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Fig. 1 Stimulation points in the foot.

Experimenter Subject

& CoM
/ Weight
GRF

Fig. 2 Overview of the proposed system.

Hook and loop tape

Linear force
reproduction units

(a) CAD
Fig. 3 Developed plantar haptic display

(b) DOF Configuration

Hook and loop tapes are used for fixing the
human’s leg with the device.
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Ball screw

Slide guide

Brushless
DC motor

Fig. 4 CAD of the linear force reproduction

unit. In addition, a contact part is implemented
on the upper part.

Table I. Parameters for design.

Parameter (unit) Value
Responding time (ms) 30
Stroke of a ball screw (mm) 8
Lead of a ball screw (mm) 2
Mechanical efficiency of a ball screw 0.9
Load inertia moment (g cm?) 52

Cye

(a) Hemisphere (b) Cone
Fig. 5 CAD of the contact part. A diameter is
[mm], and a height is 5 [mm]. In (a), a

pressure sensor can be inserted under a

hemisphere contact part.

Experimenter}] (—[ Subject } ~

F,
Pressure ref -
sensors —D Microcontroller
F board
t
presen * eref
Pressure P v
sensors Qtor
driver
. )

Fig. 6 Schematic view of the proposed system.
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Fig. 9 Photo of the experiment for motion
recognition. The person of the right side is an
experimenter who performed motions. The person
of the center is a subject who wore a blindfold,
a headphone, and the developed plantar haptic
display on the right foot.

Table II. Correct—answer rate by the subjects.

Subject Co:;igt(znswer
A 60
B 70
C 80
D 60
E 90
F 80
G 90

Table I1I. Correct—answer rate by the motions.
Correct-answer

Motion rate %
Forward walking 100
Backward walking 100
Stepping on the 50
spot
Jumping on the sole 55
Jumping on the toe 90
Climbing steps 91
Squatting on one 56
foot
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(f) Climbing steps
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(g) Squatting on one foot
Fig. 10 Presented reaction forces of various
motions.
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Table IV. Correct—answer rate by the motions.

Experimenter motion
Forwar Backwa Steppi Jumpin Jumpin Climbi Squatt
d rd ng on g on the | g on the | ng steps ing on
walking walking the spot sole toe one foot
Forward walking 10 0 1 1 0 0 0
Backward
walking 0 10 1 0 0 0 1
Stepping on the
spot 0 0 5 2 0 0 3
Number of Jumping on the
answers sole 0 0 2 6 0 0 0
Jumping on the
toe 0 0 0 0 9 0
Climbing steps 0 0 1 0 0 10
Squatting on one
foot 0 0 0 2 1 1 5

DAZENMERR TR DT, BIERPHIBIRICOWTER T 5 &, fihE B L% A ITo0TiE 100%,
eIk - B2 2RV 12OV T 90% & BV IEEE N R TX /2. Zhuk, SR 7T HEEOEED H b,
% % 5272 4 RONBINEFIZEL L TOL 2 OREERI LT WVEIETH 72720 Th o B2 b 5.
A & 0% AAE I LTI, His b TG, TUELBEO L 5 IR IENTOEITLOBEINHETSH Y (Fig
10(a), (b)), BEZEELCMUCHEMBKRIZZ 2 2SS, & OO TUEB Bk 135 OB O BlE
HHEER DR 1K E 0.

—J7, TOGREA, EIEEBEE, RRAZ Uy ML TXEEERMEN-72. FEAZ T v M
L CliI e Erme—FZERIFf 97> L I LEIT 2EETH D L W IO FHED & 5 I H B b T IEERIT S <
RN, ZHUE, ZOGRBARSCRIEEMBE, hRAZ Uy MIZLELERE L THEMICIT) HO T
WO THDHEEZLILD. Table 4 MHMNDHERY, EEFEMEOEEN KT 5 FIEIXZEOMOFE
OIEENMR D DO TIE /e, WL TS, 207D, BHEOBEERFOA A —U N EoE D & LTV RV EE)
SN Td B ATREER H VY, A AT L - THHENR R D ATREMES 8 5 O CTHEEISEEN T35 2
EMEBEZOND. FHERSEANTELRD ETE, SRIOERENIER L THOEEO S L, —5IXHHN
0, BROITHFEHTRNZ LB bR, B D RREOEHFOT — X 28R T 52 & T, MGk
b D, £io, KIREY AT L EEBIC VR 22 BT 2ERINCAW DA, 77V 7r— 3 UIast
TEDOREOHAFECHIITHONIR LD EBZ O, ILICHARDLBBIOIEROAL ST, YOREE
FIENELCL THDEDHEO TR LTS BERS 5.

32 BRENBERRICKDELLEHTE

LR L7 R ER A BHREREZ AVWCTREER N ET L, HRE DT LB LR A ZEE VAT AL VEELT
b Hhotr. HRTARERTT —ZIXFEREOEEICA Y ST EA oIV ET S, FENZEME S L COEM
REDRE S ZET D720, EREIFER GO BICHE T, B zaf (X E5mE) LMl (Y E5mE)
ENEIVBEITHZETERLEBHSELE, AFRILIC4 R, WMEARF 8 ROBERNZEI® L HIZEDEH LS
L7z, ¥7-, IREAZHINUBIC A RN SN, KoL VERILEAEE— AL FTF—205 Ims BX|CHE
D RERH UREFELTWA, BRI LY BUS Lz 2 FEOBEROISRBER 1B L OENS % 0.1 4% LI o
ATEEA B L LT, Bl Brukba 34 (4Rl : 23.3105) 126 L THER L7, BBREICIT, EBREDSIALORAE
TEPEEEH D FANAET TR RENZT 517 REANEERIC LV BHRT 5720, 206\ R AT
LCHIZLTHRLWE OFEREZ Ui, #REITETH R OAZBWIDRECRICEY, EEREDEENHHHEE Y
PBRE OWEITEET D, HERE O RE OB R A ANEENER G > TV OIN LR L, HBREICRE Y AT L%
EEILZ ) — bV arvZ2H-TH50, AREZHLE BT 4 BEORER N ZIERF TR LEZOHMERELTH S
ST, FRTTIE, ETERENMEIMOLERE L > TWABORER N EIEREND Z & TREHREITF DO BRELE
ERETY AN =Y NEBISE, ZOBREREN LEEZEITL LKV EMIENE LI 2L, v v

36 2021



AT =Y NVONBEBESED. EOEESOMEL, LAHOROBRECHEHBRFT O RO A G U TELT 5728
ARFEBRTIL, AAORORIRIEAS O EERFEERE ORREE2 2WRE 2B U CRIUSMGE L, mifgicon T, S8k
HNHRE ALY AT K% A\ ClEE Ui Eo B8 AN B IS LT, i ot 5 L 45 o g1 X
(BF) O E KM S HEE s H i L.

FERAER LY, REAS~OREXNONEIRICE Y, BOREAMEZHEERTH D LRS-, K
B OHEE LI O R OBEE, SR RONE & 0LFIRROLE & TEROBAE T TN DN, REEND 720
W, & DICHBRE A O LICRGER AR AR Th 5. RO CIIE O EE R OBE T M SV T RERE 03 HE
ETETWDHEEZ BN, BORESOMBHEEHEIZOWTE, HBREICL > THmoIEb & RNR5NT-. i,
BT O ESLALRED EAMLEIZIE S S N R OND A, ZIUTSEIHIL LZ ORI E & BEMOP Dz 4 S ThH
D, LESETERANEE D X D A PR E ORI E) S T2 T8, FEMEL Ro- b D ThDH EEZLND. Ak, L
B PRI & Bt 2 ATRREAMEVENL Td 5 728, AMEEBITA TR e 12 © it~ 2 AT HRIE AN LB i O C
L7128, SMARRIC bR ABNT 5 2 & CEHEREE I ETE 5 B2 5. FPRER T b HEOBRE A HEER R
WZENROND N, Har NOBEOATTOERNE)) & BENH 200F, I LICHHREZHEC L TRIEZITTOVNERH D .
712 L, RVATAEAWTHEOTELEWHE LIZSGE EOREDOREIZR D0 nWoTs, AMOEMIERHEERIIC
DONWTEIREHAEN D72, TNODORWEDLITo TV MERSH D, £z, AR TIHEBEOENKFIZE LD O LH
BEORKE XOREBERTE, FEELBEL LAVWTFETHLEEX, DA TEERICEBNT 1 HORITEL, FF
BEHERNEIIATo7. ZOLT, FRROLEBOHENFAETH D Z E MR TE 2, 28 - 2P bE
BRI FEIE RN AETH A LRIBE SN, — T, SHICFEEEEDHIZ L TLVRBENR ERLMRERETH LD, &
OREOFEZLDEERT EL T ODEHLMNITEZ EICED, VREROU 71U 7 ¢ B EZIRO S 572 58K
LAREE 2D EEXD.

EHIT, FRCTHRAREHROERBY, WHRENENNRFIE U TV RER N ERBEDOKRE XD 2R LIZEED
FRE DB AV EHEEREE L <, 0.1 Li/h SRR OBA LM RICHEE S kW, BLRE SRED
eI, HEOREIERPENTH D ZENRBR SN, ZHUE, #ERED B FEIICIT > TV 5 R IR O H
WHEERE L FRREDO NORE I TH DR EEZZLNDD, NORE I L - TR B IRO GG 28 % 500
B B00, BONDRISIEFR L THDA, TOROERLINHEEEI /2200, ZRET 52 81E, AMORERE
DOWSFEfRHICEN D L& 2D, SENTEMEL 015D 2 /88— DRE STHRIEEIT 72720, S BIT/E — A
L7 FEBRESHAT). HREPK LD O L EGEORERIRRIIIARER TRV X S R EENNLTE L 72 ) BEIHE
ELAWAZ LIl S 20, BERELEEAHEENARETHH 0D Fy 77 AU — hOFELEE R B
WL Z IR VEED 2 2578 L), REMSZAROBEMET Licmig 0ST I e 77— a3 a0
BALH/HTEDEEXS. B, BHOIE, BHEHEOREREOBIICLV ATV AENBET 22 LICHER
L, RECHREOEIZRHITD hL—=0 T %179 2 & TINEBENT U ANH LT D2 L 2R L TWD . AKRAFSE
TITo 7, TR ENTERERAICE 2B EREIIHN T IE > TODRIETHHIR D b L—= 2 F vk & 722 % alErk:
bdHDH.

4 HEim

ABFFETIE, AR OEB R OIEE IR ) 2 FH TRE 2R R IR B 2 B L. AMOEBR O 2 5
AL ONNHEHTE 5L, EEEELZHNT, REXNEZBEMEE LeHlElz T>. £z, abET
IREIHSCE LB AR T 27 A R 2 it Uz, BigE L7388 2 W THRTIRR ORISR BB 21TV,
WRE T L IR DTRIRRK N 2R TE D Z L 2B LT, £/, RIENRIEREELZ W BRICHTE
&, BALE, TOLRES, RIEEMPEE, TOcHMBKE, BoER Y, FRAZ Uy b THEOE %
W TE DM EMREEL, EEZ & ICHIEICSHEM TE 20 E 0N RRL ZEBW LN oz,

(5% 3]

[1] A. El Saddik, “The potential of haptics technologies,” IEEE Instrumentation & Measurement, Vol.
10, 1, pp. 10-17, 2007.

36 2021



[2] E.-L. Sallnas, K. Rassmus-Grohn, and C. Sjostrom, “Supporting presence in collaborative
environments by haptic force feedback,” ACM Transactions on Computer-Human Interaction, Vol.
7, 4, pp. 461-476, 2000.

[3] S. Katsura, and K. Ohnishi. “Transmission and Reproduction of Force Sensation by Bilateral
Control,” IEEJ Transactions on Industry Applications, Vol. 123, 11, pp. 1371-1376, 2003.

[4] Y. Takeuchi. “Effect of Stimulus on Mechanical Sensory Receptors of Foot Parts on Shift Area of
the Center of Foot Pressure,” Japanese Physical Therapy Association, Vol. 29, pp. 250-254, 2002.

[5] H. Ohsugi, T. Motozuka, T. Sakuma, S. Yokoyama, and S. Murata. “Effect of the mechanical
plantar stimulation for plantar cutaneous sensitivity and the toe gripping strength,” Japanese
Journal of Health Promotion and Physical Therapy, Vol. 3, 3, pp. 129-133, 2013.

[6] J.T. Inglis, P. M. Kennedy, C.Wells, and R. Chua. “The Role of Cutaneous Receptors in the Foot,”
Sensorimotor Control of Movement and Posture, pp. 111-117, 2002.

[71 K. Kiriyama. “Body weight shift during stance period studied by measuring sole-floor reaction
forces during healthy and hemiplegic human walking,” Medical and health science research
Bulletin of Tsukuba International University, Vol. 3, pp. 1-40, 2012.

(8] JCKHMi—ER, HIFBEE, HHIUA, MHEZEEA~ORFIREMITIC L 2 E#EE, AAR—F v LY
7 U T 4 F2imEE, Vol. 3, 3, pp. 83-88, 1998.

[9] T. Okano, K. Hirota, T. Nojima, M. Kitazaki, and Y. Ikei. “Haptic Feedback for Foot Sole Using
Pneumatic Pressure Device,” Proc. ASIAGRAPH2016, pp. 3-6, 2016.

[10] Y. Visell, B. L. Giordano, G. Millet, and J. R. Cooperstock. ” Vibration influences haptic perception
of surface compliance during walking,” PLoS ONE, Vol. 6, 3, pp. 11, 2011.

[11] FRERNE, Mbss, IKEYE—, LTRSS ST 2R L 7o R EIREVNIC K 5 B fF 22 M oytiR”,
ARN—F % )L 7 VT ¢ 2530, Vol. 21, 4, pp. 627-633, 2016.

[12] L. Turchet, P. Burelli, and S. Serafin. “Haptic Feedback for Enhancing Realism of Walking
Simulations”, IEEE Transactions on Haptics, Vol. 6, 1, pp. 35-45, 2012.

[13] S. Ounpuu. “THE BIOMECHANICS OF WALKING AND RUNNING,” Foot and Ankle Injury, Vol.
13, 4, pp. 843-863, 1994.

[14] C. R. Taylor. “FORCE DEVELOPMENT DURING SUSTAINED LOCOMOTION: A
DETERMINANT OF GAIT, SPEED AND METABOLIC POWER,” J. exp. Biol., Vol. 115, pp.
253-262, 1985.

[15] Y. Horimoto, and H. Maruyama. “Distribution and behaviour of glabrous cutaneous receptors in
the human foot sole,” Journal of Physiology, Vol. 538, 3, pp. 995-1002, 2002.

(16] EADHY, AIMZF] “EEER AT 2 R LT DEBRO R, BREFEFRT, Vol. 25, pp. 687-691,
2010.

[17] T. F. Novacheck. “The biomechanics of running”, Gait and Posture, Vol. 7, pp. 77-95, 1998.

(8 & & #

B & BEE - FREF RREA
DRI % & b REICH R ATRE /R K ) o LREAEk
ﬁg*%ﬁ?%%@ﬁﬁ%\é EIZ'KI:'ZK/ F=An 2020$7ﬁ
9

36 2021






