Table: sense of reality (*p<0.05, **p<0.01)

QIX} DF Adj SS Adj MS F-2f P-2t

i= 4 41.46 10.365 6.05 0.000**

gg 1 10.84 10.837 6.32 0.014*
dExgE 4 31.86 7.965 4.65 0.002**

Qxt 95 162.83 1.714

A 104 264.99

—_—=20 O
Tukey 48 H|11(95% 41| 712H)
8
6
4 4 7
A A
‘B / /
0 o s
C1 Cc2 C3 (eZ3 C5
LS EEy LS Eey CH2 He CH2 Hel CHE Hel
tE 2 ze = ze = o2 23 tE 25

(==h (F=2h)

Figure 16 The average score of the sense of reality
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$20h8 FAE Rolshe 39k C5olA o4l ulal Aol Lyl @A) A Bolx|t A0z vheket
ot Aol o Mgl BHE AESHA} Ao FAGE AAT o2 2 4 ot

FH R 232 AR FEHAY C4 4> 27
=

Table 9 Significance for the number of grips and balancing, operability, and enjoyment

p-values
21Xt =4 18 3+ 2H &4 sl Zz E01Y E1Z
o 0.409 0.507 0.838 0.656
g4 1.172 0.514 0.174 0.677
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