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ABSTRACT

Indicators of training effects in endurance race include VO,max. Measurement of VO,max is not easy because
it requires a research facility. Therefore, simple estimation methods have been investigated. They include the Astrand
and Ryhming nomogram, which allows the estimation of VO,max from heart rates and VO, during submaximal
exercise. However, since it was developed for those in 20s, it lacks accuracy in estimating VO,max in 30s or older
with lower maximum heart rates. In recent years, wearable wristwatch-type equipment with sensors, such as GPS, have
been widely used, facilitating the measurements of heart rates and running speeds during exercise. Therefore, if
VO,max can be estimated from running speed, it can be conveniently measured simply by wearing wearable equipment
and using the /gstrand and Ryhming nomogram. In addition, the above issue relevant to the /gstrand and Ryhming
nomogram can be solved by taking the maximum heart rates of individuals into consideration, allowing the estimation
of VO,max close to the actual measurement. Therefore, we aim to examine whether VO,max can be estimated from
heart rates and running speeds during running using the Astrand and Ryhming nomogram by taking the maximum heart

rates of individuals into consideration. Thirty-five healthy men (age: 36.7 + 12.7, height: 170.0 = 5.1 cm, body weight:



65.8 + 7.3 kg) and twenty-eight healthy women (age: 37.4 + 11.8, height: 158.8 £ 5.3 cm, body weight: 51.3 + 5.3 kg)
were included. For each subject, running speeds and heart rates were measured using low-, medium-, and high-intensity
constant load tests after measurement of VO,max and maximum heart rates by an incremental load test. VO, was
estimated from the running speeds using the ACSM running equation. VO,max was estimated using the formulated
VO,max estimation nomogram of Astrand et al., and compared with the VO,max measured in the incremental load
test, demonstrating a significant correlation between the measured and estimated VO,max in both males (r=0.81) and
females (r = 0.75) (p < 0.01). In conclusion, the novel Astrand and Ryhming nomogram is applicable to wearable
equipment by taking the maximum heart rates of individuals into consideration and using running speeds and heart rates

during running.
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DI A HTEEEIC L0 BATORE S ATREEL 2> TS, LM LWTFIIZ L THEEE
HEIHFZERE R 70 & ORI ICBRE S, —ROBIEE D b L—= 2 VR L~ D
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Zk, FERORROHEENMIEETH D &V BRI,
DIER SN2 D ThH D, Flind HHEET 5 R D HEITREEN
KZ =8, Siconolfi & @, Davies™IZ & V) Wi~ 2 Al &a A B4
ET25HELRESNTND. L LV0ymax DRIEN 2 Hitk L
NV L= TRl O 7 DICRIA T D O ThHIUE, FEE
DIEEFOFENZ & ORKODIBEEZET 2T NEMHTHD &
EBEZoD.

TESESEREUY =Rl Shizy =7 7 7 VRN — K
KHFHEND L2 IChoTETWD. WP LRENFAHETH
SToDAEITIN % GPS & v —, IEE o —7e EAEER S
TR EH D 7 =7 F T IARERIN T Il E R Lood Y, EBhOEE, Bl vy T, A b
TA RRENFHAIITE 5. Uik 2012405 7 > F—[f1F WristableGPS ¥ U — X% 352 LT\ 5
(Fig. 1).

Astrand 5 OVO,maxHEE / & 7 T MILBEIRTEB T OV0, & LI T =T T 7 A E
TERHCEAUE, BEICVO,max & FHIITE 2 REMER S D, £ 2T, V=T 7 7 LB O EME
% T Astrand 5 DOVO,maxtfiE / E 7 T AhBV0,max & HEFET 5 721z, JHEHH 0 78 3
BV, ZHET D L &, BoN=HEEMN 5V0,maxZ HEE T 2 72 D128k L7z Astrand 5 D
VO,maxteiE /€7 7 LOZEEEMGET HZ & & LTz,

AHFZECIE, Astrand & OVO,maxtf® /&7 T KMIEAN T & DR RUDIB A ZET 2 kS, v
TT T T RO PEM Z Astrand 5 OVO,maxtiiE /& 7 T MY TIED B 1= O F ik % Rt
L7, LT 4 SDOHEEFEDHEMFAEZTT ) Z & & L.

1) HRmax-ACSM Method: ACSM D7 > = J RIS Z ERENOHEE L7V, &, Pl
R LA THEN LR R0z v 254

2) ACSM Method : ACSM D T o =2 7 FFERITHS & W) HHETE L 72V0, & 8 A Dk
$a BB LIRVEGS.

3) Age-ACSM Method : ACSM O 7 > = 7 iR AUCH DS & W E 2 HHEE L 72V0, & 220 —
Age [yr] 7> BHEE L=l KD a%E VW 2354

4) HRmax-VO, Method : kL v R I JLEITHIZMEA T A4 Hr L CTEHl L 7-V0, & &l L= & K
D E WL 5EA.

IND 4 DOWEFIEZMGET 72017, 18 Wb 60 W E TOHARABLEZRIZ, FLy R
IV, MR AR B 2 B O O E B A TR O VO, max, e RODFARK, LERRELIER A BRI
HIE LTz, Z20%, MLy FIVEAWCRRE, HIRE, @iREIZIsT 5 EH ARERR O .M

Fig. 1 WristableGPS SF-850PJ



BaEWE L, SEBREICK TS Ny R IVEE &0 B 3L L7z Astrand 5 DOVO,max
W& /77 L% HAWT, (REX72 D VO, max & #EE L, ik EEh A sl CoRM L 7R 7- 0
VO, max & LLERFT 21T > 2.

2. Ak
2. 1 BEAZE

RFRFL, 18~60 DMt 72 BYE 35 & (il 36.7+12.7 1%, HF 170.0+5.1 cm, {KH 65.8+7.3
kg) , 284 (AE#B 374118 5%, HF 158.8+53cm, (AH 51.3+53kg) Zxge Liz. £/,
AWFEEAT I BTV, WREIIFANCHEONE A L2 5 2 C, Fil CHREAS-. A
Jei, HIERZRFRESRFERMGEEZRR L v a—x 7 Y VRS e MFEmEIHEAS
BEZNENOKGE 215 THEM L7z

2. 1. 1 DMERORERE
DB IC~ L N E MG (PolarElectro, Finland) % %555 L, BFFFHALLARE (SF-710: A 22—
7o, BE) AHWTEHRIL.

2. 1. 2 HEEHEFARTAVAELY V0, max, RADIEH, RHEHEFDAKOAIE

(KE Y 72V VO, max, RO ONEL, WHEESAMERNIS IO MLy FILT =0T~
OENZBRE LT 1#E~2 B &) T2 BofES AfRE % h L > FI/L (Rhode NL Variant,
Holland) ZHWTIT -7, £ OB, PR A 5HTEEE (AE300 : X7 MERFE, HUL) L BiRsta
OHFHE O Lz, PR R AT 258 CTIXZRIFRS L OV v =0 7R OV0, & IE Uiz, Bk
DHFHCIE, BB L OT =0 7o DIEERIE LT, AR, SEBRR S EE A
fif & U, FIAAEHREE 2100 m/min, 1 29 Z & 1220 m/mindgN L, ABLT2%E Lz, BHBRE OIRE
W72 Y VO,peak %, JIERFICEIT HIRE Y2V VO, DR KIE & LTz, ik, REY7-0
VO,peak BERF OO E Lz, I RO EoRITO L@ E L, RIULKKEYZY
VO,maxty, “EORITO I B, (KEY7= Y V0,peakDED X 0 EWMEE AW, 72, ZEERLN
L, AW ES AR R C, EEAMRBREMATC 5 SHOLHEMEIT L EIfHonT
DA ORIME L LTz,

2. 1. 3 ERAGFEHRRZAV-AEL-YV0, EEE DHAKOATE
2 EHOEEES AR S 1| H~2 BEIC, Ly FIAZHWT, SH8RE OHRE, h
LD 6 O EFIEB AR AT ORHE L7z, Z OB, Wil EEh A R & (R



FRICIER AT A op A dkiE, Bk st AL O a2 LIKE 272 D Vo, &L EZRE L. EE s
X, BBRE T L ICHEER AT RBR TS S o DR, R DR D TRIRE 50 %0
T H[%HRR :% Heart rate reserve], H8E 65 %HRR, HIRE 80 %HRR IZFHY 35 L% % BAE
DL L, DRBUCKS LT EB AR 28 e, BB RE 2L 6 o EFAamD T
=T BTV, HHRETOAMABRERE 15 SHOREEZ IS AR08 5, KEEE, PR, &
FEDNATRIE U7 UE U7 a3, Bk RO a0 28 R EG 722 EAVE R CRHAED 525 T
HDHDITMENSERIN LT,

2. 2 #ERE

2. 2. 1 EFRMEIROMIESE

Astrand D N LAUE, /E 7T AT 18 mEH D 30 ik D BHMEERE O JERE T IS X Lo
IR E STV D. LIz o THEESCIEBIRE /) IZ X o TRARDIHER R, DHEEOHIE
EATH MEVENEL D, 2 2 CTHIEZT D 720IZAstrand 5D /€ 7 T AOLAENO Fe KAtk %,
25 M & F8E L, American College of Sports Medicine (ACSM) A KT A > XV, KK
DOFHinFHE X220 — Age [yr] 22D 195bpm & L7c. LRFRELAEUL, EEDS Y03 8E LTV DA D
JENEZE DAL B, 70 bpm & {RE L7-. Astrand S0/ 27 F ARITRAT 2. 08050E, 3
NN OPERE O TR U 7o i RO L e Rs D, A B R EE IR I F A U 72 Ddndsoe v
T, DT ERD D, KD NI TR G, ARGE L7z B R 195 bpm, &k LK
70bpm 726/ E 7T ARARAT D720 DA KTz

2. 2. 2 EREHILDOVO,HETE

ACSM HTA RT74 2 950D, ACSM 7 > =2 7 & MEEN 5 A3 E & A HIEEY 720
V0, % K ¥ % V0, [mL/(kg- min)] = (0.2 X Speed [m/min]) + (0.9 X Speed [m/min] X Grade) 7* 5-
Z BN TW5. HALL 5 02 L, ACSM 7 > = 7 iR SO K EE 13 O HEE & 7 WAk
ERIWEHRE SN TWD. £ 2 Tl ER) A GBI E BN FH L7 R E 2 VT, Bl
DHEE LIRS 72 D V0, 2 V0, ~2EHa L7z,

2. 2. 3 Astrand 5DVO,maxiEE/ I 5 LOEHKE
Astrand & DOVO,max#iiE /€27 F A HELNEE b &I/ " RIEEZ T, LK, Vo,
EEBET D 2 ESHEALEE, L FOADNRT L.



Male :
VO,max = hr x (0.020 + hr x 0.011) + VO, x (15.059 + V0, x —0.002)
+ V0, x hr x (=0.163 + V0, x 2.330 x 1075)
+ V0, x hr? x (4.785x 107™* + V0, X —7.704 x 107%) — 170.493
Female :
VO,max = hr x (—0.201 + hr x 0.011) + V0, x (16.737 + V0, » —0.002)
+ V0, x hr x (=0.173 + V0, x 2.484e — 5)
+ V0, x hr? x (4.785e — 4 + V0, X —7.704e — 8) — 169.588

V0,max: Maximum Oxygen Uptake [mL/min]
hr:Heart rate  [bpm]
V0,:0xygen Uptake [mL/min]

Z LT, X6 G672V 0,maxiTxt Ui EEh & Al B Eaiic #H L 72K E 2 VT, (K

Y72 D VO, max ~ZH L7~

2.

2. 4 FRELHYVO,maxMEEAE
EFEEHAWT, Astrand 5 DOVO,maxfii €/ €77 AMIEANZ E O OMEEEET D HiEE,

2T T T KRR OREN Z Astrand B DOVO,maxHEE ) TV T DU TITD D12 D iEE R
T AT, LFD 4 DT FIELIRETS.

1)

2)

HRmax-ACSM Method : 22t S 7= Astrand 5 DOVO,max & / 7 T AOKIC, BB
% 3 BN D 6 /9B E TIZEH L7280, #lid 2 & imiE B AT TIIE L7
B RO, RO Z VTSRO 72 B TR % HRR &, FHI L 72 R BB &
ACSM T > = 7 FRREREI VBNV, % AV CVo,max Z HEET 5. TEHEHEY, EF
EE) AR IR E LTBRE L O Ly FIVEEZ AWo, iR OHE, LR
s, W EE) A TR CHIE L7l a 2.

ACSM Method : 2L & 7= Astrand H DVO,maxHeiE / £ 27T DRI, EBBALEE 3 5 B
5 6 4y B E CICEHA L7 E s, FHAI L7 EREEE NS ACSM 7 v =27 FfE X
V5 HNTEV0, & -V TVOmax 2 HEE T 5. PR, & EE A MR ICRE LT
PE =L o Ly RIVEEA V.



3)

4)

2

Iz

Age-ACSM Method : 5=t & L7z Astrand & OVO,maxHe € / €7 7 L ORI, EBIBIMHE 3
3 A7 655 B E TIZEH L7220, #d 2 & W04 1 0 #EE L 72l D, 2
Rr O A IV CRO 72 IEB)TRE %HRR &, GHAIL 72 P EEEN D ACSM 7 0 = 7 52
KEVHFBNTV0, % FH N TVO,max & HEET 5. FRIERE L, & EBA BRI 3 E
LEBE Lo MLy RIVHEZ AV, ROk, Fim k0 #EE 9 25220 -
Age [yr] DR E W THERE O D b R OEEE HEE Uiz, ZRREDIAEE, R s 923
A LT D R DIEAL L RS B, PRI X &3 70 bpm & L7-.

HRmax-VO, Method : #3{L & #17= Astrand 5 DVO,maxHEE / €7 T L2 DOKIZ, EEEILEE 3
ST ADD 6 4y HE TICEHA L7224 0n 8, g 2 & i EE) A sl THIE L 72 ol
s, LEREDHAE A TR O 7 EBRE % HRR &, PR R ST dEE CRIE L 72 Fvo,
ZHWTVOmax & HEET 5. FRDHE, L0, WidEE) &l CllE L2 E
VT VOLIZENIZI T 2 & HE B A i iR TR AT A T & 2 A3 D7l 2 v
7.

. 3 HEEHAEAT
BHETE HIEO R IR O 515 TIT - 72, VO max DRIEM & AHEE H1EIC K D V0,max DHEEE
xtLC, TP REZE ¥ (MAPE: Mean Absolute Percentage Error) =SD, #HESfR%R, #HBEILRERICKT L

TD 95%IEHIXH TR Lie, £z, HEGRE, #EESIELERE L7V IRL D& 5 —JohlE i
oML & FEfite, SMARAEM D e < FRP & 2 ERITH L TR 7 = v —={ED L H 4 Fi
L7z, AEKAEET 5%AK0E Lz, 618, KHEESTEDOKE, B % MEES 2 729 I2 Bland-
Altman Plot % Fi\C, Bias & LOA (Limits of Agreement) %7~ L7-. fi##T> — /11X, Python (Python

Software Foundation, State of Delaware) % U 7=,

3

3.

. WER

1 BRISH1T 3 EHAFEHHROFE

HEE ST 1k, JEBTREE Z & 0 MAPE+SD % 7R L 7=(Table 1).

E e, MR TIE T EACHORIX & ARBIRREL, AHBHRECH LT o 95%(RIIXI 457 L1 (Fig. 2,

Table 2) .



Table 1 MAPE and SD associated with VO,max with respect to measured VO,max.

1) HRmax-ACSM  2) ACSM 3) Age-ACSM 4) HRmax-VO:

MAPE +SD [%] MAPE+SD [%] MAPE+SD [%] MAPE +SD [%]

Male 80%HRR(N=34) 6.68 + 4.75 20.87 + 11.91 .79 + 7.46 6.86 + 6.17
65%HRR(N=33) 7.13 £6.10 23.48 + 11.84 10.97 + 8.26 6.49 £5.31
50%HRR(N=27) 9.88 +8.14 23.70 + 11.49 11.78 + 7.84 6.97 £ 6.15
ALL(N=94) 7.75+ 6.49 22,60+ 11.84 10.41 +7.96 6.77 + 5.88

Female  80%HRR(N=28) 6.80 + 5.00 13.64 + 10.47 12.60 = 8.03 7.43 £5.76
65%HRR(N=25) 7.93 £ 6.18 14.74 + 12.42 14.18 + 10.90 6.51 £5.79
50%HRR(N=16) 9.95 + 8.63 14.08 = 11.35 12.98 + 9.61 10.03 +9.20
ALL(N=69) 7.94 £ 6.53 14.14 £ 11.42 13.26 +9.54 7.70 £ 6.86

1)HRmax-ACSM Method 2)ACSM Method
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o oS
iE‘ 70 iE‘ 70
‘E 60 : fé 60 o
o . o $
g 50 c g0 e e
o " ° o ° :
g 40 7% g 40 . S g )
® 30 P ° male @ 30 ° male
() - 5
s i * o female s e o female

205 20,

0 30 40 50 60 70 80 90 0 30 40 50 60 70 80 90
Estimated VOZma)I(\ﬁmI/kg/min) Estimated VO2max(ml/kg/min)

90 3)Age-ACSM Method 90 4)HRmax-VO2max Method
5 5
E 80 E 80
g o s
E 70 -7 E 70
é 60 é 60

- -

N - 2 - o~
3 50 B B 3 50
> PN > s
Bao| A i o
> PAIER ¢ E L
© 30 o o male 23 - < male
() o Prasts
s e o female s - e o female

) )

0 30 40 50 60 70 80 90 0 30 40 50 60 70 80 90
Estimated VO2max(mil/kg/min) Estimated VO2max(mil/kg/min)

Fig. 2 Relationship between measured and estimated by 1) HRmax-ACSM Method, 2) ACSM Method,
3) Age-ACSM Method and 4) HRmax-V0O, Method VO,max by male and female.

Table 2 Correlation coefficient and 95%CI associated with VO,max

with respect to measured VO,max.

Method R 95%Cl1

Male 1) HRmax-ACSM 0.80 0.72 ~0.87
ALL(N=94) 2) ACSM 0.33 0.14 ~0.50
3) Age-ACSM 0.64 0.50 ~0.75

4)HRmax-VO2 0.82 0.74 ~ 0.88

Female 1) HRmax-ACSM 0.76 0.64 ~ 0.84
ALL(N=69) 2) ACSM 0.50 0.30 ~ 0.66
3) Age-ACSM 0.65 0.48 ~0.76

4)HRmax-VO2 0.80 0.69 ~ 0.87



MO L DL uEE B IEORR LV, #ETE, EBREIC L5 RERITED S
Niehrote, £, EEWREIZ K D2 ERITED SR 72, HEEFEIZE L TUXFER IR
otz F T, BT EE S ELETlE LR, Bk, &ZPEHZ 1)HRmax-ACSM Method,
4)HRmax-V0, Method MLIAMZAHEENED vz, KL ESBET 5 1) HRmax-ACSM
Method , 3) Age-ACSM Method, 4) HRmax-V0, Method %, K /DHAEEZ ZE L 72\ 2)ACSM
Method LY &, HEEREEN L 2D LWV RERME LT,

WIZ, HEE 51T L 1Z Bland-Altman Plot THE & EHm 27~ 7.
1) HRmax-ACSM Method

B, Bias = 1.06 [mL/(kg'min)], LOA = -7.93~10.06 [mL/(kg'min)], %%, Bias = -0.70
[mL/(kg'min)], LOA = -9.11~7.72 [mL/(kg'min)] %7~ L 7= (Fig. 3).

Male Female
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< <
HE BE
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g E -~ L P EEEEEEEEEEEE
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[ L 2 bias=-0.70 : -
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GE10] o, o e GE q0f
g E LOA_lower=-7.93 % E g LOA_lower=-9.11
ag ag
© ©
-20 -20
-30 -30
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
Average of measured Average of measured
and estimated VO2max[ml/kg/min] and estimated VO2max[ml/kg/min]

Fig. 3 Bland-Altman plots to the agreement between measured and estimated by 1) HRmax-ACSM

Method VO,max by male and female.

2) ACSM Method
BT, Bias = -15.76 [mL/(kg'min)], LOA = -36.22~4.7 [mL/(kg'min)], Zc:Ci, Bias =-5.79
[mL/(kg'min)], LOA = -21.50~9.92 [mL/(kg'min)] %7~ L 7=(Fig. 4).



LOA_upper=9.92

LOA_upper=4.70

.
bias=-5.79 "

bias=-15.76
LOA_lower=-21.50

LOA_lower=-36.22

Fig. 4 Bland-Altman plots to the agreement between measured and estimated by 2) ACSM Method

VO,max by male and female.
3) Age-ACSM Method

B 1%, Bias = -1.89 [mL/(kg-min)], LOA = -16.50~12.73 [mL/(kg'min)], % 1£1X, Bias = -6.57
[mL/(kg-min)], LOA = -21.94~8.79 [mL/(kg-min)] % 7~ L 7= (Fig. 5).

OA_upper=12.73

-
bias=-1.89

bias=-6.57

LOA_lower=-16.50

LOA_lower=-21.94

Fig. 5 Bland-Altman plots to the agreement between measured and estimated by 3) Age-ACSM Method

V0,max by male and female.



4) HRmax-VO, Method
B EIL, Bias = -0.85 [mL/(kg'min)], LOA = -9.23~7.53 [mL/(kg'min)], 41X, Bias = -2.08
[mL/(kg'min)], LOA = -9.20~5.04 [mL/(kg'min)] % 7~ L 7= (Fig. 6).

Male Female

30 30

N
=]

20

-
=)
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

bias=-085 ., "4 ., % ¢ 1,
. s R .

v e e

LOA_lower=-9.23 LOA_lower=-9.20 *

Difference between measured
and estimated VO2max[ml/kg/min]
o

Ll

b

4

o

b

Difference between measured
and estimated VO2max[ml/kg/min]

[=]

20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
Average of measured Average of measured
and estimated VO2max[ml/kg/min] and estimated VO2max[ml/kg/min]

Fig. 6 Bland-Altman plots to the agreement between measured and estimated by 4) HRmax-V0,Method

VO,max by male and female.

4. BE

AT CrL, #4k LizAstrand 5 DOVO,maxli® / €77 A&\ 4 SDOHEE I5 1% L
U7, DL EEE D BV0,max DI ENRFRETH S = EMbinotz. £, Astrand S D
VO, max¥t i€ / &7 7 MTEEERE ITIRGFE T, AL HEEBET 5 2 L TV0max DHETE R E
NEETHZEnbhotz.

Fio, WERBROV I 77— 3 & U, WESAMREBRATCHIE Lo LR RO mE s,
TEE A AT BRI ST COMBRIENM% 15 DR Z XS AL Z LI L Tk,

4. 1 DIEFEEREDL BV0,maxDHEE I ATHE

U T T 7 A HEERE T T, v T T 7R TRHEITT & 0 & B E D S, Astrand
50T T AERNT, VO, maxZHEET D2 EMWRB I, AFZETIZI R Ly RIALTRE
L7, Az HWicled, Uo7 77 MR SN D GPS & o —I2 K2 Bl DfiZE
HEPHRES LTV, 5% GPS B — TRl L ERE OB L MGET DML ER’H L. L



7L, 1)HRmax-ACSM Method & 4)HRmax-VO, Method BIZ B At B AN R o722 &)
Hb, EHEZ AT ACSM 7 > =27 HREXD HHEE S HV0, DHEEFEE X, VO, maxHEEIZ
FHSREETHom VD, e, AETORMKIE LT, FHUEITICIRE Lz, FHIAEFTIC
FR7E L7-BEHIE, GPS B —IC X D@ S HHOREENEN-DTH S, GPS ORINLIL, Z{EHE &
Dlad L b 4O N TR L OIFBEZ TN ZNEHE L, 4 DORRED — I8 2 K EH ORI
AL L 72D, 2D, @ S M OEEITAKE M & D L BWMHMIC S 5. BIETIE, GPS
o=l CRIER BB EN TV DA VT ISR L H D JIEE UL, K
FEEIC L > TEEZRDTEY, B, ARO X 5 Z2FHMIIEEZRD 2BA1%, HER L.
512, AEIVO, DHEEICHE A L7z ACSM 7 > =27 HFRRAUCKH LT, BRBESH D a—R2k D
VO, DHEEREE DML R DT BIph- 2. EHAEITICH L TiE, ACSM 7 v =2 7 RRRITHE
MATHDHN, FAPLTRNEGEN D AR 2 — 25 LT, EEE & AR BV, 2 HET 5 HED
SBBREAT D2HERS D,

4. 2 Astrand 5DVO,maxETE/ €Y 5 LILBEBRECKELZ L

DS & R I IT R BIBR N B D Z ENBEZ < HE SN TV D, EEE, VES T AICH DD
HIEOFPH L BME 122~170bpm, £ 120~172bpm T - 72, ZH5H DL, SR O0HIEK 190
bpm, ZZEFRELAEL 70 bpm & ABE L7254 I TEE R 48% HRR~70%HRR (H%) , 42%HRR~
85%HRR (ZctE) ITHI249 5. 7=, Astrand B NE TR FIEEREO LNV, & 1EIFEHRIIIC
BT 2528 2IELT /TS T LEEKR LTS T20, HEEEE 50%HRR~80%HRR PN T il
THEE B BT A DTERN RV RM S b L EZ HND.
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ARWFFECTHT HIiz, Astrand B DOVO,maxHEE /€7 T MMEN T & ORI EEET D
Z & T, JIE L7eV0maxiZ KV L VWMEA R EAREE Y OFER L o7, BRNIZBWTE, Bk
e HIZ 1)HRmax-ACSM Method 23 4 DOHEEFIEDOHF TC—F L WER L o7, EFEOU T
TN A AT DEEE OB Y — 2 TE XA, BERROHROBER, BiEROZ
& THIE TE DI2DEEERE L ZFHFELIEZRE LAAR LTV, LA, &R LHEORIE
ZIE, RREE TOEBMPBLEL R0, WENELNZLRHIT NS, £DD, KR
WD DB RO NIZET T, Flnh b i KO E HEE T 5220 — Age [yr] DR & H W 72 Age-
ACSM Method Z#iFE L7=. L2>L, 3)Age-ACSM Method Ti&, HIE L 7=k KOHE & MRbi | 2 e
T2 NITHE L TUEVO, max B E DO RRZED K E WK & 72 o Tz, JIIE U 72 e KD A S iR >
HHEET 5220 — Age[yr] DR L BENL TV D ADIRK O—2IZ, EE)RER, BEAEEL WD &



WHITND 1D B ROABEHEE T 5 720, Fl7 0 T <, EENRRER, BIE Ak Lz
BT e DR PLE L 72D,

o, VT ISR E W R R OB EHET 5 T BE T 20 E N HH. —oHIT
UIT TN THBILTH 2D b L—= 0 ZRMRAT L, EEE & DO R E D D iR
W AEHET D2 HIETH D, ZOHELFwmI GHEE ST DRI Y @ NSk LT
KV FENEROIABROHEEEZ R TE D ARERH D, L LKW A3 U IR REE £ ¢
DOFEE T > 72 OHENEE L < g KIRE £ TOEB TH o120k VT 7 7S EAFICA
HELTHLHEIMERHDL. OBIX, VT 77 /U Tl KRE £ TCOMERN T X h 2245
ZEThD. vET T NAEESENEC, BEAAEE N T 0T AsneT A ME— Nt
L, 7A N OERE, DM EMITT 5. 7 7 7 Ve B DN EB BRI OV TVt 7 <
720 e WD MR e KD e L CTHEE T 5. 2 OFIEICB W T, I KAfM £ COES % E
Wid™ 2% 7=, Wi A AR A W TR E Y 72 0 VO max il E & FEED Y A7 36 %

RROHBOHEERELH T 52 LT, Z< DALV REMISEVVES L TREETE 5729
IO DHEESBBRT DHEND D,

4. 4 BERBOYIT—3v

Table 3 12T, PERIZ &ICHIEET A MTFRERAT, S0%HRR JEB)5HRIE 0 & ¥ B A i R AT FHl
U T RN 2285 O 5 Sy O DA%, VO, D I & FEHE(R 7, 65%HRR, 80%3 E B 7 L o i 7 1 & £
T s BR AN HE U T2 FEALZEER R D 1 3 O 008 & VO, D EIE L AR AR 7= 2 R Uiz, i iEE) &
iakBR 1 [E1H, 2 [81H, 50%HRR O AL Z R OO, VO ICABEZEITR ONT, kD 03t

=

Table 3 Mean and SD of the resting heart rate before the each tests.

Heart Rate [bpm] VO2[mlkg/min]

Protocol N Mean + SD Mean =+ SD

Male VO2max Ist(5Smin rest) 35 72.83 + 10.96 4.62+1.14
VO2max 2nd(5min rest) 35 71.21 £10.54 4.82+0.92
50%HRR(5min rest) 27 67.58 £ 11.81 4.59 +£0.83
65%HRR(1min rest) 33 80.90 + 14.43 5.96 £ 1.57
80%HRR(1min rest) 34 85.75 £ 15.69 6.38 +2.05

Female VO2max 1st(Smin rest) 28 72.48 £ 12.65 4.86 = 0.60
VO2max 2nd(5min rest) 28 71.81 £ 11.17 4.82 +0.57
50%HRR(5min rest) 16 69.44 + 10.48 4.69 + 0.66
65%HRR(1min rest) 25 78.69 £ 19.26 5.56+5.76
80%HRR(1min rest) 28 84.35 +18.00 5.74 £ 6.90



TV DR DLZERRELAEL 70 bpm (ZUTVME & 72 o 72, ABFFECIE, Wi EEh AR RBRATICFHE L
72 5 Sy DPEGL 22§ O DA BUT 61T 2 Bl & Z2 e DB & LT W2, Zii D o0
YEIE, B 59.33+7.40 bopm (N =35) , & 60.29+8.96 bpm (N=28) T& ¥, Table3 TR L7
WEEE AR 1 BH, 2 [\ B OREHREOFEDIAF L D BARWE L 72 o 7o, RO
VO, max € OFEEIZ -2 55 80E, FRICARSRES 7 ©, @IRE CITEEN hEWEB X b5,
B2, B ROHE2 180 bpm, iﬁﬁbm@ﬁmmn®w%%kmkum@1wmm,iﬁﬁbmﬁ
60 bpm DOHERE DY, EENRE Z & 0.0 H1%% Karvonen 575 HR OIS 5. 22§k Ra O
75 70 bpm DR TIE, 50%HRR 125 bpm, 65%HRR 141.5 bpm, 80%HRR 158 bpm & 72 5. 22
DAY 60 bpm DOHEERE TIE, 50%HRR 120 bpm, 65%HRR 138 bpm, 80%HRR 156 bpm & 720, &
BREEDIZ D MEIRE LV ENRRKE N DN 5.

F 7o, EFEETAMRERCIL, SRERBREM% 15 0 OREE & 57223, Table3 TREIN TN D
£ 912, 65%HRR HEBE TR I E R AT, 80%HRR G EhFR I E #BR AT O L%, VO, 1% 5S0%HRR i
Bl R ERBRAT O A L I L THBEENRA LN, 2O b b, 15 5 ORERE XL H
REERTICETIZIEE = e B b,

VO, max#E EMEDOFF oW OFE R, HEEREIZ L DABEN R No 722 b b, Wi EE) &
ABRATCHIE Lo i DB &, 8 7B AT BRI 45 58 B C O RBR Mtk DIRERFRI S 15
Chol E ﬁiVozmax?Ei*%fELcjt% BB EHZ ol EEZLND. L L, AH%IZZ
NHOZ &b+ L ThHRBRICER A 720

. T
ARFFEIL, Astrand 5 DOVO,max#iE /) €7 T LMD E LB T 5551k L, Astrand 5 D
VO,max#eiE /€77 2k V2T T NMKEER~EAT 10O FED 2 2EBRE L. EORE,
YT 5T AR CENT & B EB) o0 D & AEEEE ) B AL L7z Astrand 5 OVO,max
JET T LMD Z L TVO,maxDHEENFRETH D Z L3RS LTz, Frig, AT L Dk
R EBET HH e E 7AW D Z & T, X0 EEICEVEAHEE TX 5 2 L AVR
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Development of the Thin Digital Watch (S690) for Running
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ABSTRACT
We have developed a thin digital running watch. Set 4 points to improve basic performance. (1) Wearability (2)
Easy to see (3) Long-term use (4) Easy to use. The product was realized by developing elements such as the size and
thinness of the movement, display, button layout, and power supply. Then, through hearings with runners, we worked

to improve the usability of the product.

1. IL®IZ

200 7THHRORE~ 7 Y ANRESNLTTR~ T Y OEA. FRBURR E2E~T Y~
DFEL. EFEMIC LDk D~T Y i, — KT FT—mb v VT AT F—%T, w7V
VNITIHBIEWE O — =R N5, T = TREOFFRENS —EDT = 7 Ay T il
DR S TN D.

Table 1 Super runners product history.

2. PR oin f o0
lodel Year Main functions
A a—vdy TSI, SFFER

_ _ . . S640 1995 1stModel, Target time
NI YT TP AR =Y T VS $650 2001 Thin running watch
iRk & T AUE CBI%E L C X /-(Table 1). #%8 | S750 | 2007 Solar Radio Runner
S601 2010 Runners for women
H f . PLHIN T D >
PDIARE 722 5650. 2011 FF RO $670 2011 Sensor, distance
Y o9 S670Y, BHAHEAED Y —F S602 2011  Runners for women
ER S680. 2016 FEFLRKEDYT vy S680 2011  Solar charging
> S611 2014 Large screen runners watch
¥ —_— kS5 S N <
MERHDA~—1KF v 786207, /IS A X S620 2015 Marathon mat measurement
? S601, S602 %% FHiL TX7-. S690 2018  Solar charge Ultra—thin DQ



3. RGAmE
AT = 7y A F S690 (Fig. 1) D B A H) 12 &
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CHENREIOFEREZ BIE LT,
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(1) &5 (2) RE&
(3) RHWIMOMEH  (4) e .
PHERLHBNT T~ T Y 7 EE T
BAFEIC IV THEW ST BICB 7.
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4. BRBAZE
(1) %%
BFEICHT=Y, Fmb A XD b, BrimEso BRI IcE
L, HAEEOBWRFH A XOFEREZ AR L. BRA——7
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A ZDFEAIT DOV TIE, HFEMEICELE L 72 iidh /S L KR i FE
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(Y 516) OEEFF A X% 40 mm (2 ® 7= (Fig. 2, 3).
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Fig. 1 Super runners S690.

Fig. 2 S690 Y direction dimension.
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WEMEEE ESE28FE LT, Rato@AULIFARC T v =0 7 U4y FIZBWUIATH
L. FHETG =R E~DET Y U TIZBNT S, BRI W BICKRETH D Z Lm0
Sl RBRICEBWTE, BRA—AS—F 0 F—XElx HEL, 3 OBRBEHRZHEA L.
(a) AR L L AfEE  (b) A% (o) Film Y —F A 3EHETHD.

(a) AR L L A M &1, AMEOEEMHEE & U CHBICERREEZITo72 DT, A—T A
N EANVE DI 2 (R & TR0 7t Ch 5. Mg & LT, A—T A MEZIT D56
MU BE MR, b—T A MRTH &R/ SRV EFEIIC BT 5 2 LT, ST
IR L CREL 72D & 2 A XM Lo T 5. BEFRLE OEAAT 10.86 mm Th o723, AA
WA L7 S690 Tl 8.52 mm & CTHEANULN XL 7=(Fig. 4, 5).
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Fig. 4 Existing structure. Fig. 5 S690 Mikaeshi-less structure.

(b) A SEEE L 1%, @HT U Z A ORK T 0y 713, BEANCERARE LGS SR H
2 IC (BERERIE) ZEET 2008 —RATH LA, EHEMNEM & IC 2 FIEE S H 7= KEH
RETH 2. Bl A A0 IC DFEEmBE, RFEOLA T U MNE, BEOLAT U MRGHEEER
VHERL T 273, F18 & & 5D oA ER O BGEIRI b ONZ AR ELBR O G5 BE & @b T
[ S35 % T S H 72 (Fig. 6, 7, 8)

Fig. 6 Circuit appearance. Fig. 7 Circuit block drawing. Fig. 8 Cross-sectional structure.



(e)Film ¥ — 7. SEIOBRFICIBWTIE, HEbAHE LIED D7 Film Y — 7 BREZ AL

— AN T 2 NVREFHEIE IS ORAR T Y — F /3R T 7 A FISdEE=E 100% T O %
AHEIC LA 7 U M &AT 9. AL DT D Film ¥ — 7 Th % . E
M AV T A Y —F LHEEL, ZTORINYBH |
DERThH o7 VY — T )V EIROREO A E DM IE(L
W&, AMloEYLI RV EHILIZ L S BTy
— 7 NFR)ViERE B B ORKIRER L, BN RN R,
AT ABRRITE TR T T 2030 7 AT WA~ Loz
ANTZEDRI A0 % L0 A=< &=, (Fig. 9)

Fig. 9 Horizontal striped glass printing.

(2) REE

Ty T UE Yy FITBNC, FRORS S TRAEOEVBEFOR CREEE THDH. A—3
=TT =RE, FI T4 v I XFIEET Yy MITF 2B O 3BEFETREEALLTNT, =
— =7V TIZBNTHEZORRLAT U MIECTH o7z, 3BRFREHHRIC, VYA
ADRBEIZE Y, BEFEO Y —7 FeEidn %%&Tii#%X%LzﬁkﬂMLkmgwyi
TSRS FOVERR A TR L, ETFBEZORIFERTRLEINTE S L5 , HEERRICHLT
L7%@$ﬁk@M%£ﬁé&,ﬁ%ﬁw%ﬁﬂxwmﬁiftmgan

Fig. 11 LCD dual display mode. Fig. 12 LCD common drawing.



(3) RHIROMEH

HHET DA A a—TC, BMKHBODLTLb LENETF LN, BHZHROZ A 2
VIWBNEZDLA I T EDOBER b 0T HREMIN L BRI YR~ —
N TDT =07 udyFIE, —REMEEA LTS, AT, Y—FRELEHTD
L TRMMoENEZRREL L, Y — T SRV BKROIEDRON LA MY BN R R
7o, RTERLERO A T AHIRNEGIC X 57 A LMo L2 Ko7, Bilmicy—7 L~re=X
HRE D L7z, — R U T2 A MY — T DRI L~V % 10 BRI R T HHRET, xR
BB 5 Y — 7% ESVREEICONDEETH H. BICEMERRF RS, BT A 200
H7e BT 10 BEFEOBIER R LV R EHREORE 2 LiF7-.

(4) &

YA a—DF o F—ATF v FIE, AT My FTHORY U ESHKE LTS, FET
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D ERbrole. BROZA—/R—=F 7 =%, |EAEARE LIzT7my MRZ VST
BT, AR D S690 1LHEAULD % Z OMmEHEE N H TEJ, Fig 13WmEMO LS I127
o NN 2R T TG L LIRS O 2 o7z, Zu s bARZ ORI, Tr=r
TEEDT T4 REEICH Y, TiofELEASDETT7ay MRZ COMKERS TRL, RO
LTHYRPEZNETERRRT 74 2 FEIERFIRER 7 v hARZ 2RI LTz, Ny T4
MZOWTIE, BEE A LED 28 L7, Bl2W G CH AT 03000, REOTr =0 7728 1cb
TS DW L SV R E - THRARME D LSRR 72, TA RS OBAEIZR S Tldred &y 7 Bk
ETDILET, Vo BIOEEME EIZERBRL CUWD(Fig. 14). 2o 7R 77 A v o lnl ARk L, JEET
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Fig. 13 Front button. Fig. 14 Tap backlight.



5. ¥¢&8
=TT =T )7k, BRI RA
NEED, HEME, RES S, HORTAn LS ERAR—
7 AR—=Y T VB VIR FEBL T & 72 (Fig. 15).

(D) ZE35ME « BTy X, S5 AR I
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Fig. 15 Super runners S690 (dual display).
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Fig. 2. Cross-sectional view of the movement
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Fig. 3. The configuration of GPS solar watch
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TECHNICAL LECTURE

Isochronism (1): As a Keyword of Japanese Mechanical Horology

Shoichiro KOMAKI

Former General Manager of R&D Department, Seiko Instruments Inc., Japan
Preface

This paper is an English version of the first technical lecture that has been serialized four times' since 2000 in the
Journal of the Horological Institute of Japan. Twenty years after the original publication, the reason why I created the English
version is to tell the world that the attitude toward "isochronism" shows the uniqueness of Japanese watch engineers. I think
that the reason why they emphasized "isochronism" in the theory of mechanical watches is that "isochronism" has evolved
independently in Japan and has achieved good results. And, through all four technical lectures, I would like to convey what

kind of content is being educated to engineers and further applied to precision adjustment by watchmakers.

AFIE, AARRFIFAREET 2000 025 4 [HHEH SNBSS 0% | M2 RGN E LTHEITT 5 b0 ThH
S, AU TFADIITING, 20 FEERRT, BPHBREERL L7cEmc e LT, TR 18T 2880 H AR
DORFFHEHIH DL =—2 SZRT LD LMFIMEZ D120 ThH D, 5SRO TH TR
ZEEGR LA L LT, TR AAARTHAICELL, BRE LT TEENLELTITBZ LTS, ZL
T, R4 ROHAGFERLE LT, FAUXED XD RREDEHTE ~FE SN, S HIC, REHE K2 RERHREIG
HAESNTVWLDNZ B TVER.

Abstract

In this chapter 1, the fundamental equation of vibration for the free damped case and its power consumption are described.
The consumption power of the balance-spring system should be regarded as the solid friction resistance of the pivot of the
balance staff and the viscous resistance of balance-wheel rotating in the air. Moreover, the relationship between the Q value
which represents the goodness of the vibration system and the frequency of vibration, effect of high vibration frequency and
the improvement of wearing accuracy are described. In chapter 2 in the next book, basic theory of isochronism, the nonlinearity
portion of hairspring action. In chapter 3, explanation of isochronism of horizontal positions, mainly based from the outer end
fixation of hairspring. In chapter 4, explanation of the isochronism of vertical positions based on the unbalance moment of
inertia of balance-wheel and the inner terminal fixation of hairspring. Weighing method of middle place of hairspring is

explained here.
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1. Characteristics of the balance-spring system

Since the balance-spring system is a speed regulator for the watch, the constant vibration period is the main
purpose and the main characteristic. Especially the isochronism that means mainly the relations with amplitude of
the balance-spring system and vibration period is the main problem for explanation here, but first, we overview

the various characteristics of the vibration system. The various characteristics are listed below.

1) Expressions of the Vibration Patterns and their Equations

2) Energy for continuing the Vibration and Relationship between the Mainspring Torque and the

Amplitude
3) Influence of the Disturbance Elements on the Vibration Period of the Vibration System

Here is described these characteristics.

1.1 Equation of Vibration

When the balance-spring system is free-damped vibrated, it’s equation of vibration is expressed as follows.

Id29+Fd0+K9+R—0 €))
dt? dt -0

When ¢ = 0, the amplitude 8 = A4, the initial velocity j—f =0.
Here,

moment of inertia of the balance-wheel,
viscous friction resistance,

spring constant of hairspring,

oA TOE

solid friction resistance.

By rewriting equation (1) and using the parameters yu, w, and 7,

dZ9+2 d9+ 20+r)=0 2
gz Pang tw (@£ =0, 2)



_ F K _ R
k=210 @ =17 "TTk
By solving this, (3), (4) are obtained,
0+ 7 =0pe * cos(wt — §), 3)
w = wOZ - ﬂZ’ (4)

. g de I .
where the plural sign + takes + when P 0, and takes — when rrite 0. Then two vibrations are continuous when
do

E:O.

de
When —

. . de . . Lo
Fri 0 at which the sign of 3 reverses, that is, when 6 takes a local maximum value (as 4o in Fig. 1)

or a local minimum value (4; in Fig. 1), the center of vibration is deviated from the true center by r. This is

illustrated in Fig. 1.

Amplitude 6

Fig.1 Free damped vibration of the balance-spring system.

Then, when the amplitude 4 = 6 + r becomes smaller than , the vibration stops.
Let’s see what this vibration equation looks like in actual watch dimensions.

When 6 takes a positive local and maximal value at £ =0 (4o point in the case of Fig. 1), it becomes

atr=0.

de
E_O



And starts % 0 at £ =0, the plural sign becomes —. Then equation comes as
0 = (Ay —r)e Mt (5)
Therefore, the angular velocity is expressed as (6),

do wg? e
= _T(A0 —r)e # sin wt. (6)

Next, the first negative maximum value 4; becomes (7).

As] = 7 = (14| - e ™o, %)

Assuming that only the viscous friction acts on the balance staff, using the damping ratio (8) for each half of

vibration,

gla

ut
M 2 )

v=e"w=¢ (8)

equation (7) becomes equation (9). (Hereinafter, half of vibration is expressed as one vibration, according to a

custom saying of the watch terminology.)
1
41| =1 —— (4] = 7). 9

Also finding the relationship between | Ay | and the amplitude | Ay~ | after n vibrations, (10) is obtained.

AA = |Ay| — |Aysnl = alAy| + b, (10)
where
1
a=1- ot (1D
1+v/1
b—rl_v(v—n—l). (12)



Decrease of the swing angle, A4 after n vibrations is obtained. This actual mode is shown in Fig. 2. Then from

Fig. 2, the values of the equation of vibration are shown in Table 1.

30° T
[=1200 mg-mm?

20°

Horizontal Position

*  Vertical Position
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200° 3007
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Fig. 2 shows the actual free damped vibration

using the 10-vibration men’s watch.
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(30%)
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Power of barrel
by escapement
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Consumption

by gear train
(15%)

of the

Fig. 3 Breakdown energy

consumption of the mechanical watch.

Table 1 An actual sample of data for a gent’s watch of 10 vibrations.

Horizontal position Vertical position

a 0.068 0.068

b 0.8° 5.4°

1 0.035s" 0.035 5"

r 0.00036 rad 0.00024 rad
84.1 mg: mm?*s 84.1 mg-mm?/s

R 0 2.835x10° mg-mm?/s*

1.2 Power Consumption of the Balance-Spring system

The energy given by the mainspring is lost through the motion of gear train, the escapement and the balance-

spring system. Regarding the gear train and the escapement, their efficiencies 71, 7, were estimated theoretically

and experimentally, then the output of the barrel is consumed as the rate of Fig. 3. Consider the energy consumption

of the balance-spring system here. Since the balance-spring system vibrates as in equation (2), the energy of the



balance-spring system is consumed by
1) the solid friction at the pivot of balance-wheel,
2) the viscous friction due to the air resistance of vibrating balance-wheel, and which becomes finally the
frictional heat.
From (2), the swing angle loss A4 per a period is:

AA = uTA + 4r. (13)

Moreover, since the holding energy of the balance-spring system can be expressed as £ = %K A?, substitute

this equation (13) into next differential equation AE= KAAA and we get the equation (14).
AE = KA(UTA + 4r). (14)
Substitute y, r, ? as follows,

'uzﬂ‘ woz

then we get the equation (15), the power consumption of balance-spring system.

2m?F

AE =

A% + 4RA. (15)

Therefore, the energy consumption per hour, that is, the power consumption P

p _AE _ 21'[2FA2+4RA (16)
R T

Here parameters mean, as

viscous friction resistance coefficient,
solid friction resistance,

vibration period of the balance-spring system,

e B R >

swing angle of the balance-spring system.



The first term of (16) equation is that of power consumption by the viscose friction at surface of balance-wheel.
It is proportional to the square of amplitude. The second term is that of power consumption at the pivot of balance-
wheel. It is proportional the amplitude of balance.

The balance-spring system of 10 vibrations shows in Fig. 2 is used to calculate the power consumption at the

amplitude of 240° and the vertical position, is estimated as follows,
T=02s,A4= 21'[% rad, F = 84.1 mg-mm?s, R = 2.85x10° mg' mm?/s’.
Then, the power consumption at the amplitude of 240° was estimated about
Viscous friction term = ZTT[#AZZ 7.28x107 W, solid friction term = g A=239x107 W.

It was found that 75% of energy the balance-spring system is consumed by the viscous resistance and the air
resistance around the balance-wheel and the remaining 25% is consumed by the solid frictional resistance at the
pivots of the balance-wheel.

The total power consumption of the balance-spring system above is about 1 uW, which shows that it is almost
the same power consumption with the crystal oscillator of the quartz watch which was about 0.1 to 0.5 uW in the
years around 1970.

The fact that such a system had been manufactured 100 years ago shows that the watch system is well advanced

in terms of power reduction technologies compared to others.
1.3 Q Value and Vibration Number (1/2 of frequency)

The Q value of the quality of the vibration system is defined in equation (17):

=2 E 17
Q=2m N
Where E: the holding energy of the balance-spring system

AE : the energy consumption per period
Furthermore, pay attention to £ = 1/2 KA? and substitute (14) into (17).

Then it can be expressed as (18).



_ _ mA _ i
"M T yTA+4r T TF 4R
vik T Kk

When F and R are obtained experimentally, the Q value can be calculated.

Q

(18)

In the Calculation of the Q values for the balance-spring system of Fig. 2 and Table 1, Q values of 448 in the
horizontal position and 337 in the vertical position were obtained.

In the mechanical watch, the Q value is generally not so large, like these empirically Q of women’s watch is 50
to 250 and men's watch is 150 to 400.

Since the balance-spring system of Table 1 has 10 vibrations per second, higher vibration is very effective to
realize a more precise speed regulator. Here, the influence of the vibration number on the Q value is discussed.

The relationship between the Q value and the vibration number is as follows.

When R =0 in the equation (18), the Q value becomes as follows.

VIK  mlf
C=—F=7F" (19)

here
I The moment of inertia of the balance-wheel.
F:  The viscosity coefficient, this is determined by size and shape of the balance-wheel.
f vibration number.

Accordingly, with a similar size of the balance-spring system, the Q value increases with the vibration number,
but to do so is not so easy for the watch design.

Normally the size of the barrel is almost determined by the size of the base plate. From this, the output power
of the barrel, i.e. the power that can be supplied to the balance-spring system is determined. Therefore, when the
vibration number of the balance-spring system is increased, for example, from 5 to 10 vibrations, the power is
required 4 times to maintain the same amplitude under the same condition. To this end, the size of the balance-
wheel must be reduced to 1/4.

Therefore, if the vibration number is raised from this relationship, it is not always possible to raise the Q value.
However, there is a design margin to increase the spring torque. In other words, since there is a margin to increase
the power consumption, by increasing the vibration number, then the Q value can be finally increased.

In the last 20 years such a design margin has been achieved by improving the mainspring material, gear train

and the escapement, etc. and this is the result of improving the integrated technologies.

1.4 Benefits of higher vibration



The benefit of higher vibration includes not only improves Q value which follows the better temperature
property and positional errors improvements, but also improves the accuracy of the watch while wearing the watch.
It is effective to raise the frequency from the viewpoint of wearing accuracy when wearing. The outer spectrum
energy of disturbances when wearing is concentrated in rather low frequency area.

Then higher the frequency of balance-hairspring system, smaller the result of influences on the step of watch
going, simply the response of low-pass filter. When the base plate vibrates slowly, the balance-spring system can
follow to the disturbance, but it cannot follow to the disturbances of higher frequency than its own resonance
frequency. That is, the gain or loss of the watch is disturbed. This characteristic is a response characteristic of a
simple low-pass filter. In this respect, the higher the frequency, the more the actual wearing accuracy in actual
watch design. As a concrete example, as a result of increasing the frequency from 2.5 Hz to 5 Hz, the Q value
increased by more than 1.5 times (1980 result).

For many years, the vibration number of watches has been 5 to 6, but in recent years luxury men's watches have
adopted 8 vibrations or more. Nevertheless the Q value was improved only by 20 to 30% as compared with case
of 5 to 6 vibrations, under the actual design point of view, the author feels that the overall design level has been

improved greatly in the past twenty years.

Acknowledgments: I would like to express the deepest appreciation to Mr. Ryuzo Okamoto for valuable efforts

in translating into English.
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