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Abstract

Bicycles have been recognized for their advantages such as low environmental impact, health improvement, and maintenance
of transportation function in times of disaster, and demand for bicycles is increasing as social conditions change. The pedaling
of a conventional bicycle nowadays turns a crank to rotate the front gear, which is transmitted to the rear gear by a chain, and
turns the rear axle to rotate the rear wheel. Since bicycles require human power to pedal, a structure that allows bicycles to be
pedaled with a low load has been considered so that more people can easily use bicycles. This study developed a new bicycle
power transmission system that enables bicycles to be pedaled with a low load without using gearbox or external power such
as motor. In order to verify the effectiveness of the newly developed bicycle power transmission device, a prototype bicycle
with the proposed device was fabricated and tested. Participants quantitatively evaluated the physical load with and without
the device by pedaling the bicycle. The experimental results showed that the developed bicycle power transmission device
can reduce the physical load.

Keywords : Bicycle power transmission device, Musculoskeletal model, Lower limb
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D HERE A2 ERBINEITENTEH BV, BE3E L72EEOA I L 2 F KR AT 2 EBANCEHE L. R AT
DOFHETIX, KEDH (KB, 1999) 128 - TIRESNTWAIEHIHC i OME/ER A EET 52 0T
D BRET NV ERWTZMT 21TV, TRICIFEET 2N RE L TS ERD T, HikEiT-77.

2. BEGHEAPHEEREDRSE

HEZHOINBREICB W T, AT L— b EHNT L— k& DORICHxR T 22550 5 2 L TF Y
TEWEDEEIE— RRE(LT D5 ENELOND. ZFZTAIZETIE, AT L—FEH 7L — k& DORICHE
PERZRRT, ANHAMICIRNAZH LA EE 2572 B3 Lz, ABFZE CIRE T o miEEE I, K 1I1TR
TEIE, 2T, —xtDr T T —h AT L—, BT L— b, AT vl y MBS KOG &
fif 2TV D. BRI L D o MERE2ER L, TOMOEMITEEIM TS Tnb., 77077 —
LE, 7T OB o T, AT L— MIEFEIIERD ANESRE/ L TWD. AT
FL—NIZ TN G MV BATIEN, B — M, ATEE (Input side) & xFmd 5 L O ITELE S
7= )78 ((Output side) 2 /5 L T\ 5. 7 L— NI, iFIcis W T A7 L— FOflFICEE SIS, )
T L— MX, ADNT L— MK L CTHXREESATEE/effiE & 7> Cnd. A7 el y MY, A7 b— MTE £
FHNTWD., BPERHIL, ANZEEB X O AEBICINAE SN TWS, MM, AT L— 7L
— h EEFPERISERE LTV D, AR TIEZoED Z L2 2 3 L LS.

OB X AUE, 7T 7RI AT ST AT) MV ISA I L — M BRES L, AT L— R3E
L, A7 L— AT L— bk EDHEREERT . A7 L— I L— b EFEXIEEET D &, AT
22 LR LTl o TINA S-S B I ERE S 5. 2L T, AN ML IS B b, Bk
W OETINC L > TAS bV 7 24D .

BERHOD 7 T 2 7 1 3FVNER T DA B A [BlfE MV 7 \CE T 2 ECH D, 77 07 OAFEED 90
FERT T HIUT AL B FIA BT E TR X < [Blfis ML 7 (CEB S BEREOHEES) L 72D, — %07 BREhih
A7 BEREIZE W T, EAEA(0 E), FAEA(180 FE)HT CTld & M AaA Il EIFZN R & < [ElfE h v 212

(0]

Crank arm :

¢135 mm

Detail A

\ Before compression of spring After compression of spring /

Fig.1 Power transmission device proposed in this study. It is equipped with a crank axis, a pair of crank arms, an input plate, an
output plate, a sprocket and a spring. The output plate can rotate relative to the input plate, which allows energy to be temporarily
stored in the spring.
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B S, ZIUIR 2 1R T X 918, BEAMHEORZ Y v ZEMETIE, BodEeb il L72RRED B ERE
R S TRI NV EBEAA LIRS, BH RS D AT EMNEE A EZ HHTLUEY, EHRRSICEH
S ADNFEEZNTOENRZNTZOTH S, Fiz, THRAMTICRZ NV ERIESEHI2o0, I NVEREBIAALT
LR A~OREPEIML, Ber LJHHHA~OATMEBD LT LE D L3RI, (& A CBIMBRE LIRRE &
2572, AR ~OWEEIRZ D Z ENHEL L, BEELE A~ AT S s g UBRENfR OBREN /) HAK T
T5.

AREREEE A WD Z L2k o T, Bl 72 BRENE & 2 % 7o B OMER 2T 5. £9° EA
FHITIZERBNT, ARERENEEE CIXARID B O AR E % 52 1 CHIYEROERE 217V 7208 & BREN /) % BEEhfin | S {sE T
%, ZOEAMERITEMAEOIND S 0~45 EOMEK TEL LTRALTEBY, WHAZEHK L TWARD A7 1
oy MEZ 7 27 OEEAZ EIFEHE L7220V, (XROEMES D=L FXF—NERBINDS. RIS TRRAMEIZBN
T, EHASORRAIEENZ 1214, ~_Z VRS DI TRA IZE FFTR~O AT E3 > LT
LED. UL UARBEERERE 2 2 2351, AJIWEN DT 5 & HEARE B i T 5720, BREhEERE )
SERENRICASIES LD L7 BRSNS, TS X o T, 1TRDEHES DT 3L X —)3 i CERE) /12 25 X
DT LITXY, FRRERENIFARICRB W TS V7 WIEDR WA LY IRV Ly THERFEAZEITIE 5
ZLENTED. Fi, WHEEREMRET D EICE o TRICH L TR AL D, Zhuc kv, wEdR» o215
FONZHEHTT 2 X O I AMBEETRD 5 BIZEAFAICHIREAE ) L3452 8T, ARKDRGLe_FY
TEMEEITO 2L BB TH N TE D, AEETIE, RIS I MM 3.57 Nm/deg D =2 A LiEaz

hip knee
ankle

270 90 270

180

(@) Crankangle 0 degree

hip

(c) Crank angle 90 degree (d) Crank angle 180 degree
Fig.2 Relationship between crank angle and compression state of spring with riding posture. Around O degrees, the device
transmits the driving force to the drive wheels while receiving the input load and compressing the spring. The compression
process occurs mainly in the 0~45 degree range where low loads are applied, and the bicycle does not progress as much as the
rotation of the crank while compressing the elastic body. However, since the energy equivalent to pre-compression is converted
into driving force with a delay, when the maximum driving force is generated, the bicycle can be propelled with lower torque
than a bicycle without a damper structure.
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AL, BIEIZTE A2 S WEREHAT A HIRIEENEE X O H 0, REEOHE FRA TV AE
WZHIBRD 8 2728, FERIRCTORK M7 DL EZ MR TE D LD ICAWEZRE LTz, ARZEE T3 L 5 =
AMFREZHERA L CWA720, Zo o BRENREW &0, BRIFBILIVINENWZ L, B AT U U AN
TRETdH D Z & ROIREIRIFMEN /RN L 72 EORFBZ A LT\ 5.

3. WERETILEZAVETEREHEZER L -FEAE

— XN AN OTEBIEATICIX, WIERY 72T A2 HWT, SREEICERT 2 1B KO MLy o 2408 L7I2iHm )
1Tt Tns. LaL, NIBENEEZ%IT 52X, M6 0BERGEFICE D HAAME< Z &z X v B
NBLO MY 2HE T EE5720, BEEICERT 500 ML 2 IO, %3 LH AR L DA mE—
BT 2 EIFRO 0. &2 TAFETIE, BAFS L7z Al B MRS EE O A MELRGET 272012, ADRASK
A& AN C 5 H RN OFRIZE R LTiHEiZA T 5. EERFOHANOTEE ) 2 3Hl+ 5 Fike LTiE, —
AR EAHFERHSEMG) &2 W2 HiEN & 278, BIEREICRIERZEET DMENH 572, T 2 TIHE
(IS - MR R ORI ORI 21T 9 2 & D TEX DI EKET V&2 AW TREO 1o EFEEZ WS,

Ko (REM, 1999) IXKREEBICAET 21K 6 SDOMAEZE LI-EHRET LEAREL TS, ;7
RINTERET VAR 3a 1R, U o 73R (), 1V (KIB), 2V 07 (P o2
v, &1 (%BIE, &5 2 BIE (BRI oRIT6e Sfifl, el, 2, €2, 3, e3NE#EITS. 22T, Mifl
VLR (Gluteus masimus), 7 el [ ZAIEAR (1liopsoas), % f2 1 KR 8 (Biceps femoris and short head), # e2 <
PRI A% (Vastus lateralis), #5 3 132 EIEAR A (Semimenbranosus), # e3 13 A BRIE % (Rectus femoris) (ZAH 249~ 5 A %
ETMEL TS,

BRERENTODEHBEKRET L TIE, ARIDARE: > T D B IARMERE Td D HEHU5 0 B D2 ZiE L
b &l TS, KEEIAFAET 213072 6 DOMINE 3 %F 6 fiH D722 HHEHUFH<T7 TRILL TWD.
fl & el 1355 1 AT, #5 f2 &% e2 1356 2 BAERICHS L L TR 2 —BEIf Ch 5. F7z, i3 Ll e3 135
1 BAH & 5 2 BAFICIRIRFCHE BT U CIER T2 B Ch 4. BIID (BRI, 1997) 1% 3 %f 6 MDA RIE
g (2 2 IR E R (ISR ARH N AR T 272D OWFEE) & — 2B, FERIITRD TR, #MHA
DRI CRIETE DR KNI ZENEIN Fooit, Fmet, Foz, Flmezy Fmis, Fmes &5 8, RICMICHEIND
HI AR I8P FTRE C, X 3a iR T KO RANA LD L ER L TWD. IHIT, IS ()1,
1997) TRJEHE COHIIRT bV E KOS 2 — 2 LB LT D 2 & 2 FEBRIITRO TV D, Rih
TOHIIAH R T DA OTRE L~V 2 Ik L TR L2 OB K 3b THDH. 20T ML D &,
B ZIE, R TOHIN aDFEHRRKICHIEN TS & &, fiREl 7 —2 10, #ifl, €2, 31100 %
DOHAEFEL, fel, 2, BIXHNZREL TOHRWZ ERNbD. DX I, REMTOHINHNG S
PUOLNS TNAIGE, RICmTOHTIRY DL E Oy E —BIZRET DI ENTE 5.

RICHE COBKH AR IS OB TIORT S AFINZ L > THEi§ 2% Z L 23 C& 5. Spector & (Spector et
al., 1980) (2 LA, HARFHINIAWIEAEIC BT DD T, A | ORKIHIZE fim, AWEEE A &35 L,
fix =AX0 ERTZENTED. 22T, o IFHMEMYTZVICHIETELHTHY, ZoffilEEZ ik
TR 5TV D (Wickiewicz et al., 1983, Brad et al., 1986, Chang et al., 2000). AHF4ETix, o =50 N/em? & L, Hilkr
R IEKRE] (BKRE, 1995) 12X % MRI & W CHEE L 7= OAFES2A0 A (PCSA) % fiis|“ArdkfE & L
I LTz, & PCSA Z BT LTI 2 M 4 107§, RETATIE, KEMBICAEST DR OA %2 RKEL LT
HOTH LA, AiHG (RiTHf, 1999) OFEFETIE, HEREIZBIT 2RO ITIZFICKERER, KR 5H,
K2 S Z LRI TEY, AL TIE TIEROMN OB I B BTG 2175 .
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generated by muscles at the tip of the system
Fig.3 Musculoskeletal model considering the role of antagonistic muscle and biarticular muscle. In this model, the output vector at
the tip of the system is experimentally determined to be related to the muscle activation pattern of each muscle

knee

Fig.4 Estimate values of physical cross-sectional areas. The physiological muscle cross-sectional area (PCSA) of the muscle
was quoted as an anatomical value with refered by Akima (Akima, 1995) using MRI.

4. REIEERR

4-1 BIFEHRE

BI%E L7z BinB B mEE B O M2 BRFET 5720, X 510RT & O 2 RBEE 2B L7z, EReEEIC
%, 6IRT LI T I T—AZOTHT =V ER T, XENVEENEEO Y F 07 7T —AOETF)
[ OB 18] D ) 2 JE LTz, Bl Z A YIITETIRPigs A5k iE L, —EOETRT (hry), BiEETH
B2 HEE L CRMI 2 SEhE L7z, SEBRSINE 23— & DAL (45 rpm) TRE NV EZENTEH 5 9 729012, B
TEDORF N DR E RN T HE=H 2T T T 5.

AMFFECTIIER 72 BIESINE 6 4 (FE V) - 173.9 cm, {KE VY : 728 kg) IZEBRNAFICOWCRIE A
BICHEREOSZVENEZ{T>Th B otz BRI E DO TROEB LG 5720, ERSINE ISR

[DOI: 10.1299/transjsme.22-00208] © 2022 The Japan Society of Mechanical Engineers



Nishida, Nishikawa, Harima and Tomita, Transactions of the JSME (in Japanese), Vol.88, No0.914 (2022)

~—H—H BT T, EETORREOIEEZ BT A AT (R 60 a) [ZLVRE L. R LEiEC
*tLUTC, BEfETY 7 =7 (DIPP-MotionV, BkXEHT 4 727 1) ZHAWTHRSYIZ & OB ONLE % B
S,

4-2 SHAHE

AHFFETIE, 15574 BIE O EEE O RSR ST — 4 % Butterworth 5 2% V7 ¢ V% (HERTEREL 6 Hz) %
AWTOER R 24T 572, £ LT, DN E RS ERONEERE 55 3 5 Tl L7z TIROHERET LD
%1 RIS (BRRAEN) B IO 2 BEEN (BREEN) OMEERD, H1 V7 (KR L2V 27 (FHE) 0L
ERETD. SHARREH CRETEA M NOME I FanB LN FraldF 2 V7 LT, i FapB LU
Frrea 1355 1 BAEI & 58 3 BIMT (R EREEN) ZRESMETAT, M FaeB LN FralIB LV 7 EATTHDLZ L
5, BERIIZE ORI CRIECE DRKH DA ONAIEEZ BT 52 LN TE D, EHICK 6 IR LR
HIERR CRIET D IS R CTHAITHHORT "VERD D Z LN TE D, R TORK MmN L
HDORYT MG E 3 ETHH LI ERET VE WD Z & T, BERSIZ L O 3% 6 D% O e KEEEIUE
RHIKRT T 2 I OEIEERD D Z ENTE S,

F7z, WD MEOEIEHT IV BV TWBRAIKY 7 27 M X DMl &24T 9 72, IRBIER L OV REE
OFFER JONE, MEEAREN LT, BEEOYWE XBERO & BIFIAER 3 2 B )3 L OB vy
% Newton-Euler 572X, (Stepanenkoet al., 1976, Orinet al., 1979) ZHAWCHH L/Z. 20L&, HEKHMOERIX
PV S  (FIVTA, 1992) OFREE IV TEBRSINZE ORENHIRE L7z, EFEOf#TIZid Visual Studio 2019 (£ 1]
BB CH) TR TIORT L5770l T DEAERL T, fiffralTo7z.

Power transmission device -
proposed in this study

Fig.5 Experimental device equipped with the developed power transmission device. This experimental device is a commercially
available bicycle equipped with the power transmission device proposed in this study

Strain gage for bending stress

Strain gage for tensile stress

*pasted on the other side

Logger Strain gage
Battery

Fig. 6 Instruments for measuring horizontal and vertical forces against the crankshaft. This device measures the longitudinal and
vertical forces on the crank arm when pedaling.
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Fig.7 Application for analysis by musculoskeletal model developed in this study. Using this application, the maximum output force
distribution and the force vector at the tip can be used to determine the ratio of force to maximum voluntary contraction for each
muscle in each time series.

5. WRBELUBE

REY L TEWEZEWT, ¥ 6 1R LIMERERIC L > THIESNIKSID 7 T 0 7 fMED L OfR%X 8
WY, TR AE Y T 7 AEE LTTRRERTT D, KBITR LY 7 7 MBI ¥ VDK T)
DFER T, FEEEEOR R /2D 7 T 7 A 0 FE~45 FEAHEC, A TR Lim& v g2 AT
HHDODHMN, EOWEER LWL DO XD KBNS o TND Z ERbns. RERTIE, EHRBINEIC
X —EDRIEEZ T X DI _ENLEZNTEH 5o TWD Z &b, ABFZE TS L& 0B /sl E
FE VRIS NZIETETCVWD EWVWR D, HIZHEORE L2 SEWETIE, —fIICr T 7 A0 E~
180 J¥ £ TITmiE L =B A KRN TVER T 5720, ZORBOSZ VDR OE—27 B/ASWIEEER L B8)
NERETETNWD Z & &2RT.

AWFFETIRE LT & v SWEDORINEL, ~ENAVKNOE =27 Inb RS, ERSINE~D7 v 7r—
WZBWTH, 20X WEEA LRIV EE SRR NSWER LD E W FERE2-T2. BITIZZED
RPUZHDONWTHBELETH. ERBINE LICER LT, K FEOHERET VEHOTRD b fh ok SR
FEELOTURT. F7z, HHRY 72702 AWTRD S =B X OV 0B b2 ofE R %X 10
R

X OTR LI ERET VL ORED 7 7 0 7 AR D55 O KEEEIHERHI T 5 OEE 12BN
T, XU r-\EEOAMIZN U T, BEERAERNELONI-M fl,e2,e3 I2E5HT 5.

5 fLICEBWT, 7T 7 MEEN 0 FE~45 ETIE, X o WS AT 5 L TV D OEIE/ NS Do
7o ZAUIHFERSET VORI TOHI] (KXENVDT)) BINShoTcZ Emb b UROFERTHSH. —FH T,
7T AN 90 E~180 ETIE, X oMEEEA AT A ENEE L TWD IOEIEGNRKRED-T. OF 0, fiifl
WCRBALTIE, 7727 fAREN 0 FE~45 FE I L v SWEE DN DRMIER L TS DIZR LT, 7 7 > 7 AEEN 90
JE~180 ETIEL v 7 MEIEIC L > THIROARBEML THWD E WD, LLARNRE, 7727 fER 90 i~
180 JE THAE L T D N OEIA 1T KEE IR LT, 30%LL R & 72> TW\WA. Liu b (Livetal, 2002) <°—
5 (Miuraetal, 2019) OFRDETTET /BT DIFEIC L 5 &, APITERRBERIHERF O 25% 1T & CTldiE
FRREDIEEI N KA TH Y, AR S DRI W 2D, 7 T 2 7 FEEN 0 FE~45 [ Tl K EIUHER O 40%
RO AR CE 2R BRE N EEZ 2 DD,
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€2 12T, 7T 7 MEEIN 0 E~45 £, X - \WEEEA T DI LT D T OEIE DB KD
SNTWDZENDND. ZHUTH fl & RIS EARE T VORI TOH T (RXEVDKT]) BDINS otz
EMDBBYUROFERTHY, i e2 I2BWTIE, 7T 7 MEN 45 LG TIRBEE R ERITR O Rh - Tz
fhe3lcBWNWTIE, 7T 7 MEN0E~I80 ET, # o WEE AT 5N L TV D JOEIE A IHE K
BENTNDZ ERDND. 7T 7 AN E~45 EIZBW T, e T VORI TOHT) (RXZ LD
K1) DINEoTolzdThDEWA D, 77 7 AN 45 FELIRETIX, XYV ORINTIIRE 28037005
= —J5 TG e3 FAE L TV D OEE MR SN TV 2, 2, R TRET 2 H 7 bLromxicks
WENEZ NS, X 11 IORTETHERRET MIEBWT, RIS TOHINRT SABRHD GRS AEDN
f-a RICTFET 581, i e3 BRET 2 NOEIENKREL 25, —FHT, RIEWMCTHRIET HH17 FUs
NN ON ab EICFET D5E1E, i fL BARET 2 HOBIGNRKREL /8D, 2F 0, fe3l2BW\T,
T T EEMN 45 FELIECTH L S DOF B D DT RE VO INFRRE ThH 7= DIizxt LT, fe3n
RSN OFIEDV NS I oT=DIE, TROEENKT 2R COHNOFMPER L TnDEnz s, =
U, B fLIZBWTZ T 07 MEENS 90 FE~180 FECHRIH L TV D JOFIGIER L T\ e Z & bR T&E 5.

“00 thout d 400 ®Peak: 3595 N
o | o [@Peaki 350.8N] Without damper o : 359.

o With damper

e Without damper
o With damper

w0 |4 300
z 250 z 250
g 200 g 200
2 150 £ 150

100 100

50
0

0 270 360 0 90 270 360

18? 180
Crank angle deg Crank angle deg

(@) Participant 1 (b) Participant 2

450 - 400
200 @ Peak: 412.7 N ® Without damper /I. Peak: 360.0 N | e Without damper
o With damper 350 o o With damper
350 300
300 OPeak: 339.9N
z Z 250
250
8 9200
£ 200 s
© 150 & 150
100 100
50 50
0 : . 0
0 90 180 270 360 0 90 180 270 360
Crank angle deg Crank angle deg
(c) Participant 3 (d) Participant 4
350 350
\*l. Peak: 331.9N o Without damper \*l. Peak: 328.5 N o Without damper
300 o With damper 300 o With damper
250 250 {OPeak: 299.0 N
Z 200 Z 200
8 8
’é 150 é 150
100 100
50 50
0 0
0 90 180 270 360 0 90 180 270 360
Crank angle deg Crank angle deg
() Participant 5 (f) Participant 6

Fig.8 Result of the reaction force of the pedal with respect to the crank angle. The result shows that the reaction force
with the damper structure developed in this study is smaller than that without the structure at crank angles between 0
and 45 degrees. In general, the power transmitted between 0 and 90 degrees of crank angle is dominant, so the
smaller the peak and time-integrated force of the pedal reaction force in this interval, the more efficiently the power is
transmitted.
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Fig.9 Result of the %MVC estimated by the musculoskeletal model with respect to the crank angle (Participant 1)
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Fig.10 Result of the joint torque calculated by Newton-Euler equation with respect to the crank angle (Participant 1). The
absolute value of the torque acting on the knee joint is smaller when pedaling with this damper structure. The absolute
value of the torque acting on the hip joint is greater when pedaling with this damper.
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Fig.11 Relationship between the direction of the output vector at the tip and the %MVC of each muscle. The reason for the smaller
proportion of force exerted by muscle e3, while the pedal reaction force was the same regardless of the damper structure at crank
angles of 45 degrees and beyond, can be attributed to the direction of the output at the tip relative to the posture of the lower limb.
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