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An Optimum Design of the Tactile Feedback Device using the
Electromagnetic Attractive Force by the Probable Flux Paths Method
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Abstract : In teleoperation, it is important for an operator to feel as if he really were in a distant place. To
realize this objective, the various information from a remote site must be presented to the operator. Even
though tactile information is very important to efficiently execute a task, it is not yet sufficiently provided for
the operator. In this paper, we propose the new mechanism that can provide the more dexterous tactile
information to the operator. This device utilizing the electromagnetic force is designed to be compact and light
enough to be attached to the fingerpad, and designed to be controlled continuously. The magnetic circuit is
derived by the probable flux paths method in order to take forces at any given dimension. An optimization
technique is also proposed to maximize the tactile force that humans can perceive under the same conditions.
The objective function is formulated as maximizing displacements indented on the fingerpad, considering the
mechanism of human tactile perception. The optimization formulation is subject to the geometric and rising
temperature constraints in the coil. It is demonstrated that, by optimization, the tactile force increases by 24%,
compared with that obtained from the initial design.

Keywords : telerobot, optimum design, electromagnet, virtual reality, tactile feedback device, probable flux paths
method
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Table 1. Mechanoreceptors characteristics.
(adapted Sherrick & Cholewiak,1986, Johansson
& Vallbo, 1979, and Roy S. Kalawsky, 1993)

Merkel
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X X
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Innervation | 7, 0.09 1.40 021
(mm )
Probable
afferent SA 1 SA I FA 1 FA I
class
Frequency of
stimulation 0~10 0~10 20~50 100~300
(Hz)
Shape, Lateral Shape,
Stimulus edges, skin normal | Vibration
texture stretch force
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Fig. 1. Two-point spatial discrimination and spatial
localization for the fingertip.
(Adapted Sherrick and Craig [1982])
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Fig. 2. Configuration of tactile feedback device(TFD)
using electromagnetic attractive force.

I8 2v B =84 Aed 244X 2] ¢
HERA), ool ZAIZE nle} go] HAAERX= &3
(pinD)°) °1FF & U=EE WF7F & FHo|Z=qe] 1
A ZHA(fixed plunger,®@) ol ZD(coil@)S =L}
A 7ol gl 1AYde], AX ZA(@) J&HE 83
(yoke @2 78 TZ& Zt1 ). o] W o]F Z#A
{movable plunger,®)2} o] B&E (D) 14 =
AAHQ)E w2} T3 Bt

'y YEe FEIERERY AFVL AXNIL@)
Q7 E o)A, Z<:(magnetic flux)L 1A ZTHAD)E
A5, 23(®) EHS Blu #5250 23 ZHA(D)9
2% AY EolA SlE olF ZAA@E HECLA H
o, 1 TAA(D@)Y 3d¥H olF ZHA(@)e A
He 7] $A o) X]{magnetic potential energy)®] =}
o7} AA FR-AC Qo] WAFle, A= o]lF ZHA
(@71 vlzelA olEal A =A@ BA dch of
o olF ZHA@) HiH e FADL 13 =
AA(@)e] WE-E BT, FZ(DE AAT A7Es
Ay, dojEr) AAl AR, z2zhe] REL O
g 39 ydee] Qm, o] REES ZHI 8L
o 9ge ¥ 40 =AH ok 1Ela o] FZAg
FAE 4x5 ool A3, &yt vl BAE
F YEF PBE 4x5 olgoly EFZHEFAI 1Y 50)
3, o] FXE &7l BA37 Higpo] 17 60l

2 Bz B S 54

g |

TR ENTHITTHEOU
N I
0% 3 EAARAA B
Fig. 3. Elements of tactlle feedback device.
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Fig. 4. Tactile feedback device (TFD).
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Fig. 5. 4X5 array type integrated tactile feedback
device (TFD).
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Fig. 8 Probable flux paths in TFD.
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Path 4= FF(air-gap)E Avte A2Z2A He] A
FAeol 719 FAE( )0l HIs) oF 4000ujo]m2
FFAA Y A71AFE He A7AF ) &) AFE] =
ot getA FFAA 9] ZrIA o] FRA A Au)
Y e stk 1eER IF5E Ade A2E 19 9
HE AEY Hark Aok orid FAREE 29
Path 4 2%} Path 4,39 ®R2= 231 FAHAL 289 Ay
s 7483 A 23 Uy oe g A
A FH9E AUe AEHA PgLelE Tt 47
o] A&Ado] 23t F44E wel AdvhE Hd ALdol9)
7 A&Aole) WA RE Hd AHAol=R Hech
2 o AEHAo] #Ese ALWRFL T M9
F2R1 A&Ho] A& 20 wEl Fdsehd A& Ao)
Avts B8 S f4A 78 F Aok AT AEF R w
2} Aol HIgttA A&Eo] Ave F99 F44
o] BaA&dojd FEALEHAL FaA I FgH 7
the 713 3te] BaE A&AAHE Pk npAgoZ 217
AL gollA 77 W A&Zo|, HaE ALH3F, g
3 BxAY] BEXREE (Dol Wi, Aksted gt o]
ol o] dejF zZF PatholAe] A71ARL (7)~(9)
o} 2}

Path 41

Li_i = xcos

y 5 (ra+r2 xcosasinaj(ra—rz)

= +
‘-t d 2 2 cos a
Ya = Fri+ 81— XC0S o sin g
Iy 1
Ry = ———— (7
41 /UairA4>l

Path 4.2
c1= Yy " 827,
! cosa

2l 5als s
B (14_1 + l4_2a)

2 2 . 3

—l, ;%2\, + =1, ;sina - —c,cosa
A _3 5 - 8
4.2 —

L,
Li s

R, ,=—22
A @®)

Path 4 3

g7,

I = 2l saly
- (14_1+l4_3a)

2 3 . 3
314_, c, X 2x|r, ——gl,,_, sina + gcz cosa

A4~3 =

l4_3

R, ;= s
HairAy_s 9)

Path 8¢ A%+t yoke®} movable plungerd I=<
AE FrelE2 FAT|HEe) wXe gl =)
w2l Path 443 Hoh AAHSHA A28 ZEY Ha
7F ok 18 102 ol EAIRE Aoz wAHA4LES o
#HE oot F4AE 839 I ARy Holx
movable plunger®} yoke7te] HG AglRte Zolof
Fhoh, 282 oW 2428 vlE movable plungerdl A
yokeZ ZZ2A HU o71A yokeEHo)A 75T ¥4
A2 839 HF 227} yokest whts H7lA| e o)
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A&z 3 F kol Path 8 39 A7 27109 =
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oluj 2] wla R&EHAL [drolt) o] wlAdYe 4% 0
AN 7/274A, dre @M grrttA AR A A
FE e & Ak VN (2 ZHlEe] &[S B
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Fig. 10. Analysis of magnetic path on air gap(pathd).
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7} Aetgt WS o] g-gid.
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8 P& TR B Y AR H(PFPM) Y
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Fig. 11. Results of relation between force and air gap
displacement.
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Fig. 12. Results of relation between force and
plunger angle.
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Fig. 13. Results of relation between force and
magnetomotive force (linear).
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Fig. 14. Results of relation between force and

plunger length.
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Fig. 15. Results of relation between force and
magnetomotive force (nonlinear).
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Fig. 16. Response of the fingerpad of a typical sub-
ject to indentations of constant velocities.

(adapted from D.T.V. Pawluk amd R.D.Howe, 1996).
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Fig. 17. Force relaxation of the fingerpad.
(adapted from D.T.V. Pawluk amd R.D.Howe, 1996)
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gANE AE BHoz Astth EHol oFHAL
W9l Aoy FAGo Ja) B F24eo] Wy
o AgYRT P4 Aok Bk AHYARFNN A%
wglolde] By Fhee FRAA W-EAY(FB
AN (3l o3l TR FEnpc w=x AU
Aok @k,

F (x)=07157x" -12235x" +0.8629x" —0.0501x (13

2. MRl we 2z a8 PExEH

A7HE CvAE EFHLEES DAATIE AR duA
2 2ol YA A= H&H(iron loss), PHEEA,
d&4 SoE ARFHAZL olF Aol HIRES
ARz A2 25 A5 A¥E AL, B
225 #HAZd Fx Qo gEi FHFE 2ZolFR
FAHERE, 229 2EE FAAAFloF ) 17
I g3l 2= 23 AR 7138y d4w A7 A
FE Agslor oot aER 2xxAL HAHZ BA
9] P&z A Holof vt E FZHAISHEA
T 2x A% Wi ZAATLAES NN E water
jacket& T4, FYAIZIL vk weEpA FPEIS A
ZYF B9 YEdezoldyt HEE 2= 74 2UHE
ol vt A e FEAAS e, A %
2mm 9 F94% 328 O 59 =A1® water jacket
Hzagd A9 $E34G 7o 2 dFEE A Fxo
Qe A7 J4-E HZZ A £8AAFE FE2
5o} it}

B 448G &x 277 ZotA, REURY &
=7} #ddittn JHAE & J3, EE A FPATIL
oz Ui dxgo] R dAg vl FAG A
=2 FAga 7138 § Aok geA Foid F 4
EAe AFE 9894 (lunped-heat-capacity system)Z
7t At. IS4 FHede 99 21, A
AEolA e 2% A5& (1DE =8 = ArH22]

N

Biots = YA (1 (14)
h . convection heat transfer coefficent
V : volume
A ! cross sectional area happened convection heat
transfer
k  conduction heat transfer coefficent
I i
g= WA (15)
p ° supplied power
h . convection heat transfer coefficent

¢ ! difference between the average coil temperature
and the surrounding air
2.1 Mol elaf elui=ojx= L&k
AR ERABLA) AYol B HF L= Y%
2E fFx37] A HA Ar)Fez IZYe JeiAE
4 Aol it} AVMEHES AFe] Hl s,
Age A ZHolo} IUL:ol| me} WIFtk FA

HOi- KISSH- NASKRS =X R4 K4S 198 8

Y9 FAE vF 16)# 2o 78 + Utk

] = 27m,»hc{(74+—§-,-)+(r4+%i)+ ...... +
(7,4+J22’5?l)£’_')}

= 2mnhn(r,+ ng') = 27N(ry+ ng") (16)

N : total turns on coil [turns],

n; © turns per meter [tums/m]

d’ : insulated coil diameter [m), k- - overall coil

length [m]

n . the number of coil layers

e L deT HgHgog FriEo Ao webi
71Ee] =HE 20CAA A A 2% A5 &
22 HAYE Jehfle Aol @sih 20ToA g
AL (1N Jebd & Aa[24], 2L %ZE gl
& A 3te] Wzl space factor (f : Nl4d— =Rt f)
& o] &3l (18)#% o] vehd 4 Ut

R - L_ 41 _4pN(2r4+nd’)

0 =P TP T 4’ a7

o resistivity ( 2m)
N : the number of total coil turns

R(T) = Ryp{1 + ay(t—20)} (18)

=4.71 x1075(0.0039¢+ 0.922)%(1\71)2

ay - Temperature coeffecient of resistance at 20C
(0.0039 in case of copper)

Ry © Resistance at 20T
(1.50x10°% in case of copper)

exd e AYE ¢ & omE =Y Wi L
(Qerec) (19)9} Zti.

Qelec= IZ R( t)
= P [Ry{1+ ax(T—20)}] (19)

= 4.71x107(0.009 T+0.922) 2 2L vy

E FAdMe 2Y 22(THE Fd 100CE dAs}
k. olE coil HE2E7) 120Co|22 A 5ol F
glgle] F83) 44 4 de 2= Holth
2) MEHE ST UifF EHEAHST AL

A71H o2 717 3 Que)°l ZYLE7 AR
AAdeiolA doht Eoll 93] WZAH AR L(Quarer), B
vh} F71F0 82 AGHAAEAN QS iy A4S
EE Atk o #AAL (2000 Jeht it 4
B A3 2AF AN Quae/ Qeee = 0749 & F 3
Fei=g

Qelec = Qwater+ Qair (20)

Qwater = 0 . 74 Qelec
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22 B2 YAHARNE B Quaer)S (21 Zo)
Newton?] WZH & ol&ste] R 4+ U

Opurer = AT, - T,,,)

A : Heat transfer area

T, : Temperature of coil 21
1., - Mean water temperature of in water jacket
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Fig. 18. Relation between convection heat transfer
coefficient and applied powers.
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iz A% Aojth E3 X4 ¥qF P ¥4 WY 43
Al AY 7132 ARE 1EEte R 29 Zo) 8%
gl 714 int(a) B71= A af] &F4F old ¥
ol o3t A48 Yeldg, B =9 HHHA= o
&3 Zo] Fstxo] Mt

EZ A 3%t4 ( Objective function)

Maximize Air_Gap_Function ( X )

AA ¥4 ( design variable , 9! mm)

X[1] = e ( plunger 3+, rad)

X2l = (& 97)

X[31 =d ( 89 AdZe)D

X[4] = h, ( BA FYY fixed plunger Z9})

X[Bl =1 ( 7k AR/, @9 A)
Constraint

1. Geometrical Constraint (&$]: mm)
0<X[1]1<1.346 ( 77.12° ), 03<X[2]1<06
0<X[3]<3, (r~X[2htan(X[1])<X[4]<13.3
0<X[5]<1 (&4 A)

2. Temperature Constraint (N: turn%®, I: A)

+ nd
2t rd (2 1.03x10°
3. Force Constraint (&$}: mm)
F(x) = Fqs(x)
Flx): RAZEel &3 F24A8ZA 248 2249
F(x)=07157 x* - 12235 x’ +0.8629 x’ - 0.0501 x

® 2. AAMS9 RS (L9 mm).
Table 2. Design variables and parameters(unit; mm).
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=N 4z (a) X
— (1=l
ol =@l w2 ) 0575<n <0875
%7 v () Xo
2 3yoke)el HHHH (ry) 115 (r5=1.35-13)
o =Z@xe AME Y (r) r1+0.025
13 =@xo 53 A () Xo+gp
oW =21x9t 23lyoke)2) HEEA (1) 05
R23(yokelel BITHE S| (1) 03
23(yoke) S (ta) 0.2
23(yoke)2t 015 =X 2t 27 (g 0.025
EX3 Y =ZiAe] 215 (g) 0.025
Zzlel 4l 2ol (d Xa
oy =@x AMZol (hp) 0<Xa<h
HHEHA () 314
QITF MF (1, THH A Xs
Y HF (d) de
3ol AM £ (N) int (4th/ 7d3)
Agel AM & F ( Layer) int ( to/Vid.)
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Fig. 19. Flow chart for the design optimization.
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Fig. 20. Comparison of the plunger angle along
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Fig. 25. Comparison between previous sample and
optimum design.
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