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ABSTRACT
We developed high precision altitude measurement technology for a watch. The technology uses barometer and
GPS together in which barometer calibrated with GPS altitude. We optimized the intake part of the air to improve the
accuracy of the barometer. Moreover, we developed an automatic correction method of barometer using the
temperature formula based on the statistical data and the altitude data acquired by a GPS receiver. With combining

these methods, we realized high precision altitude measurement on a watch.
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Fig. 2 Experimental method to evaluate wind surface Direction of wind

effects. Five arrows show directions of airflow. Fig.3 Experimental result of errors in altitude

measurement by wind on each direction shown in Fig.
2.
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Table 1 Constant temperature room inspection. Table 2 Mt. Fuji inspection: Temperature at
A watch that was not worn on a wrist measured the top of Mt. Fuji was 4.3°C(August, 2014).
correct temperature. Instead of that, a watch that However, watches that were worn on wrists
was worn on a wrist measured incorrect measured higher temperatures such as 22°C
temperature because the watch was heated by a and 23°C.
body.
Top of the Mt. Fuji 4.3°C

Room 0°C 20°C Watch worn #1 22°C

Watch worn 25°C 28°C Watch worn #2 23°C

Watch not worn 0°C 20°C
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Fig. 4 Temperature sensor place: Body temperature effects temperature measurement even if a

sensor placed far from a wrist.
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Fig. 5 Simple GPS calibration error :Altitude calculated using pressure with simple GPS calibration has

big error.
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Fig. 6 Positions of air-intake holes Direction of wind
for the pressure sensor before and Fig. 7 Effect “Before” and “After” replacement of
after the improvement. inspiration : Wind effects are reduced with intake hole

replacement “Before” to “After”.
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Fig. 8 Graph showing errors of altitude calculations using four different

temperature errors.
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Fig. 9 Block diagram showing the whole system of altitude calculation on MZ-500.
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Fig. 10 Calculation results using the stochastic altitude measuring method.
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DR L, Kig 72 sEks B A i Fig. 11  Altitude accuracy comparison of MZ-500 and general
LT DGR Lo TN D, product.:MZ-500 shows better accuracies than a general product.
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ABSTRACT
Edouard Phillips, a theoretician of 19th century, advocated the conditions of inner and outer end of Archimedes spiral, which
is referred to as Conditions of Phillips. However, Phillips developed the expression for conditions using approximation, actual effect
has not been adequately evaluated. We conduct holomorphic computation and it is realized that conditions of Phillips improve

significantly not only isochronism of horizontal position but also that of vertical position.
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BRI 2 OFEERE TV T IREREL QD ZOT LT LIV AT KT T LIS FERIR
DRI B~ A LR XN DB ZIRD S RO TN KRR FEE 21 75 2L THRARIZ BV THE
TR L CUVD. B B~ (LLTRS EIEED) 13 17 HfdO R Christiaan Huygens (28> T
BB ESI=H DT 5 (Phillips 1859, p. 984), 18 HtAcIZIZSB/a D% M) ED7=81Z, Abraham-Louis
Breguet (X7 /L AT AL D, John Amold 133RETES DU Z SEERAVZ IR R 2 JiiL 7= (Vermot et al., 2011,
p. 201). LA RO BT R Gl md DI AR BRI D CU Tz,

ZLC19 kD7 Z 2D Edouard Phillips (VA F E. Phillips S7237) 23 1859 4255 1878 4203
TZOMERED L BB DERRAARRL, 7 B~ A DN _EHERIERO &L LT R RED %52
L7-(Phillips 1861, pp. 46-47). ZOFIHIZAVE CHFE B R LTz B L1072 0 DT B~ AD
TEREFEETHHOTHY, 4 H Tl Phillips DSREEFHIIL TS,

1 SRR BN TR AR S5 L OBEGES DR EOHULEVIZ 90 FED JFIANALE T 5.
2 B ERLEERIHRO B OO I L3R5, o (BRGSO, HTRIROES.
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IEN(Fig. 1), ZOMRE —FC LT FBFREHIE 723 s o droe e st ke et
FHTEM72(1962) (Fig. 2). Phillips DfHITE
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Fig.2  Guide for Phillips’ curves.

Fig. 1 Hairspring with Phllllps terminal curves. Courbes terminales Phillips pour spiraux Breguet,
Photo taken by the author in march 2016 at Musée ED. HORLOGERE CHS ROHR & CIE SA,
International d’Horlogerie. Bienne. 1962

2. E Phillips (DE}EL‘#F

E. Phillips (ORSIEE & B3 HEERRICBE 92 3645 ARSI TC F RO Z(Table 12 % & 7=, E. Phillips (% 1821 4F
Paris {ZHBWT, A ¥ XA@X 7T U ANOROMIGHE LT 7 7V ANTH S, SRR 7L,
1832 4FEA MR & L CHa¥kEkiE(Compagnie des Chemins de Fer de 'Ouest)| Zithik L7=. #1220k~ & #imlf) L
1864 4E7>5 Ecole Centrale des Arts et Manufactures G, 1866 4£7>5 Ecole Polytechnique {233\ Y C F122D il
- 7= (Léauté 1897, pp. 213f). :O)@Eiﬂ% Dieppe (ZfFd 22 1 ) A — 28U Jacob RO =EAHREE HiTD
Garnier & 2208 L7203 6, KRNI 2HERATET 5 £ 5 1272 H(Phillips 1861).

1864 20 1871 4FET== /?T”ﬂﬁ%g&ﬁﬁb,%ﬁ@”-397Wﬁ%$&ﬁE@
Grossmann <CEIMIOD 7 v ) A — X FiEERE L 285 LTz, F 72 Grossmann D7 V¥ 2 7 A MR B LAFE DG
HEEFIA L 18T I /B~ A Lt OB n & 52k S Wz,

AGRLTIIE 7B~ A OIARIAR & RIS Table 2 DEIEIOWTEOWNEZFHFT 5.

E. Phillips Dt 7 >~ A BEGIIERORSUT DT> TN D72, if@ﬁiéﬁubﬁihié%%
T D Z & IFMRD TEE L. Phillips DEAFOWEZIZ & D0 OBERANIEME CBME S IT 2 o720
) LT LRR L TWAONE LIVRYV . % 2T Phillips Ot 7B L~ A Bl E 2T ¥ — b i
LIzl ZA Table 3 DL Dotz HHMERRIC/Z2 > TNT, —DEMBEET IR 28R, —oH
INEEE v AT AHRTH D, Wi & b e B ~A D Mo BT U UERRA & SR 5 &0
D HIMNHHF L, BN ZNEERT D202k e 7B L~ A OSRBFROLIRAS Phillips DA%



TR Ve WD Z LA LTV A,
Table 1  Life of E. Phillips (Léauté 1987, pp. 213fF).

Year | Age Event Paper
Born in Paris
1821 O lpaislz£Eh 3
Enter Ecole Polytechnique
1840 19 Ecole Polytechnique A &
Graduate from Ecole des Mines
1846 2 Fcole des MinesZ8
Enter Compagnie des Chemins de
1852 31 |Ferde I'Ouest
78 AR EX I8 (S FAES
1859 18 Paper on the regulating hairs;zn'ng ofchrorlometers z?nq watches (Part1/2)
Y0/ A—SRUEHHIICETPAFESE Y1 ZD1
1860 19 Paper on the regulating hairs;zn'ng ofchron_ometers {m(} watches (Part2/2)
I8/ A2 RUVERRHICETSREESE TS TD2
1861 % (Book)Paper on the regulati?g hairsp_n'ng ofchron_ometers and\‘watches, first edition
S EH)/D/ A — S RVEFRFICETIRECT LTS FUR
Teach mecanics in Ecole Centrale F’apér on thé :?djustment of chronometers and watches in the vertical positions and
inclined position
s [ | o fos A ot Marufactures BELEEBCHETHH 0/ A~ RUEBBHORE
® g e (Book)Paper on the regulating hairspring of chronometers and watches, second edition
% N Manufeeures CAEOHR | mg) o0/ A— 8 RUBBHHI ST BMEE 7T 1 BUR
S v Teach in Ecole Polytechnique
E E 1866 4 Ecole Polytechnique T # ¥
SR Influence of the shape of balance wheel with compensation mechanism of chronometers
§ = a}nd watche_s on the isoch~ror\1i.sm, unrelated with the vflriation of temperature
i‘; § Hlected to Scionce Academy of BEWMETVIORKNEELRERICLELTERE~OZE
g 1%\\ 68 o France m bCallaculatioE oflthfe i;lﬂuence ofthejlastic}ilty ofthehbimetahllic ring ofcorlnpe;lsatikrllgh
EEI =« L s — = - alance wheel of chronometers and watches, on the isochronism, unrelated with the
% < i‘ ;;2*4_7_7 nTE—IRR variation of temperature
Zo J TUINBNA AR ILOBEENERRICH-ZIEEHE
% ‘? (Book)Paper on the regulating hairspring of chronometers and watches, third edition
> EH) /D A—FARVETHIICETIRRETS LT 1 F3R
1871 50 Theoremon the regulating_hairspn'ng ({fchronometers (Part1/2)
o0/ A= IZEFHRPEETEIIDOEE £0DI
;-/1872 51 Theoremon the regulating hairspring of chronometers (Part2/2)
0/ A—RIIBFTRREETETADEE TD2
1874 53 Note on a new regulating hair_spring of chronometers and watches
Y0/ A=A RUVETRHOH LG ESE VI BRORE
Retirement from Ecole Centrale des
1875 s4 /’\rts et Manufactures
Ecole Centrale des Arts et
Manufactures % B B
1878 57 Note on a new regulating Arc_himedes spiral hairspring of chronometers and watches
o0/ A= RUVEFTHIHOHF-LRAEETE YL I BKOEE
1879 53 l;z:;f;ﬁitiilmhcle Spherical regulating hairspring ofchfo:}ometets
ficole Polytechnique % B E IO/ A—RIZEFIEBESELIAIZDNT
1880 59 Thermal compensation in the chronometers
Y0/ A—BIZEFHBERMEISONT
1881 60 Conical regulating hairspring of chronometers and other hairsprings
0/ A—RITBFHABESEBLOESBKRIZTONT
Elected as inspector general of
1882 61 |mines by the government
BAF & Y SILBREE (CES
Decease
1889 68 #E
1891 (Publication after decease)lsochronous pendulumclock

(RBRER) FEHMERYFICOVT




Table2  E. Phillips’ articles concerning the terminal curves and isochronism.

Year Age Paper
1859 38 Paper on the regulating hairspring of chronometers and watches (Part1/2)
o0/ A=A RVEFRHFICETIAFESE T, Tl
1860 39 Paper on the regulating hairspring of chronometers and watches (Part2/2)
S0/ A— A RUESHEICEFIARELELTAL 202
1861 40 Paper on the regulating hairspring of chronometers and watches, first edition
(BE)I/D/ A—ARVEFRITICE TR E A FlR
1871 50 Theorem on the regulating hairspring of chronometers (Part1/2)
o0/ A—RITETRMEETEVI/ADEE Z0l
1872 51 Theorem on the regulating hairspring of chronometers (Part2/2)
B/ A—FITBTARARETSEUIAIDEE TD2
1874 53 Note on a new regulating hairspring of chronometers and watches
o0/ A=A RUVEFTHHOH-LESEVITIBRKOREE
1878 57 Note on a new regulating Archimedes spiral hairspring of chronometers and watches
V0 A=A RUVEFHITOH-ERESESTEUIAIBROEE

2. 1 1859 £EFR3(Phillips 1859), 1860 LE5H3Z(Phillips 1860) B Uf 1861 £ E(Phillips 1861)IZDLT

1861 AEEFEIT 1859 4FiSL 1860 i LR ZIEIE LN L= b D7D T, LUK 1861 AEEEEDONA %
PR 5.

FEEHIRAZEBY, B Phillips Db S Lo~ A HmOZT HLELOBRMNE, BB~ A AR
V7 BT 2D Olallinfy L REEICHGI ST 5 2 L THhD. M E e r~A OfFAE L 2202E,
X1, Y1 & DEERE, 72U DElisf & o, REFNG E 7B~ A2 d 8 5mo (b Lde 7
WZDBAATE LIRS DR & ENENX, Y E95 &, e X B~ OELHTEFTO Mo GIFRD X
9125 (Phillips 1861, p. 6).

_ Ma M
G —T"‘ Xy, —Yxy)

FEINCHE ST D08 —TEE b 7S KN D2 DIEIC X HEREE ER L QD ZOHEBE
2720 2 THUL MV G IET v U DRlinfal eI IBIRER L 205 2 LIZH L TH S (FIE
A).

WIZ Phillips 12X & Y23 & bz r, DF D b AN DRERY 1 & 7225 72 b Ou R IR 729
XIPPASAE A RO TND. B S Bo~A DIEED ST D ETETOMENA % p, B sE p &
% L&, ()3 (Phillips 1861\ HE-> T AP ~A WERT 5 2 & & H AR L FHE 5

l_l=g (2)

p po L
EWVWHIDHLEF B~ A DT RTCORE ZORIMES TERIE DL L&, e A HERNEeoE F
B~ A BIWHET D ZENTE DI LMD DL ) RAFIBONTNG. STEA B~ A O—HiH
b RICEESIVCNT, il e ZFREBICEE SN TORWHBRREETH S L35, ZoRiENSE
TR~ A HERAR SE T, BEDN eV RFLOME L —BT UL, Ot 7Bl ~A ITEEORGHT
FEH L CHRENE e ORECIREIT 2 L 525725 9.



Table 3 Framework of Phillips’ theory.

Theory of cylindrical hairspring
FATE ST D e S B~ A Bl

Theory of Archimedes spiral hairspring
EE e FBIT D e B~ o B

Torque of hairspring is strictly proportional with the rotation of balance wheel
e SR~ A O MVT BT UG &R

T Equivalent A proved in the paper of 1860

[FEA 1860 FrisC Cri]

Hairspring doesn’t have any radial pressure from the balance staff
b 7 3REH) S O—BIDMIEESZ T 720

Equivalent B proved in the

g paper of 1860
[FEB 1860 AL Crit]

Equivalent E proved in the
{$  paperof 1871 and 1872
[FEE 1871,72 45 3L CRlH

Center of the body of cylindrical hairspring stays at the
axe of balance staff during the rotation
FEIT & SR LS RN - LIRS & )

Equivalent C proved in the
i} paper of 1860
[RIEEC 1860 45C CREY]

The center of gravity of hairspring stays at the axe of
balance staft during the rotation
b Z RO LA RER . — B U S ABTh D

Equivalent F proved in the
i paper of 1878
[FEE 1878 4FaaC CrREN

Shape of the end of hairspring satisfies the condition
of Phillips
SARHHROTARAS Phillips DFAt% 79

Equivalent D proved in the
g paper of 1860
[FIED 1860 4 TR

The center of gravity of hairspring stays at the axe of
balance staff during the rotation
b RO LA RER . —B U S A B Th 5

Shape of the end of hairspring satisfies the condition
of Phillips
SRREHEROTARDS Phillips D4 T5723

ZIMBIRTE S LT AR AT AL S CHERORERNRL D, TR FOLAEZHBIL LS.
B TR O ONARHFRSFEIAR T 2 Z L ZRHE L L, £ DR FHIZOFRED HIR DG 2380 T



V% (Phillips 1861, p. 12) (& B).

HHWPDHIEY A a BT Vp-Up=all DIEAITER L, $20 ZAREOFLONEDAZL &
B LT S B~ A BEULZ OOV RT - L 52 5.

DURI 8220072 e & A THEITib 72 Phillips D28 TV 3 OiFE SRR 21T~
TWND Z EITIEED I TH H(Phillips 1861, p. 21) ([FfE C) . ZDIEENE /L « 1 DMRILTHDH. ZZTL
T e P 2R, HBERRETH L. BT V2R L VNS WA Z ORISR HidE8 K &
DT EHRBHRLTND. 2 L BHRICREWVGAIZBWTS, 0D IIEIIER I NSV ME
W DR ERIZITRGRNEN D Z &I A0 IS K ARAEIZ OV TP CRERNC S R L TV A
P4 Y. 7235 Phillips DS ST & FRAROBE LN KERE —E9 5 Z ENFIETH D Z & A &
LA L T % (FHE D).

f66V \C Phillips (% H & OHEGONEA T 5 7202 EBR A LT\ 5. Phillips D2 7- 94247 &
FEF ) TIIRVEIT e 2 il g2 2 & T, 70 U DB EENC L DT b AR BNV TH
FHOFEHE L OEBHV NS & AR LT % (Phillips 1861, pp. 61-62) (Fig. 3) .

Fig. 3 "CI& Phillips D427 3SR IHR A (-H T 7o 22 OB SRR 2[RI PN E 2 LT 528, Al
EATHINDRIES X > TR & 72> Cd Z L 3. E7z Phillips (2 LAUE, O E 71X
AROFEN 142 mm b HIERREDTH D, T UDERRAN a=5rad DL E THIIT L ALk
OFLMIEL 0S5 mm IFE LML L TE ST, *F L THEIORLT E 713 2.6 mm HEEH LTS, 22T
Phillips DZAHFIZ &L > TR & 2RO BELOEE IR E ARSI, SREEOR FAVRIZ X TnD.
L2xLZ 2T, a =0, £5radDFFOFRAT B SR & EDOELIMER S TWATET T, EOBEIOHL
BRAVRENTUVRNZ SITHEEZFA .

WIZTNF AT A FIZET2Hm THHD, ZOFFEICBOCILINRRICH 5180 KRB E 72> TS
(Phillips 1861, p. 55).

Fig.3 Cylindrical hairspring with theoretical curves (left) and the one with non-theoretical curves (right)
incaseof @ = 0,+5rad. (Phillips 1861).



FREOLM: (FfEB Z2469) 1X@FHOT VX AT AL 772 LARIR Y OIS 503, @il Y A
BN TR &G 2 BIRRIIAH T  R27 H 727> 72 (Phillips 1861).

2. 2 1871 £&E3(Phillips 1871), 1872 £EER(Phillips 1872), 1878 £E5#3(Phillips 1878)I=DLNT
1871 FEB LI N8R HERSLTII T AF AT A B AIZONWT, IRV AL ST, UTOSMNBEIETH S
T & AFEA L QU A (Phillips 1871) (FHEE).

1 BT e S ASRED D —EIOMIEZZ T 70
2 IEE e A RROBELNKESNCEE D

AR 2 ) E S5 &) 2 8 C, BEIIEREA A ESED 80 28 ThD. Tabb
E. Phillips OOFH CII &R 2 M LS8 2 3SR 2 M EST5 2 L L RIETHY, %U< Phillips
DEFEFHRIBRNERB LTS, #i< 1878 FFORSUTR T b 7 2 NGRSy, 7LF AT A
RS SY, SN ST CE 2, BROE S KESN 8 5 7 IR RN 7= R E R
FtraRDle (FHEF). DTSRI DN THIMRIOWT S, $&IT & 7 TRked 7z Phillips D5 &
FREOHLDOTH -T2, L LI Z THEHEBRIZBNT an« 1, ar « 1 ZRHLE 32003 E ST
% Z LICHERE L2V (Phillips 1878,p.30). 72721 a 27 /L3 AT ABRROREL, r 2 PSREIER & 7715 A
T AR Y ORGSR, r Z2NRHRR & 7L AT A OB R LD, Z OO
FUHRCU: Phillips DA 72 9 PSR HEHR & OFMRHIFRD MO T C b SRR FERITE R T2 D &
Lidav. ORI KB EESIR O E K- E ETiEH D H OO, E. Phillips (32 0 1878 D
IZBWTTVF AT A S ORI 2 2Rk S L 2. 5.

F72 1871 FFIZIE FRCREIZ Grossmann OVERIZ2 2 EELOFEADMHER S TS, $2ETE 7D B L
Tz, Phillips OFFIIRT2 T HVNCE R ATROEERHHFRE LTH B ZI20 ) D EITEr L 7e 0 45
Wi & 725 L9 N T 5 (Phillips 1878, p. 30).  Z4uid: Phillips (O] & 72 B4 2 Hllai D BB/ A &
Wz 5. F72 1878 HORSTHICIBNT TV A T AFERO OO IOV TIE Grossmann D584 S
B LTz & DRtk H % 5 (Phillips 1878, p. 28). Z Z T35 Grossmann & (34L& v 7 JURFRH AR
DOFEETdH 7= Jules Grossmann Fe> Z & T Y, E. Phillips & A EAEA TR MAZ D,

2. 3 1874 FE5R3(Phillips 1874)=DLVT
ZOFMBCCIXEIAT B Phillips 23X — 2 7N EFNZBEOFNEZ R D £ 9 12k~ TV 5 (Phillips
1874, pp. 667-668).

1871 FEDFKIZ X — % T VN AGHIVT, HBFH7eleEHiN, % LT Le Locle s, £ L TLb
Le Locle B FARERE- D Grossmann K & A L, 7 /L% AT A b A ICHNEMERT 1T T2 < NisHhiiR S
15952 L TR VHEERIZEI L2 b D &7 0 SRR NS B T L s LT,

YRIZ Phillips 13 B & OBGGSEREOREFFORE R FIZ ENT2T 35 L= 00 ez 7> TV 5. Phillips
DEIFEN U TRl 2 FF o b 7 OE#IT 1864 FEIThEE 572 & SND, ZOEX—T v TIVRILH
DFRTE %88 U7 KR OATZED IS 8.21 B Th o 7=(Table 4). 1872 FTIT Z O¥EIE 1.99 FHUZFE T
B LTS 2 LD, Phillips DDA E HICONBEREFOSRMENUGE S TWD 2 E MR S,
F 72 1872 AR IFSMRHHROD B2 2 T2 88 M DIRFFHDSNIZZD LIS 1.97 By Tho7e DIzt L, NN



R 2 2 72 6 EDORFEHT 0.67
BWThot-tnZ L THD., =
D Z & H5 Phillips OFE Y 41
BDIT2 BT IR B A 53
%2 b CERES gz

5 ZLARESN TG, L Ta 1.
LD BIEA SHTWS e
Todb, ERREE L T AEREEN 1867. .. .
NN & DRSS S h =)W 1868. ...
SATIEZR. 1869. ...

1870....

8g1....

3. Phillips DD RIFD %R

3. 1 Philips DSV RERERE BT HESITH M SEIE
Phillips (44472 3 R BRSNS L OYMNRIC AT 5- SN2 T L% AT AL FI2o0 T, BT

b SR RENSZTHMEEFHHELL Y. E
Phillips O & TS H N2 278, S 7D
WS & 7 EIZ—E DA CREE ST
W, B EIREE AL E LCEBIZE
FCEDHLDETH. IR 7D
ICHErE TICHBICBE T 5 2 L TE D
DEEROMEEZ I2FIE—ETH D LAET .
ZOE T ONSREME o2 RS 5 &,
E 7 AARITEBRETE, bbb (2)Ic L
MoOTERL, INRITH D& e FFHHLD
PLEND Aa) THics ZAINETD. Z
D Ao)% B RN & MRS, RS ES
HIT DL O ADKEEE FMmRE e 7
FFBIZMD > TEoiRAMENRH D Z &
5, BHSNHEMORE X |A| TR
DOeFB U~ UEDKRE ST
FIL TS, STHIHRENLDOE FITih->T2
R s &L, ZORD x JBEE x(s), v
Ex ws)eT5L, e FORRIESEE T
2(s) = x(s) + iy(s) E ERRICFKIT B Z LN Tx
5. ¥ FOEEE L ETHEE, A
SRAENL AR D X 5 125 S35 (Goudsmit
and Wang 1940, p. 810).

a . (F _ias
A= i—e“"f z(s)e T ds
L 0

1A [mm]

-----------------------------

Table4 Variation from horizontal position to vertical position with
respect to pocket chronometers that passed the concours of Neuchatel

Observatory. (Phillips 1874)

- ' Varfation -
~ da plat au pendu,
8lar -

T T T T

Amchimedes spim] =——
with inmer teminal curyve =ss=-==-
with ower temuinal curyve s

0.5 |

with inner and ower terminal curves =-—-—-

it [rad)

Fig.4 Displacement of the outer end of a hairspring with

Phillips terminal curves in free-end deformation.
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PERMREN P O THH LD 2 ETa 2L b4l =0 252 LE&EWT 5,

HEE oI ERE S LI, PR A—T A2 R ETA6497 Dt 7B~ A Otz AN C|4-aD
Z 7 DN 25T (Fig. 4).  FElTRA~T X9 1ZH |4 13 FI2hDlEDORE SZRLTWD.

FEF& LT, Phillips D247 3 PSREIER A OYMIBHIER MO T & &7 (R — R 8ERE ) 1358
WOTIVE AT A7 (KR ERE) 1T HBINREN. ADNBEFIRBESND Z E¥bot-. &
7=, SNEERHRR O I ZAT 5: LT8G (KIFP SRR SY) & PISERRR IR OO A2 A - U 7356 (R it o))
OERING, |4 F7ebb b ZIC03) DAEZARNT 213N O A3 R L 0 SR THh 5
T WD, ERMRAEAUGE T DOITEIC Phillips DOZEEGT-TANRIRCTH D, LSV T
HEWEAED.

3. 2 Phillips DEHEHEI-3 Ny inEhiRER TS D ELIEE)
EEIRO H i b &7 OFLERE G IIEFEECTR ETRO & 5123 &35 (Goudsmit and Wang 1940, p.
815). AiZH HIFMNHENL.

G = 04 4
=i )

SERMEEEN Y THDLE NI T8 iTa IZE BT G=0 LD LEEWTD,
ZoORAE G LI, EFH 5T Fig 4 [FEE ETA6497 Dt 7 D854 VT b O EUDBEIOR T2 1E L

7= (Fig. 5).
DT T ITNHLEFOT ILF A
SR (P ERE) &, ~ Archimedes spiral
Phillips 0O Z{HF 2= P B O D e terminalcurve ~ T
HEERAM VT B 47 (X — S T with inner and outer terminal curves —-—-
OELBENIFH NS 2o T 0.1
%. F7= Phillips D257 350
R ZU V= b 47 (B NEHED) )
DELIND S T 7 h, S 0.05 |
X8 BT v 7 OB BE) R
D IBBSELRRERoTY PR
D2 oD, [FRRICPNREIERD £ 0 \ /
ST T 7T 7 (R REEHED) o & ' ,'-",-’
PRI 12 PSR R LB T Y
A /NS < T AEEI AR TV D, 0.05 )
4. FEW —
Edouard Phillips (% 1878 4E(27 /L
FATAEFIBLT, ZOPR o0 0 0.05 0.1 0.15
UMD TEAR D3 723~ % Phillips G, [mm]
DOFFEEH Lz, 2T P
sty N AR E DO T Y Fig. 5 Displacement of the center of gravity of a hairspring with
2T A2 ETH T2, Phillips terminal curves in free-end deformation.



DEHIBFIZ B CTIEREEIHE L T2, ZAUTh 2330 53, Phillips 13 H B O EEAI/ 2RI
WO 723 R 28, SRR OBE 2 HIET 5 2 & CREN HIC W T—EDINEESD I E EE o
Tz, Phillips DO 72 FATHEE I ITRHE, FHISNTZ e ofc &z 5.

28] Phillips OG- %5723 0 M O¥MIGHIRR 272 & 7 OZEEEOMERRIZ DU T, TR it S 720 i
RHBEZIT -1, KEGDSDDE (|4) NEF DT /LF AT A b AN THEI NS RD 2 L,
F 2B OBENOPEDS/ NS K DR SE VT 5 Z L EfER Ui, Eite 7 ORI RR 2 b ST RS
ORISR OMRETH 573, Philipps DL FERMERAAER L ONCSERREA T 2127 5 %)
BRHY, TOFRAMERETEE S BHORNEOTH D EfERTT A ENTE L.

BE3H

FIFSIORRRITHEESIC L 5.
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ABSTRACT
Inch worm mechanism using piezoelectric actuators is one of the driving mechanisms for precision positioning
devices or stages, because high precision and long stroke motion can be achieved simultaneously, and the motion is
smooth without backlash. However, one of the problems of conventional inch worm mechanisms is that it cannot hold
large load on the guide rail. A new inch worm mechanism proposed in this study utilized linear ball guide and four
micro X-Z positioning units with eight piezoelectric elements to solve this problem. Motion characteristics of the

proposed mechanism were evaluated by various driving voltage wave patterns.

1. [FC®IC

4, EEEEER T2 AV EERMERDER - AT —URHAEIN TS, A FU—
2 (REvh) #Ebzo—o2oThy ", BEIH - 7 70 THOER (YY) FTERAEILE
MEET, RERBRO X ICB#HT L2203 TE5. ZOKFEEENL, ry 7 A hr—2 THRR
BRALEROICEAVOND. BH, TV —LEBEIBEH - 77 T HOEERE A2 —
DOOMHEICNIR L, SRERL—LICHh> TBEIT 2 FIER—KNTH D, ZOHIER, BEEIZ
E2oNy 7Ty aPN R AL—ARBERAETH LT, L—/WITx L TERERITTH L
WO RSN DD, &2 TR TIE, BNEMBICR—LVEREXD Y =7 51 REHM L ClltEz



B, X-Z SN ERNT 27 7 Fax—2 2f# LIEH X0 o FU -2y 27—
Zagat « Y L7, AT, Ba REERIE 2N LTIZERD 2T — Y OBiERE 2~ 7= D
THETD.

2. AVFI—LKAXETVRT—PDHE

2. 1 EMERE

AHFIETHRIE Li2A TV — 2 AT —VOEERE% Fig. 1 1IRT. AT A X —ITk
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Fig. 6 Expanding mechanism of actuator unit.
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Fig. 9 Movement property of each wave type of applied voltage.
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