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Proposal and Evaluation of a Two-layer Tactile
Force Sensation Presentation Device Using a

Pneumatic Balloon and a Mechanical Piston*
Takuya Sasaki

Abstract

Haptic presentation devices are often used in artificial reality (VR) and aug-
mented reality (AR) experiences because they can reproduce the tactile and
force sensations produced when interacting with virtual objects. Softness and
hardness (hardness-softness) are so important in the perception of physical
properties that they are counted as one dimension of the information space
that expresses the sense of materiality. Although hardness and softness are
one-dimensional material sensations, there is a difference between softness and
hardness perception. Therefore, technological innovations has been applied to
haptic presentation devices that can combine softness and hardness. However,
current devices have small stimulation area. In this study, we propose a tactile
force presentation device that can provide a rigid-soft presentation with a high
degree of freedom of the stimulus surface. The proposed device realizes a rigid-
soft presentation through a two-layered structure using a pneumatic balloon
and a mechanical piston. To verify the effectiveness of the proposed device,
we implemented a prototype device and measured and evaluated its physical
and perceptual characteristics. Based on the measurement of physical proper-
ties, we evaluated whether each module satisfied the design requirements. The
results suggested that the outputs of softness and hardness presented by the

device met the requirements. From the measurement of perceptual character-

*Master’s Thesis, Department of Science and Technology, Graduate School of Science and
Technology, Nara Institute of Science and Technology, March 17, 2023.
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istics, we found how many levels of hardness and softness the prototype device
was capable of presenting to people. The results showed that the prototype
device was capable of presenting three levels of hardness and five levels of soft-
ness. Experiments and evaluations were conducted to determine whether the
prototype device is effective in the perception of object hardness and softness in
VR space, and whether it provides tactile feedback equivalent to the hardness
and softness associated with visual information. The results suggest that the
prototype device improves the VR experience. The results of the comparison
between the hardness and softness associated with the visual information and
the tactile feedback varied, suggesting that the output of the device should
be determined from the matching of perception rather than the matching of
physical properties. On the other hand, there was no significant discrepancy
between the average of perceptions associated with vision and the stimuli de-
termined from the Young’s modulus of the real object, i.e., the tactile feedback
presented by the prototype device, indicating that the prototype device has a
certain reproducibility in tactile feedback of the real object. According to the
evaluations, the proposed system has a certain output and presentation range
for hard and soft representations, and is useful for improving realism, preference,

and enjoyment in VR experiences.
Keywords:

Virtual Reality, Augmented Reality, Haptic Device, Softness, Hardness, Pneu-

matic Balloons, Mechanical Pistons
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4 5.9: B Y R T AR AT HIE B,

K58 &b, ZBRIEANL—YEHRAWS Z  CRIBHEBEZ FPICELXEZ e MT
E3rbhol. Mbil &b, ERLEEHEAY 2 b roEfEhicont, &
[AIHE U 7- 81 C O/ MEIX 67 kPa, FAKfEIX 725kPa THh o7z, FK 5611 &
D, BAEIIEREICE VR TRAEIEEL TWS Z b o7, M
BAENMEIZIX 600kPa FEEEDEDNH 2720, Mbh I viX 2 Zzh2z2n XL T
R TE2EZILN5.
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36 E HMREFFEFEER

6.1 EEREM

AWETANA AN U TRIERFE DR ZSR T E 2 02O 2ITT 570, )
LI EBSIHEIZONWTZENZNER L Tl 21T o 7.

6.2 EmMSHhIDHE
6.2.1 REREH

SEF A4 ZBICH U TIIBBE DB 50 X IR T E 300 R M ICT 27
%, KR 2 A5 (DL) 2 HlE L.

6.2.2 FHAIAE

DL OHIE W EMRTE [21] 2 W7z, MREIZFERRE DS LB S & 7 2 FI (b
BHIE) 2 —EDOMRTEL S, SINE ORRERFHIIN T 5 22 W 022 kic X
DEZERDZFIETHZ. MWREEZHWS Z 2T, HPDREMHELII DFEHERIEIE,
SIMEDHEIC L o TIREINTWL . ZAUT kD, EHERR DL A% EERE TR
ETHI LD, ZMBEBOEHSERMERANDHELHMO T I N TES.

SINE T 2O 0 DRI FOUOSH E Lz, FOUSIIADYIKRDETE
MEHET 2 LT—RINCHVWONE BRI TH 5. £z, FIBOE(LZHNE S
5 LTt REEE RERHZ TWS [22]. HIER, SMEIZTNAL R LT
TEHAHTNICFOOLEZE»L, T VL—VRECHNS. SINEZ L ICFOF)
PUADRRZ Z RIS ELZRIZTEEZ oMY, NRZTHICHRT 2
FTA Y RT 7Y aryEHFITHINEMFCBO TR SN2 HIEREISICHE CERT
H5. DD, FURZXoTFOHE %2 H HEEHS L0 R LB TR
filiz X8 7.

BIERICIE, SNMEDOEBEIRTRIRMICEZ 5N 2 HBNCEP T2 Z e EF
LW, ZD7d, TAALRBMEEBSGOFO UL E2HEBEEY)CEY, SMED
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PR TERVWK ST L. BIEDPFOUVL 2T TEOMBIE LT, TNfRE
FOUSHDE L TH 2 HREEEY) HICIZEAZ D72, BRIV — Y ANDZER
BRI FBRENFECIT o 7. WEREZX 6.1 117

6.2.3 EERFIE

EEBTIEOWEZ K 6.2 \RT. ROOEERIIX, T4 20YHEZE o
HOUETH % 225G R 100mL OO S 2 X Lz, Z OBFERRICH LT,
MR H - THEHIS 2R L. Ok, HFEMREZZE LT, ZXMHbEED
FRE FE250 @Y Ot EITS. Z4uc kb, EEREuCN LT, @b D
DL psfliEx Nz, Zotk, @b o DL o ERERL, FERAER+ 0% 5 H
L7z, ERMEE FREDFEE, TR ROEER Y LT, B e o ik
BTk otz. bitk, RS T AL ZOMHBRFRICET 3 £ TTo 7. EES
MFZRABE S N (BRlZ 6 N, £FflE2AN) TH3.

6.2.4 FERCER

B MEOEBFEREZK 6.3 1RT. REBRICEBIF 25 2 ZHIHE SO RIKIE
4 R, R TEETH-72. ZME2EOER L TELD2dD%EK 6.4 12
T MEENIAEER, M RENEM A (PSE) & L. KMFOFRIE PSE »

4 6.1: & S HEHEERER.
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5 DL OfEi%E 51\ 72 fl, D% D EHERK & {72 2 K U 2#EH O MR, 7Rk PSE
W2 DL OfEZ B L7-fl, D% b EHERE e S e & U 2# O LRTHS. %
72, niX, ZOEERMOERBEEHE TELSMED AN TH 2. PSE, TRIHE,
Rz 2O WT—RDOEEIT-72d D %X 6.5 1233 . PSE @ _LBR{H
DIEPERR . PSE O NRMED L EIHHARME OME, HEREOMEIRE L R B3
RKELRoTWS. AT, ZMEDEZ T MERMGED LR 5 O Hghy#f L
Motz EHERIBOIR E < 22120 THAERI & LEBSHIB O E W32 DIz <
(%ol LaxXy L TwWkZhrs, Vz—N——- 7 b F—DOEAICH]> T
WhHEEZLNS.

I PIERRZ B CICEET ANA RIS K 2O SRR OMEFTREERFE 2 HEE L7z B
DEK 6.6 1TRT. FIEATRERMEIX T N4 X OMERERA O FR 2 SBG 3 256 ¢
FR2 ST 2550 @D BHEE L. HEERA DO TR S5 3 2358, X
DEFEDHEEITIE PSE @ FIREDLMEMRZFHT 5. H 2ER5CHT 2 PSE O
&AKEZ, PSE @O FRREDEMERUTA U 7EZ ROEREOFEERHE 35, M4
RERRSE D EIR2 5563 2356, ROEEOHEEIZIE PSE O MREDALIERRZ
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MHT 2. H2EKEICHET S PSE Of/MEZE, PSE O NMRIEDELIEFHIIAAL
TEZ RDOBRFE ORI E 5. AEBRICB T 2HEETIE, WEErHHE SN
THREEIE HICSBETH o7, 2% D, fET A I LT 5 ERED
O S ZIERATREIE E B X 5.

6.3 WEIOHME
6.3.1 EEREH

AIETANA 2N U THRERFEDIE S ZHE R T E 2 D02 o012 5729,
FEEHERIIC NS %5 DL Z2#IE L 7.

6.3.2 EFHAIAE

O S HEDOFEER Ak, DL OHIEICIIMREZ Hw. £, X0
TERLEFOU L & Lz, HIERICE, FOUsZ EMZICEELRZ. EX M
FOULHFYIIH U TEESANCERXHE, SMECHMEIRR L. HERREE
6.7 ITRT.

6.3.3 B&FIE

3, Mo SR L FRICHRYIDIRKRET D 2 IFERB 2 E L. RO
R, YR U X7 2EELX 2 E— XD Duty tt60% ORFOEX & L
7o Z OFEHEREC N LT, MRIRICH] o THEBRIREZIER Lz, Z OKE, HFR)
REFELT, ZAMMEEDO LB TR2LOTEY OEEITS. ZhickD,
EEHERIECN LT, @b @ DL 23 lE Xz, 20k, @b d DL © _ERE
[FL, NRERTOEEEEH L. EREL NREOVEEZ, Zh 2 ROEE
FlE Y UC, My otz o7, Lit%k, EEAD T AL 2D R
SUTET 2 £ TITo 7. EBSMEIRABES N (GRE T A, ERZ1AN)T
H5.
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6.3.4 RBREZ®

BHIMEDOEBHERZM 6.8 1TRT. AREBRICBY 2 X HEREORIKIE 1 B
B, RRIZSEETHo7. ZMELEOMERE L TELDHLbDER 6.9 1R
I MEEETER, M EENEM S (PSE) ¥ L7z, KPP OFRIE PSE 525
DL Of% 51\ fl, D% bR & Efli/2 2 KU 2O MR, 7Rk PSE I
DL Ofiz B L7-fl, D% bEHERH & FMi/2 L R U 2# D LRTH 5. £/, n
X, ZORERBMOBRBEZHNRTELSMEDANETH 5. PSE, THRMHE, LRH
ZFRNZZDVT—RDABZITo72d D %X 6.10 ITRT.

IEERRZ D CICRIET AN RIS X 2 HEOREATREREZHE L b D%
B 601 12RT. HEATRERMEZ T N4 R OMEERRF O NR2» SR T 2588
B2 HBMAT 23550 58D BHEE L7z, WEERF O RR2 SBAT 255, KD
RS OHEE 121X PSE O LIREOELIERRZ RIS 2. » 2 BEICBI % PSE O
KfE%, PSE @ _EREDTMERIIRA UEZ ROBEFEOEERIR e T 5. MERE
BRA D EBE2 HBME T 2856, ROEFEDOHEEIZIE PSE O NRMEDIMERR % F
M55, »2BMEICET2 PSE 0fvMEZ, PSE O FRIEDELIERIA L
EEZROBEEOBMERIRY 55, REFRCBY 2HETIE, WHEED SHEESI N
MIEERETE DICSBEETH o7, 2% D, BIET A AN LT 3 BREDH
XEPRAJEES L E R B.

6.4 F&

AIETANA T K285 2 SHIRERFE O mARIZ 4 B, mARIZ7TERIETH o 7.
Tz, BRI ORRIZ 1 B, RRIE3EETHo%. HIRZNZIUTKL
T, FIHEATREERFEE T N4 ZOMERER O TR 688683 2355 & EIRD S BtAS
5560 SED ZHOE L. MHEED SHEE SN O SHRERRE E HIT 5 &
FECH o7z, FIRRIC, MHEED SHEE SN X ARSI DIZ3 R TH o 7.
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BT7TE VR IAVTUVICEIT3EMEFTEEER

7.1 SEERE®

AMET AL A0 VR KR/ EXB 20, %72, HEERD SEEX 2 e
FRIEDME 7 4 — RNy ZERIERTETCWAIZ2HLNICT 5729, VR KEICE
VF % 5EER & Bl AT o 7z

7.2 AVTFIYRE

FEEBIWCHWS VR ay 7y EHEEL. VR ary 7Yk 5h 2568,
TTERDOYIDFEZ LIMET A R OHEETH 5. WKL, 734 A TR
TELHREMAICB T 2o, THENREER, BHXObDTHL I EDNEFL
V. 22T, 5 BTHLPICULRIET AN RAOWERHE  WIRBERD Y >~ 7R %
ERL, ~>a<n 23], v h—Fh—i [24], AD% [25] ITRE L. ZFEiZOW0
T, MR Y 1 R TOEEDED, HEEIELT 20 TIERL, FiED
55 _BAET 0 0T 5 X S EE L L.

FELEZVR a7 YK 7.1 1R, HMD 12t HTC Vive Pro ZfEf L
72, ROYI DB 2 RRIET AL ANOEMEB M BIEEREIF — KR — FTIT
5. ZMEDFDOSDNMEIX Leap Motion Ik > Th I v F 733, iz,
TNARE VR ary 7 Y NOYRDNEZ #%T 5 7-912 VIVE Tracker ZHW
7o, ZBRIEANL— U ANDZESHEHE ¥ T — X EENIEBRE DT T T - /2.

7.3 REBRZEFH

A fET A ZX23 VR ZZEETOE / OO EIZBWTHEND» ZHO 2T 57
B, FHL VR ary 7 Y RBRROSIMEOOHMNEZTo 7. %72, HEER
D OEEEIN LR EFAEFEOMET 4 — KNy Z IR TETWE0EHLIICT
%78, HRIEHRE RO R 21T 5 72,
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(a) v>a~vn. (b) By H—HR—.

71: VRarv7ooRBIF28F 727 FOKT.

7.3.1 FHAIAE

VR RERIZ BT 2 Z00E OOBHIE X Visual Analog Scale (VAS) %z W7z,
VAS 2i&, A7 —ilE FFRRE) O—FETH 2. 1ERD Likert Scale (IEF
REE) WCHAR X D FikAz, BRI TR OWEIEDAIRETH S DT, VASITE B AT —
VB BINEOBEN L T8 2 X VIR T Z e ARERFIEE VR S, B
MEBFSEEH L, ZhZhOBEREOTEOSE Tay 3% 2 & CEBH
MZECEET 2. ZoEFCOVTE, iz 0, Gz 1 & LEBEE LTER
5 3.

BEER AR OLBIC BT, £+ 7Y 27 MTHELEEERD Y >~
ZREH LIRE L. WEREER 7.2 11T, MABE 10 £, RALH 2 4,
sh12 Aosm#E (GRIZE 11 A, EFE 1 AN) CHLT, BIEFT AL ZOEHD A
EEAZTRBRZEATR o7,
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X 7.2: VR {ABREERERS.

7.4 EERFIE

AEBIIKEL 0D RAZIIHPNTWVWS., —DOHDZRAZIZBWTIERIET
NAZD VRIKBANOEEEBIE L=, VR a>y 7Y ETUiREIRL, S
FHWZEA 7Y 27 PORMAZ T 5, &K 2 77 OFIBRE RN T Z OB Z 15712 H]
HWTE2F TN X5 R LE. 20Kk, LUFD 4 DDFMITOWT VAS T
EEXE/ VAS7U 7 —+ 74 —2%K 7.31R7.

(1) VRIEBIZEHL VWY FAZE LKL E Lizh ?
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(3) ZOEBIIENL HVIELD 57T hH ?

(4) ZoEBIcEN SWVEMEEEZ F LI, ?
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S<HETERNOR V. N
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4. TOEBRICENL BUVEMBERCELREN?

E{EMFERLLEN D K ETHENBZR UL

4 7.3: VAS 1T X 2 EBIEHEHEIE.

HE 125 31, VRIKEOU 7L X, EiflE, RLIZMS>b0THS. &M
413 VR RBRIC BT 2 AR ENKZR S b0 TH 5. LI 2&8Wik, MEFA
A ADHEEEZ TIT R 7=,

ZOHDRRZIZBWTIE, SEBREME T 4 — KNy 2O HIRE TR - /2.
HEIZRIET AL 2B D DB TITo72. VR Ay F UV IBWTYKRERRL,
B UDFERENRE L7z 3EEOREE IR L. FIoOWRIE, FEWiEkoy
VIURPLRE LM EREEY U, ZAUIA T 6 BETER L ZFHHORED &
KT, TET -1 ELEOBRBICBY 2 FEHEORBTH S, FDAH, ET A R
DUERERFADEE b, FEURD Y > 7R h 6 E L= FEIE DR AME L 72> T
Wh7o, Do 2 MEORIBIX, 1ET 2B NOERRBICEIT 2 FEHEORIE
LTW3. BRI OWTSIME IITRK 2 77 OFIREEE AN T B & OFHfIcHEEF 2
FT25Tilinns X 5IHER L. 20k, HRIERD & EE XN 2 IR ST
o BB R AEXET. EilESWKICOWT T .

FREODDRZAZICBI 2 ATV 27 FRHEOTRIERZ, TEFIREEEEL
TRTADESTREL .
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*7Y s MRERIER RRFIRIER
WERE Obj1 0Obj2 Obj3 M1 M2 M3 S1 S2 S3 N1 N2 N3
A M S N 80mL 100mL [150mL  [120mL 150mL |180mL 20% 40% 80%
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C S M N 100mL |80mL 150mL 150mL |120mL  |180mL 40% 20% 80%
D S N M 100mL |150mL  |80mL 150mL |180mL |120mL 40% 80% 20%
E N M S 150mL  |80mL 100mL |180mL 120mL 150mL 80% 20% 40%
F N S M 150mL 100mL |80mL 180mL 150mL [120mL 80% 40% 20%
G M S N 80mL 100mL [150mL  [120mL 150mL |180mL 20% 40% 80%
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M:<>avwn S:H¥yh—FKR— N:ZL

M 74: HFNRE2EZERB LA T =2 b ERBOIERIERT.

75 AT 27 N eRIHLEBRDOYIK.

CODRAIHET LItk BIEICIE VR AR THo 7479 = 2 NS L
FEBEOMIK (K 7.5) RS ¥r. 20k, SHFEICLEHICERSBRER BN
E5tEREH Lz

7.5 RBRCER

T3, —OHDRXRRAZIZOWT, 77— MEREXMILDH B t REIZHIT 7=,
~Yavu, Yy h—FKR—), BIZHETLIHEREZM 7.6, X 7.7, K 7.8 IZZhEh
RY. BEHCELTHEEZEZLDD, IRXTOA TV 27 b THIETANA ADH 3
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TETNA 22 BT 2 EMEORAMESLHBLEBFTICHEL G-t EZALN5.
213, BINEPHERCHNS Z 2 BZ VBRI TH 2 Z o EERIGR L 7=
—JTC, A7V 27 FORHEBROEBMERLZ IV IES0ERELZEEZ LN
5. ZDZEenH, TAAL RO YD~y FV 7 TERIHNED~Yy FV 7
MOIRET BREDRD 2HEIPRBINT-. — /T, 4727 MZOWVWT, B
SATHR E Z2SMEPEE Lo 9EIE, MEOREBICE W THERE
BEMARDY > FRPOIRE LRI E R CEBICH 7. D% D, KD 5HEE
SNTHEDFEE e, EYRDY ¥ ZRrSPUE LHE, D DikET N4 R
Fo TIRREINBME T 4 — RNy ZICRERTIRL, BIET A RITEYIR
DIHE 7 4 — FNy ZIZBVWT—EDHBEE2ROL EX 5.

76 FCH

RIETANA X, VTIAE, §fA, BLE, BAKOEEIZEWT VR (KB % M
LXEEEZRD. T, HRER, OHEBIN IR ME T 4+ — RNy 7O
BRERICIZE O DEDREL DS, TAL RO EYRED~ v F ¥ 7 Tldk
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