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FHENEONZW (BERE) EINTNENETHS, THNLUEITIE, @HOCHE
ODENEFHINSHESINTIS (Tayloretal, 1982), LA L7 n, EERB#kET 2
ZEMTELNWS DDy > a P TCBLREOHREREZMFTTL L, 50U EVEST
BRICHRERNEDT 2 & WD HMIERD 5372 (Figuwe3 72 EBH), 2O &, BT
5 <A DERKM T THBEIIERRBETRICE > GEH L, BREETRICLS X




WF—HFGIEH 2L LTH, BEATELIRE TH ORI EERLTWAEMRTE S,
K UTDO3DDOIED—DERELBRWEZOERBEROMRIITE RV, Tabb,
1) #BARITIEE IR W GHAILGET ICRERBIEL TW2, 2) #REI3ERSR
PIZZERBIELZN, TOEVWERATERNVZE NI N2/, 3) HREIE5 08
ETHLEERBIIIREZZEL T D57z, O3BEODERTH S, RKICEEE OMIRMN
ELM272ELTH, HELXOEEICENWTZRSTEMERMTOIR)VF—a X M & L&
THEVWOIHWTHNE (CETHHBETHRAULH TEHEIL TWADOTHBM5) HEK
EOMEIZERSmnEEZ S NS, ZEMENIRD 5N /e Z @ AT EMESHTO Lx
NWF—OXAMOEWDY, BEMICETZERRDIENITEETFETLIONRIEBND
BWETTH 5,

S5, ODNDIVLIN R TITONERIIH U T, 958 &7 5 E THENEEN
HBHIEEELI TS, FIZAE BEREOLDIC BEMEOKBIMEERER/R0) ER
BEREB 26T 5 &M WEMZ. 1 5l EoEdEfr (L, EHEAIE 10km/h
ERALOHET) 238524, BEOHMERIEH TIIZ<OHE. 7L —L0DIF
SNDDTEHRNWEA D EL T, KRBEANRETREDERZITD 2 SITHEMNCITE
FTEERWETHAD EEZATND, THRHIE BENTEAL, BERICHEND S
ELTH, REHEEZEZ, TNETELSROLUBRL TS OMEENRZOTIZARNES
D BREOI D ITHEMICHRE LB, By A7 2 BRI T 5 2 ENER
WCIHER I 23, EREZERIIAVWEHRECTANEE L ICHMTELTHAD., EE
DL DDITHEB S NIRRT BE N EZE. D20 ORER, By A7 ICHMAD 2
EMTED, ZNTH, 10 7B MLy RINOLEZEELS &, BRERIRZBEVWERT &
HONONNEETHEL TWTHRUEN S, Z1Ud, BENICEF L TWDENS T
< HIRZENSTH D (BIMTHERTHENTITTIE 30 MiE< @A LAZ0NI2720
LTEHBRLTWD).

BROFERIL, £ FUAOBRBICHAR, FLUJLWiEB#EH & &I F—HE%E
F¥f & 97 % (Leonard and Robertson, 1997), Z DB SN S WAL, ZH 5 OHBIEICBIT 2 F
AEEND ZEFHEKENHRTH S, LOLANS, bIbiUISHEORFE TIE Iz
DVWTHICHEORREI Uo7z, —DI3. EROX DI, EHRTFEOHKMNS TH
5, D=2, DROHIULZOERZEZ 70 FKRIZ R (“hypothetical protohominids” Rose,
191 Z2Z2H) O7FuI—&L TS TH 5. Rose (19912 LWL, ZORELED
TORRIZRNE Z<OBAEZRBELEULZO0OE—2 a3 > 0L /N— M —&FDH,
el2—D, FELOIE—F—LN—h)—O—DELTZE@HTEITDIEND —HDA
WHBNWTHERS, E3NTnd, DFD, ZZTWH 7O bRIZ RiddFHttEAOLD




. FOEBIDOWTIHERNHD2HOD, —EBHICEBNICHRLLTLE> TS E
EEEIRLLHEBEEOEFEEROTH S, bbiud, 7O rRIZRIZB T2 2%
EORVIOBEENS, FAEPBRBKOMRTH>ZEEFE AN, BAZREORR
RETOFEBHZERT DL, DOF— 3 > OFEREITES ., B N72E BB
BOBRIN., o, —HOREHHEOPICED L DT a CEMOEIEIT (B
IEFOBMELTH) UDOENRD/NSVWDTHD, I2E2E. FUNP—THRHHE
ERENOaE—a JEmEESTEN, FNTHEERTICHWS N2 TORRMIL.
RYTaF)lENA ET 2 TOREICH LT, 20 15%8E L7172 WO TH S (Hunt, 1992)',
ZHE IRRBZD 9 MCLibizn, ZHBICERETRONA0DIE—2a i
REODEN, TIUIES T, RIPTaFIEANTETLETORRICH LT, 0 1% I
bimz/izv, ZOLIEHERS & ZRSTICRAENRD 515X 51Imo 720,
ZRATVROEEROOE—2aF A TIhoBETHD ., ZORERMTIIRNo
TEDIZEALNS, bEAA, IO UERICIZBSTORELZREE., T AN
LA TFAMPERIKITEL TS, LML, HEORLZOBEMIDLA, H1E
BEORAE (2, 3H50EESHTTHOHHRREBEOEREOEEH/NNY — N5 THIERVE
ThAD) 2D ZBBHTIEIRIF—NICE NUANOEERICE ST, HEPENDD
ED Fiz, TN -BEEN, ZTOZBROEEE LT, IRV F—
HIZHENENE L TH, TN BT E WD ITENSET N e <IKFE L TW<BE T,
DFEDEERBEL XN TENLETREINDIDEAI ) GEIGHEN) ., EWDH I ERDTH
%,

Taylor et al. (1982)LI3k, & MU EREBICBUT 2 EHICHES TR —HEHIT, E
HERIZEES WS THXNWTHA D, FiZ., ZBSTICEET L5 &, 2<1Tb
NTWzn, ReDERIL, TOBRTIEFICEETH D, BRI LT, WWEEDSTHE
ETHLHEVOMBEDZD, INETHRINTLLRMEBOT —F CEBEOLKIITE
B, UL, BREIIRIEICBNT 08NS 09 RET—ETHLHEND, ZOEYIC
BOWTHSENTWAOHENIZITHRONDETNIE., HLBREOLBIITETH S,
Taylor et al. (1982)l3, 8.5kg DY > bbbk & 5.1kg DRZH AT I OMERRITO L) F—
HEBZRD TS, RIC. bhbiiib ez “BILREREREBBUNZYTH S

VZOFUDFNT =SB 2 AERO T 4 — NI T D TCE TN TN SD, BT
H—HOEEHRRICHTLHHTH D EITFE A 0. LML, 27U 2 7EIIEEITKE
Wz (EZE INLVOF N P—IZDWTIE 1 HEU L), EBRORMLE RETE
VIEWDH D EI13E Z 53730,




DIFREE (0.8-0.9) 2L TIIDDE. BADERFOERHERBIHSDT—¥ (FnTh
EEMNLWBIRED) ITIZE-HT 2% ZOZ&E. bNONOERHEOZ S+ 5
TOMETHS.

V272 ik EOMBERITSH B8 L. Figure 7 IR SN RIT, B0, ZBET
BRI F—BICURSTEDHE D EERL TS, BEINHEAE VWAL, Eik
T5EyahilROoNEIXNF—HEBOENE, EHOtLy I a @bk 5
NI PEDOEERRIZD, fIFEDOHPPPEDIZAO TNBEIETH S, LNLRAS,
CHUIEBROBMITEN D2 e, BRIEOBERB TId#ERT 2 &8 TERL., EROKE
Y9 lE, T, WESTNS ZBHTICEZ ST TR, ZRBTNSIMESTIC
A5, REOEROMLETH S,

Taylor and Rowntree (1973) &, 1.5 to Skm/h DWEDHPANT, FoN> T —TbFTF
PN THoRSTEMBESTOLIINF—HBEIIAL THHEVWIREERLTNS, L
MUBNS, B2OT =X, EEIZHDD ST (1.54.5km/h), =R FIICB0WTIEE
BT 20-30% MBS T R DD TIINF—2BBEET S, LD ZEE2RLTVWS, H—D
PISME, BRAE 2 2% 1.5km/h THW EZEDOHD TH HH5(Fig. 4b). ZAUTEVRITHEC
KO TBIOTENATATHDHEEZSND, .

IR BIpo RN DEA S, F N2 P —DOMEESTFIIHEAE - IC AT
NRMBENZ ENHSINT D (+36%: Taylor et al,, 1982), Z3 /251, —BHBTORhEH
BT TESZVN) ZEBFAPATELINE LIz, LMLLERS, FIFFILTZEN
EEMBSFT DNENBNDIT TIER WO T (10% BE, EREN/2HAEL 0 &0 ibid)
FUHHET S EEARARETH S, MICHVNS DNOFEEREIETZH S, 2E21E F3F
PINDEENNSNZ LI EI THA I WRED L, 334kg). FFE, —BHETOHM
FER TRV F =2, EEO/NS WA 2 OB MRE 1 L0 bAE ., DR
HEHZDOD, #E 2 OREIZATFTILLOD 1kg BELLND SN (EHREG
) ZE&EFEZDE BULBRRIINT S, ,

O —DOuEEE. DRIV NEREOR THRICHENENW_BHTETH S &
WS HDTH S, Yamazaki et al. (1985) 1INA AN =7 AWFEEZHWT, =8>V GE

PUTOMBEXTHE - RS0 OBRMRBICEBETETH S, (Table2, 3 I2BIT B4k
BEH/z D ZBALRFFRER) x0.0676/ MM, /2 & 213, #04K 2 A1 3.5km/h (=0.97 m/sec)
THEST L EEOREHL D OBRHERIT, IMHEMEZE 085 & L/-E &, 0.68ml/kg/sec
THD. ZHUL Taylor et al. (1982)D Figure IC IZHEIN TS 5.1kg DX HAFHILDOE &1F
ENE—FT 5,




WBOEBHOZR PN THSDN) ETFAFIN., FORD— JEVPIVICHRZ
TNDRT v VIMENE NI HERERLTVNS, BEAA, Fx DHEREITEE DOE
BAZRYINICHAR, BREICEN-ZBSHTETH S ZEERWRL, LALERNS,
BRI P & N AR B OB 5. FTFFILE D b= BHEFO TRV FE 5
FZPENOND LIz, BEOBEEZEEMORETREL., E2EL0OEEZ Hl#
% feDICHEIR TGS (Hirasaki et al,, 2002) &% 2 1Ud, 7z& A, AIANEE D S BR SN
TmELTH, BHELTAHREEL, ZRHETOINROE DI F—EhEE LT
ZERTHEBTES, AXFTFNOHE. EWREBWBNT VA% LS LTHHREE 7
EVWSHEEDEZEZ SN, T DNTHEFRIIT A 7 ADT—FRERINTWizh
7o, HERIOEZ KRN,

WTFHNIZE X, 2O LAZRNF—HEERICET 2RI DR WONHIRTH O,
Taylor and Rowntree (1973) OfERZE NUADERE (B2 WIIERE) —RICEATSZ
EIEETHLIRETHA I,

2L, e MO OZEREO ZBATIEIRHICIRIIVF—HENS Rz & &1 THEDER]
THDMEDINEVDEMICDONTIE, bNONEBTUBRELRV, LA, BxD
EBRFEERD, —RSHTEMBESTORMOF vy TEIRINF—HENS ALRO TN EN
DZEERLTWVLEMRTEIRETHLEEZD. ZORTIE. HNHIUL Taylor and
Rowntree (1973) & [dl U Rf#%E & 5. 7= & 2. Parsons and Taylor (1977)iZ XU, 7T
MBEECI > TBET LS, FUEET WAL 2ko/h) MESITTTEEHT 20
£ DD 30-40% RENZTHINF—NBETH S, ZOFGIE, ASHCZHRHFIICBIT S
ZRATENMBESITOIRIINF—HEOBEVNIDHAENL, LY, JEFIIZESTE
BEHEE - RBICE > THEFICEERTH THHITHNNDST THD, #HaE1»N
2kmh TERBTILEEDITAME, BLE30kavh THESHITTLEZEDAANERN
CThd. £, A2 Tl 2km/h TOZREATO X M3 3.2 kvh TOESITO O

MZ% L W (Figure 3)e 2O LEREBEWETIKENWEETZZ2DEA50, ElLizLDiC, —
HOEBEHRRICED 20— a YEERIZR L TRELS AW, (ERIZEEZ 50720
M) RIZZNSDZR NN BSITENESTEFCS b WEERZOIE—T 3 > ¥
ATELTIOAN, BRATTEHEELZELTH, TRIIVF—IHENS BT L TARATEE
EWREZARNDTIH R WES DD,

BT, INETHEROZOBIHRLZFEBETIVOFRE2HBER L (13FE9F)., &%
BB OB OREE. BEIHE OHLKIER (Nakatsukasa et al., 1995; Nakatsukasa and Hayama,
in press, AMEIH) EFRITIX. TINS5 OBEHIITEEAMICL S & B 2 BHET O RE O
BOREEBEIRD SN Moz, 2O &, ZOBREOZREICHES AFIIINS




|

JEMMICEATHES OBRRNITA FREA TWLHEHE (ZeF) OPICfE-
TWB I EERBT 5,

ZDBOETHRINDH, Hirasaki etal. 2002)1L 2415 TR F—HBERICHNSN
R DF I T4 7 AR DNTHRFAEZIT> TS, ZNHOXAZIIEEODIE
—2a VERICAVWSNATYH IR, ENWARTA RBEDIZVWA ST A REEZR
T, fIEN S B REH OBE A R EIcE Fayz EREOA—T &< HERSA
B OEFEHPIEE O R IV TRWEHICE S F VTS, 5 LIZRELL.
TRBHTOHERELOD ERIFTWSAEENH L. INSOREIE. BERERETIH LD
ODIFEENZZR T INIERBLTRO LN D, TORD, INSORHEBEDLD
’$ﬁ®%$kC%%bfméﬁéﬁxé’&@%h@f%gfﬁ%&%KBM% 13 Foa
BMS, ZEIOHETIE. BEOZRTFINOZEBHTOIRINF—HEEZFHATL L
ETETERDo 7. THTHEROZENEMELE LSHTET2E0WD L2l
ELTHENTWEZD, THERABDO R PFIICERT S ENTERN 2D
THd, LnLans, DREN IR F—HELGWHEZ > TSIl 5T
B (Rose and Gamble, 1994) . Z 5 LzEEZAWTHET S Z & (WREDEZS Y
COREICERTHL-0) ARETHA D, £z, HLRBAT N EZRINICHET S I &
IC& D, o HEFEEECT I ICX DEEREENE L, FEEEROLRID, &
RELRINF—WEHEOBBRERNDL ZEHAETHS D, IO LRI TORRIZR
KBTS BB OE BRI EHERT S5 ETRERFEMNDEEZD ZENWIFS
N5, SEORFMEBHINSICIIAETIINTRETITLHOD, FEOHERL Y THE
BT ONENRH D,

E 5

COEBRICHZD, AFETHOLORICEEENRB HEEN ., &E<IZRBEIOT L1
FEWHIRE, ILWAr P a—)lom, #0RLESEZ DYy > a &ML TnhweiZn
o BBREOMMNCEE#T S, EBRBH. TOMZTOERICONWTIIUTOEKRD D
BE, MhzlEW:, EESEREK, alEx—K, HEREK (BEAT 4 1Y —EAKkRK
2t). HAMEEK XA LBREET. INSDOHLZIZEMT 5.
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TABLE 1. Respiratory quotients (RQ) measured during bipedal walking ’

RQ relative to each decrease of 10~ O, vol. % Session averaged

start of session end of session > RQ
Subject 1
2.5km/h 0.73 0.79 0.63 0.71
2.5km/h 0.68 0.71 0.60 0.83 0.71
3.5km/h 0.98 0.66 0.82 0.82
3.5km/h 0.70 0.74 0.80 0.75
3.5km/h 0.61 0.70 0.66
3.5km/h 0.61 0.52 0.57
average 0.72 0.70 0.69 - 0.70°
Subject 2
2.5km/h 0.63 0.57 0.66 0.62
2.5km/h 0.53 0.76 0.51 0.60
2.5km/h 0.73 0.79 0.63 0.72
3.5km/h 0.58 0.57 0.54 0.55 0.56
3.5km/h 0.59 0.69 0.61 0.63
3.5km/h 0.70 0.74 0.80 0.75
average 0.63 0.69 0.63 - 0.65°

"RQs were calculated as an increase of CO2 concentration while O2 concentration decreases by 10
vol. %.
? Duration of session: approximately, 4 to Smin in Subject 1, and 4 to 6min in Subject 2.

? Mean of session averaged RQs.




TABLE 2. CO2 concentration increase rates (ppm/sec/kg x107) in bipedal and quadrupedal
walking by Subject 1.

Walking o b 2kmh  2.5kmh 3kmh  35kmh 4kmh 4.5 kovh
velocity
bipedalism
mean 537 6.48 6.55 7.60 9.06 9.62 11.59
s.d. 0.09 0.54 0.56 0.70 0.13 0.71 0.59
n 5 6 5 9 5 6 3
range  5.26-546 5.72-6.94 5.99-7.37 6.91-8.82 8.91-9.16 §'85'10'7 ;‘7)'91‘”'
mean
duration of

. 120 103 126 113 154 111 116
Session
(sec)
quadruped
mean 4.05 4.87 5.10 5.67 6.93 6.98 9.05
s.d. 0.54 0.62 0.36 0.55 0.76 0.73 0.56
n 5 6 4 10 5 10 3
range 3.59-4.93 3.91-5.69 4.60-5.45 4.97-6.92 5.76-7.85 5.88-7.72 8.41-9.46
mean v
duration of ,, , 127 120 110 148 100 127
SESsS1on
(sec)
B/Q ratio ' 1.33 1.33 1.29 1.34 131 1.38 1.28

" Bipedal/ quadrupedal ratio.




TABLE 3. CO2 concentration increase rates (ppm/sec’kg x107) in bipedal and quadrupedal

walking by Subject 2
X‘i‘éﬁ?}f lkm/h  1.5km/h 2km/h 25km/h 3km/h  35km/h 4kmh 4.5km/h
bipedalism ’
mean 7.15 6.08 8.65 7.94 9.66 10.61 11.56  12.04
s.d. 0.89 0.22 0.77 0.42 0.72 0.80 0.59 1.31
n 4 4 4 6 9 6 5 2
range  5.84-7.78 5.84-637 7.90-9.72 731837 S-1710-3 9.66-11.9 10.89-12. 11.11-12
9 5 36 96

mean
duration of 123 100 148 123 132 102 120
session
(sec)
quadruped
mean 5.98 6.28 6.45 7.75 8.50 9.61 10.01
s.d. 0.11 0.50 0.72 0.53 1.08 025 1.24
n 3 5 4 6 4 3 2
range 5.85-6.08 5.73-6.87 6.07-7.59 6.77-8.22 3'80'10'1 9.43-9.78 2;9'10'
mean
duration of

. 120 102 140 100 147 110 140
Session
(sec)
B/Q ratio ! 1.02 1.38 1.23 1.25 1.25 1.20 1.20

' Bipedal/ quadrupedal ratio.
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Fig. 1 Body weight of the subjects during the experimental period. No experiment was done

on Subject 2 in November 2001




Fig. 2 Experimental chamber (left panel) and scene of experiment with Subject 1 (right
panel). Air was sampled at three positions on the wall and ceiling (arrows) avoiding collecting

expired breath directly.
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Fig. 3 Change of CO2 concentration (open circle; ppm) and O2 concentration (solid circle;

vol%) against elapsed time (sec) during an experimental session on Subject 1 (bipedal walk at
2.5km/h). CO2 and O2 concentrations (y) are linearly correlated with elapsed time (x): y = 0.97x +
523.2 (*=0.999) for CO2 and y = -1.4 x 10™*x + 21.07 (:’=0.998) for 02. Along the regression line of

02 concentration, RQ values between adjacent two plots are indicated.
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Fig. 4 (a) Increase of CO2 concentration (ppm) against elapsed time in Subject 1. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
was calculated. Open circle and broken line represent bipedal walk and solid circle and solid line

represent quadrupedal walk.




20

2.0km/h

18

16

14

12

10

0 20 40 60 80 100 120 140 160 180 sec

Fig. 4 (a) Cont.  Increase of CO2 concentration (ppm) against elapsed time in Subject 1. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
was calculated. Open circle and broken line represent bipedal walk and solid circle and solid line

represent quadrupedal walk
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Fig.4 (a) Cont.  Increase of CO2 concentration (ppm) against elapsed time in Subject 1. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
was calculated. Open circle and broken line represent bipedal walk and solid circle and solid line

represent quadrupedal walk
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Fig. 4 (a) Cont.  Increase of CO2 concentration (ppm) against elapsed time in Subject 1. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
was calculated. Open circle and broken line represent bipedal walk and solid circle and solid line

represent quadrupedal walk
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Fig. 4 (a) Cont.  Increase of CO2 concentration (ppm) against elapsed time in Subject 1. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
was calculated. Open circle and broken line represent bipedal walk and solid circle and solid line

represent quadrupedal walk
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Fig. 4 (a) Cont.  Increase of CO2 concentration (ppm) against elapsed time in Subject 1. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
was calculated. Open circle and broken line represent bipedal walk and solid circle and solid line

represent quadrupedal walk
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Fig. 4 (a) Cont.  Increase of CO2 concentration (ppm) against elapsed time in Subject 1. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
was calculated. Open circle and broken line represent bipedal walk and solid circle and solid line

represent quadrupedal walk
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Fig. 4 (b) Increase of CO2 concentration (ppm) against elapsed time in Subject 2. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
was calculated. Open circle and broken line represent bipedal walk and solid circle and solid line

represent quadrupedal walk
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Fig. 4 (b) Cont.  Increase of CO2 concentration (ppm) against elapsed time in Subject 2. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
was calculated. Open circle and broken line represent bipedal walk and solid circle and solid line

represent quadrupedal walk
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Fig. 4 (b) Cont.  Increase of CO2 concentration (ppm) against elapsed time in Subject 2. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
was calculated. Open circle and broken line represent bipedal walk and solid circle and solid line

represent quadrupedal walk
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Fig. 4 (b) Cont.  Increase of CO2 concentration (ppm) against elapsed time in Subject 2. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
was calculated. Open circle and broken line represent bipedal walk and solid circle and solid line

represent quadrupedal walk.
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Fig. 4 (b) Cont.  Increase of CO2 concentration (ppm) against elapsed time in Subject 2. CO2
concentration was measured in each 10 sec from the onset of session and least squares regression
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Fig. 6 (a) Standardized CO2 concentration increase rates (ppm/sec/kg x107) in bipedal and
quadrupedal walking with different velocities (kmv/h) in Subject 1 (a) and Subject 2 (b). Mean and
+1 standard deviation. Diagonal lines are LSR trajectories: y = 1.961x + 2.156 (r* = 0.957) in bipedal
walking and y = 1.504x + 1.582 (= 0.927) in quadrupedal walking in Subject 1; y = 1.65x + 4.68
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Subject 2
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quadrupedal walking with different velocities (km/h) in Subject 1 (a) and Subject 2 (b). Mean and
+1 standard deviation. Diagonal lines are LSR trajectories: y = 1.961x +2.156 (r* = 0.957) in bipedal
walking and y = 1.504x + 1.582 (r* = 0.927) in quadrupedal walking in Subject 1; y = 1.65x + 4.68
(r* = 0.901) for bipedal walking and y = 1.486x + 3.34, (r* = 0.960) for quadrupedal walking in

Subject 2.
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Kinematic analysis of bipedal locomotion of a Japanese macaque who lost its

forearms due to congenital malformation.

Naomichi Ogihara, Hiraku Usui, Eishi Hirasaki, Yuzuru Hamada, Masato Nakatsukasa

Introduction

Japanese macaques trained for bipedal performance have been extensively investigated to clarify the
functional requirements necessary for habitual bipedalism, and to assess the potential ability of
non-human primates to walk bipedally; for gaining insights towards understanding the processes and
constraints involved through the evolution of human bipedality. Previous studies have demonstrated
that in the trained monkeys, lordosis of the lumber spine similar to those in humans is formed
(Preushoft et al., 1988; Hayama et al., 1992), and joint morphologies and long bone strengths are
also modified to adapt to mechanical requirements of the habitual bipedalism (Nakatsukasa &
Hayama, 1991; Nakatsukasa et al., 1995).

From a kinesiological point of view, Hirasaki et al. have recently studied the bipedal walking of
the Japanese macaques trained for the bipedal performance (Hirasaki et al., 2002; this volume).
Comparing their walking patterns to those of less trained monkeys, they found that the highly trained
performing monkeys can walk more efficiently than ordinary monkeys do, due to the energy-saving
mechanism which is also found in human walking (Cavagna et al., 1977; Alexander, 1991). The
study successfully depicts the unique characteristics of the locomotion of the performing monkeys.

However, the bipedal locomotion of the trained monkeys can be considered as a special case. It
may not represent the inherent, natural ability in Japanese macaques since it is acquired through
artificially imposed training. To better understand the inherent potential of Japanese macaques to
walk bipedally, and also to quantify the effects of the training, naturally acquired, untrained bipedal
locomotion of Japanese macaques should also be analyzed.

Pyonta is a male Japanese macaque who loses his forearms and hands due to a congenital
malformation. Because of the loss of the forelimbs, he autonomously acquires the bipedalism by
himself during ontogeny. Accordingly, his locomotion is completely uninfluenced by the training.
Thus it can be considered as an example of a truly untrained, but matured bipedal locomotion. In this
study, the bipedal locomotion of Pyonta is measured as an example of natural bipedal walking of
- Japanese macaques and compared with that of the performing monkeys.

Kinematic analyses on bipedal locomotion of less trained Japanese macaques have been




conducted (Okada, 1985; Yamazaki et al., 1985; Ishida, 1991). However, a naturally acquired, totally
untrained bipedal locomotion, which reflects true bipedal ability of a Japanese macaque, has never

been studied.

Materials and Methods

Subject - Pyonta
Japanese monkey is inherently a quadrupedal primate. Although their voluntary bipedal behaviors
are observed occasionally (Iwamoto, 1985), in general, they do not walk bipedally.

Pyonta is an unique Japanese macaque who voluntarily walks bipedally. Because he lost his
forearms and hands due to congenital malformation, he had naturally engaged in bipedal locomotion
since he was born in a free-ranging troop in Arashiyama, Kyoto in 1989. Since 1998, he has been
cared at the Primate Research Institute, Kyoto University.

Figure 1A is a photograph of his bipedal walking pattern. Although he sometimes walks
quadrupedally by contacting his forelimbs to the ground by elbow as in Figure 1B, bipedal
locomotion is more ordinary mode of locomotion for him. Figure 2 is the X-ray photographs (scout
scans) of Pyonta in the anesthetized condition taken by a CT scanner at Laboratory of Physical
Anthropology, Kyoto University [Toshiba, TSX-002/41 (X-vision)]. The photos clearly show the

degree of the congenital malformation of his forearms.

Instrumentation

In this study, Pyonta’s bipedal locomotion was videotaped by two digital cameras (Sony DCR-PC10)
in lateral view, while walking bipedally on a wooden platform (360cm long x 30cm width) placed in
his cage. Pyonta was not forced to walk in any sense; but we called to him, knocked the wall of the
cage, and placed food at the other end of the platform in order to induce natural, self-determined
locomotion. We occasionally videotaped a free ball falling down to the platform and set each time of
collision as the basis for synchronization of two cameras.

From the videotapes, well-recorded bipedal sequences were selected and digitized field by field
using a three-dimensional motion analysis software (DKH corporation, Frame-DIAS 1I). The
digitized points were acromion, hip (estimated position of acetabulum), knee (estimated joint center),
ankle (estimated joint center), and the head of the 5th metatarsal. These landmarks were unmarked

and thus extracted visually. The three-dimensional coordinates of the points were calculated by the

software based on a direct linear transformation method (Nigg & Herzog, 1999). The mean errors




accompanying each of 8 measured positions equally distributed in the calibrated space were less
than 4mm.

The calculated change in each of the coordinates over time is smoothed using a second-order,
zero-phase shift digital low-pass filter (Bryant et al., 1984), with the cut-off frequency of 12Hz.
Joint angles (hip, knee, and ankle) and inertial angle of the trunk segment, definitions of which are
illustrated in Figure 3, were then calculated. A total of 9 gait cycles (from initial ground contact to
the next ground contact of the same foot) was cut out from the videotapes for further analysis.
Stride length and duration were also obtained from the videotapes. Speed of each gait cycle was

calculated by dividing the stride length with the stride duration.

Control experiment

For comparisons, bipedal locomotion of two performing monkeys, Kampei and Kojiro, was
measured in the same manner; but instead of the platform, here the monkeys walked on a treadmill,
with a piece of reflective tape attached to each of the landmarks on their bodies. The velocity of the
treadmill was set at 4km/h. The subjects were chosen since their physical parameters were similar to
those of Pyonta, as listed in Table 1. A total of 19 and 9 gait cycles were digitized for Kampei and
Kojiro, respectively. For treadmill locomotion, stride length is calculated by the speed of treadmill
(4kmv/h = 1.1m/s) times stride duration plus displacement of hip marker during the stride. See
Hirasaki et al. (this volume) for further explanation on the experimental setup for the trained

monkeys.

Statistical testing
For statistical testing of kinematic differences between Pyonta’s and the trained monkeys’ joint angle
profiles, the following indices were extracted from each of joint angle profiles as in D’ Aout et al.
(2002): average (AVE), maximum (MAX) and minimum (MIN) joint angles, and range of joint
motion (Range: calculated absolute difference between MAX and MIN). AVE referred to overall
joint position throughout one gait cycle. MAX’s referred to the maximum dorsiflexion occurred in
stance phase, the maximum knee flexion in swing phase, and the maximum hip flexion. Whereas
MIN’s referred to the maximum plantar flexion at toe-off, the maximum knee extension at initial
foot contact, and the maximum hip extension at toe-off. The same indices were also calculated for
trunk inclination angle profile.

One way analysis of variance was conducted to test these 16 variables as well as gait parameters

(stride length, stride duration and speed) by using a commercial software (Statistica , Statsoft Inc.).
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The Leuvene’s test was used to test homogeneity of variance. In the strict sense, the variances must
be homogeneous in order to apply the statistical test adopted; however, here we assumed that the
result of the statistical testing was valid even though the variances were calculated as statistically

non-homogeneous.

Results

Laterality in Pyonta’s bipedal walking

:Cut of 9 gait cycles of Pyonta collected, 5 cycles are digitized on the right side and the remaining
cycles are on the left. Figure 4 compares the changes in mean joint angles over time, expressed as a
- percentage of one gait cycle. Standard deviations are also plotted to visualize the variation of the
curves. Here, joint angles are all zero when the torso, thigh, shank, and instep of the foot segments
are in a straight line. Hip and knee joint angles are positive for flexion, and ankle joint is positive for
dorsiflexion.

Originally, we assume the joint angle profiles are basically identical for both sides. Nevertheless,
as illustrated in Figure 4, the walking pattérns are considerably different in the hip joint. The range
of the hip joint movement is much smaller on the left side because the joint is less flexed at the time
of toe-off, suggesting that Pyonta pushes off relatively weakly by its left hindlimb. Therefore, we use
only the joint angle profiles of the right side for comparisons with those of the trained monkeys.

“We will discuss a possible reason of the observed laterality later.

Comparisons of Pyonta’s walking pattern with those of the trained monkeys
The averaged gait parameters of Pyonta and the two trained monkeys are listed in Table 2. Pyonta’s
stride duration was significantly longer than those of the trained monkeys, although all subjects do
not differ much in the stride length. Pyonta’s walking speed thus becomes significantly slower. In
v this study, Pyonta walks at self-selected speed while the trained monkeys walk on the treadmill,
* velocity of which is set at 4km/h. Therefore, their walking patterns do not perfectly correspond to
that of Pyonta. However, because gait patterns generally do not vary very much if their stride lengths
were approximately the same, we assume the data obtained in this study can be comparable for
further analyses.
Figure 5 shows the joint angle profiles of the trained monkeys. The results of the statistical test of
the kinematic indices are presented in Table 3. Stick diagrams of the subjects’ typical gait cycles are
also shown in Figure 6. The figures indicate that the ankle joint is significantly less plantar flexed at

toe-off in Pyonta, but the maximum dorsiflexion is about the same for both groups. The range of




joint motion thus becomes significantly smaller. In the trained monkeys, the ankle plantarflexion is
much larger in the trained monkeys at initial contact.

As for the knee joint, the range of the motion is not significantly different but the average,
maximum, and minimum joint angles are all significantly larger in Pyonta, suggesting that his knee
is more flexed throughout his bipedal walking. Conversely, the knee is much extended in the trained
monkeys especially at initial contact. Moreover, following initial contact, the knee flexion is
increased linearly in Pyonta until it reaches to the maximum, but the joint profiles of the trained
monkeys become almost flat in middle-late stance phase, indicating that the knee is relatively
extended here

The hip joint is also significantly more flexed in Pyonta than in the trained monkeys throughout
walking. The range of joint motion is about the same for all, but Pyonta does not show the sharp
change in hip extension in late stance as in the trained monkeys.

The trunk inclination angle is almost fixed for all subjects, but significantly larger in Pyonta,
indicating that he bends his trunk more forward when he walks. Yet, this is not a special trend which
distinguishes Pyonta from the trained monkeys. The trunk inclination angle of one of the trained
monkeys (Kojiro) is as large as that of Pyonta as illustrated in Figure 6. What distinguishes the two
groups is the pattern of the trunk inclination angle profile. The trunk segment moves in a sinusoidal
manner in the trained monkeys as shown in Figure 5; it is most inclined anteriorly in mid to late
stance and in terminal swing, and is most vertical at toe-off and opposite toe-off, like in humans

(Sutherland et al., 1994), whereas Pyonta’s trunk segment does not move in such a way.

Discussion

Why Pyonta’s locomotion is asymmetry?

The Pyonta’s bipedal walking pattern shows considerable laterality in the hip joint profile as
illustrated in Figure 4. His left hip joint does not extend as much as the right one, and the range of
the joint motion of the left side is relatively smaller. Here these discrepancies are considered to be
attributable to the pathology of his left hip joint. Figure 7 shows the three-dimensional CT images of
Pyonta’s femora articulated with acetabulums. As it reveals, his left femoral head is deformed and
dislocated, forming a pseudo-joint. The femoral neck seems to have been broken. On the other hand,
his right femur seems perfectly articulated with the acetabulum. These observations suggest that
~ Pyonta’s left hip joint was somehow injured before and the joint motion has been hindered due to the

injury, although it has been naturally healed. Thus the left hip joint is relatively immobile. The




laterality was not visually detectable, but such a difference is successfully depicted by digitizing in

this study.

Is Pyonta a good biped?

Pyonta was initially expected to be a good biped because he had been engaged in bipedalism since
he was bormn. However, by putting the observed kinematic characteristics together, we find this is
probably not the case. This study demonstrates that Pyontas bipedal walking is characterized as a
relatively more “bent-hip, bent-knee” locomotion comparing to those of the trained monkeys, which
is expected to be energetically less efficient. In addition, it is noted that his ankle is less planterflexed
and his knee is more flexed at toe-off, suggesting that the trunk is not lifted up efficiently by knee
extension and ankle plantarflexion at the toe-off. Whereas, the trained monkeys are observed to be
able to extend the ankle and knee to bring the trunk [and the center of mass (COM)] highest, and
then exchange stored potential energy to kinematic energy to move forward like an inverted
pendulum (Hirasaki et al., this volume). Thus the hip joint point (Figure 6) and the trunk inclination
angle profile (Figure 5), both known to roughly correspond to trajectory of the COM in human
walking (Sutherland et al., 1994), move sinusoidally in the trained monkeys.‘ The energy-efficient
inverted pendulum mechanism is not adopted in Pyonta’s walking, suggesting that his locomotion is

less elaborated.

Why Pyonta does not become a good biped walker?
Mori (2003) has preliminarily reported by using PET (Positron Emission Tomography) that activity
of primary motor cortex and supplementary motor area are higher in bipedal locomotion than in
quadrupedal locomotion in his bipedally trained Japanese monkey (not a performing monkey).
This result suggests that bipedal walking is a kind of dexterous motion; bipedal locomotion has to be
precisely controlled by higher centers for inhefently quadrupedal Japanese monkeys. Therefore, it
could be considered that Pyonta’s bipedal locomotion is less elaborated because he somehow lacks
for the skill, despite of the fact that he has been engaged in bipedalism for a sufficiently long time.
The difference in locomotion seems to be more attributed to the process of acquisition of bipedal
locomotion. In the training method employed in the monkey performance, monkeys are trained to
keep upright bipedal posture prior to training of bipedal walking (Hayama et al., 1992). They are not
trained to walk until they became possible to maintain upright posture. Because of this two-step
training, the lumber lordosis is acquired by performing monkeys (Preushoft et al., 1988; Hayama et

al., 1992). Whereas Pyonta did not follow such a two-step training method but probably tried to walk




bipedally from the beginning; no one taught him to be upright, and thus Pyonta does not form such a
lordosis as shown in Figure 2. The lumber lordosis can be considered to be an adaptation for hip
extension, since lumber region is shifted anteriorly and thus hip extension is less restricted by psoas
major muscle. Therefore, such a morphological adaptation of postcranium evolved through the
two-step training method is suggested to be one of the key adaptations for acquisition of the
human-like, energy saving locomotion for Japanese macaques.

Consequently, the ability to walk like the trained monkeys is not an inherent ability of Japanese
monkeys; rather it is-a special skill that can only be acquired through the training. A necessity to
walk bipedally itself does not seem to be sufficient for the acquisition of the skill, as the Pyonta’s

case shows.
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Table 1. Physical parameters of Japanese monkeys participated in this study

age sex ~ body mass segment length (m)

(yrs) (kg) foot shank thigh trunk
Pyonta 12 M 94 0.065 0.190 0.189 0.397
Kampei 9 M 12.5 0.075 0.171 0.169 0.389
Kojiro 7 M 11.7 0.084 0.158 0.223 0.408

Note: Pyonta’s body mass was measured two years before this experiment.

Table 2. Comparisons of gait parameters between Pyonta and the bipedally trained monkeys.
homogeneity

Pyonta Kampei Kojiro of variance
Stride length (m) 0.69+  0.03 0.72+  0.04 0.80+  0.06 N.S.
Duration (sec) 093+ 0.08 0.67= 0.04 0.71+ 0.04 N.S.
Speed (km/h) 269+  0.27 3.89+ 040 4.06+ 042 N.S.

Note: The figures for Pyonta are underlined if they are significantly different from those of both
trained monkeys (P < 0.05). The Leuvene’s test was used to test homogeneity of variance. NS = not

significantly different, indicating the variances are homogeneous.




Table 3. Comparisons of joint angle parameters between Pyonta and the bipedally trained monkeys.

Pyonta Kampet Kojiro Egl\rfla(f::s:y
ankle AVE 74.9+ 35 68.5+ 2.2 68.6+ 2.6 NS
MAX 949+ 2.3 91.8=+ 2.9 93.0+ 5.3
MIN 414+ 8.6 29.0+ 3.2 31.5+ 5.2
RANGE 534+ 102 62.8+ 3.6 61.5+ 4.4
knee AVE 82.1+ 4.9 63.7+ 1.9 74.6x 2.5 NS
MAX 1079+ 7.0 957+ 2.4 101.8+ 4.2

MIN 359+ 59 11.9+ 2.5 249+ 4.0 NS

RANGE 72.0=+ 8.7 83.8+ 2.8 76.8+ 4.9
hip AVE 88.7+ 5.5 43.8+ 1.9 66.1=+ 2.2
MAX 103.8+ 6.6 58.6+ 2.0 84.3+ 23

MIN 64.6+ 6.8 22.1+ 3.0 39.2+ 41 NS

RANGE 393+ 6.3 36.5+ 22 452+ 2.5

trunk AVE 38.0+ 24 14.2+ 2.0 322+ 1.7 N.S.
MAX 41.6=+ 3.1 164+ 2.2 349+ 1.6 N.S.
MIN 342+ 2.1 103+ 1.7 28.6+ 2.7 NS
RANGE 7.3+ 2.2 6.1+ 0.9 63+ 2.7

Note: The figures for Pyonta are underlined if they are significantly different from those of both
trained monkeys (P < 0.05). The Leuvene’s test was used to test homogeneity of variance. NS = not

significantly different, indicating the variances are homogeneous.
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Figure 3. Definition of joint and trunk inclination angles (9,-ankle joint angle, 9,-knee joint angle,

9;-hip joint angle, 94-trunk inclination angle). P1-5 = landmarks
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Figure 4. Joint angle profiles of Pyonta’s bipedal locomotion. (A) left, (B) right. Thick solid line =
mean joint angle. Dotted line = standard deviation from mean joint angle. Joint angles are positive

for flexion and dorsiflexion. iflex
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Figure 5. Joint angle profiles of the bipedally trained monkeys. Please refer to Figure 4 for
comparisons of the profiles with those of Pyonta. Thick solid line = mean joint angle. Dotted line =

standard deviation from mean joint angle.
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Figure 6. Stick diagrams of Pyonta’s bipedal locomotion compared with those of the bipedally

trained monkeys (traced every 10% of a gait cycle).




(A) anterior view (B) posterior view

Figure 7. Three dimensional reconstruction of Pyonta’s femora from consecutive CT images. Note

the pathology at the left hip joint.




Skeletal response to bipedalism in macaques: with emphasis on cortical bone
distribution of the femur
(RAZIZHBT 2 ZR2IEITHT D BHRORIE « KB OBEE 12D T)

Masato NAKATSUKASA

Abstract We investigated cortical distribution of the femoral diaphysis of two J apanese macaques
that had experienced long term bipedal exercise. These macaques were ftrained for a Japanese
traditional monkey attraction for 11 and 8 years, respectively. Cross-sectional images were taken
serially with an interval of 10% of the total length between the 20 to 80% level of the femur, and
cross-sectional geometric properties were calculated. One of the macaques showed very high second
moments of area and moderately narrow medullary cavity through the diaphysis, indicating active
bone formation on the periosteal surface. The other macaque displayed medium cortical areas,
remarkably thick cortex, narrow medullary cavity, and low second moments of area. These features
indicate a marked endosteal bone growth. Two macaques showed a common unique feature about
cortical bone distribution, that is, the diaphysis is very expanded mediolaterally at the mid to distal
part. This feature is related to a high bending loading in this direction, which is caused by the
abduction of the thigh during bipedal behaviors. At the proximal 20% level, both femora displayed a
relatively thick cortex and narrow medullary cavity. The bending rigidity pattern was similar to that
of ordinary macaques. We preliminarily compared these characters with those of the femur of a
free-ranging macaque that had congenitally lost both forearms. The diaphysis of this macaque
displayed a more circular cross-section and anteroposteriorly thick cortex at the 50% level, and weak
clliptical shape at the 75% level, suggesting more predominant bending stress in the
anterior-posterior direction as compared with the trained bipedal macaques. These differences
probably reflect the lack of fully upright bipedal postural behavior as well as more inclined trunk in

bipedal walking in this macaque.

Keywords  bipedal exercise, bone remodeling, cross-sectional geometric properties, femur,

Macaca fuscata, mechanical loading, posture

Introduction

A series of papers which dealt with postcranial morphologies of macaques which had experienced




long term bipedal exercise have been published by a group of Japanese researchers (see reviews of
HAYAMA et al., 1992; NAKATSUKASA et al., 1995), collaborating with a circle of a Japanese
traditional public attraction in which trained macaques took bipedal performance ("Sarumawashi”,
which means "playing with monkey" in Japanese). Well-trained macaques for this performance are
able to stand almost fully upright and walk over kms bipedally. Although overwhelming non-human
primate taxa adopt bipedal locomotor and postural behaviors, these behaviors are only minor parts of
the total positional repertoire. The lack of habitual biped among non-human primates is an obstacle
to interpret functional necessity and structural adaptation concerning the evolution of bipedalism in
humans. The objective of our study is two-fold. First, we aim to evaluate the potential capability for
bipedalism in non-human primates. Interestingly, it is shown that these macaques are more efficient
bipeds than those macaques just trained for laboratory experiments (ISHIDA, 1991). He estimated
the cost of bipedal walk of one of these macaques by a computer simulation and argued it was less
than 70 % of that of lab subject. Secondly, we aim to clarify how specific mode(s) of bipedalism
would be related to mechanical loading on the skeleton and resultant skeletal features. In one sense,
this bipedal macaque case is an excellent experiment to check theoretical models between form and
function. The topic of this paper is mainly concerned in the latter objective. )
Previously, the authors have investigated the postcranial skeleton of one of these macaques and
reported very thick cortex of the femoral diaphysis as well as unique articular morphologies
(HAYAMA et al., 1992; NAKATSUKASA and HAYAMA, 1991, NAKATSUKASA et al., 1995).
Recently, the second subject was available for study. A preliminary study revealed that the femur of
the second macaque also had a remarkable cortical thickness at the mid diaphysis (NAKATSUKASA
and HAYAMA, 1999). This coincidence is not surprising because plasticity of the cortical bone
distribution related to mechanical loading is well known by direct or indirect experimental studies
(AMTMANN and OYAMA, 1973; JONES et al.,, 1977; LANYON et al., 1982; MATSUMURA and
OKADA, 1987; TRINKAUS et al., 1994; RIESENFELT, 1966; ROY et al., 1994; RUFF and JONES,
1981; Woo et al., 1981). However, cortical bone distribution throughout the diaphysis has not yet
been detailed in these bipedal macaques. BURR et al. (1981) has studied the pattern of the cortical
distribution in the femur of ordinary macaques. RUFF and HAYES (1983) compared it with that of
the Pecos Puebro Amerindian and discussed differences of structural adaptations between them.
Thus, it is intriguing to know how femoral cortical bone distribution is different between usual
quadrupedal macaques and well-trained bipedal macaques. Through this comparison, we discuss the

distribution of mechanical loadings on the femur during bipedal behavior of macaques.




Materials and Methods

Bipedal training

These bipedal macaques were intended to stand and walk bipedally for a traditional animal
performance. As the first step of the training, macaques are accustomed to bear the body weight on
the hindlimb with assistance of a trainer. About half-hour training is executed several times a day.
Within several days, macaques become to stand bipedally by themselves for a while IWAMOTO,
1985). Through the training, the attention is paid to keep the lumbar of the standing macaque in an
extend position (Fig. 1A). This bipedal standing is crucial in the early step of the training
(HAYAMA, 1986; HAYAMA et al., 1992). Only after this step, emphasis is placed on bipedal
walking. After one year, the standing posture becomes well upright (NAKATSUKASA and
HAYAMA, 1996). In addition, they acquire a human-like lumbar lordosis which is kept even in the
pronograde posture (HAYAMA, 1986; HAYAMA et al., 1992; PREUSCHOFT et al., 1988).

Subjects
We examined femora of two bipedally trained macaques. One (biped-J or Jiro) had been trained for
11 years from the age of 3 years. The other (biped-S) had been trained for 8 years from the 2 years in
age. Both were adult males that epiphyseal lines were completely disappeared. Body weight and
femoral total length of these macaques and means of adult male Japanese macaques are given in
Table 1. Biped-J was medium in length, but it is relatively heavily built. On the other hand, biped-S
was small and rather slender.

As for comparative subjects, we examined 24 adult male Japanese macaque skeletons which were
housed at the Primate Research Institute, Kyoto University. Additional 23 individual CT data at the

50% level of the diaphysis were available. They were also housed at the same Institute.

Methods

Cross-sectional images of the femoral diaphysis were collected by computed tomography. They were

taken with an interval of 10% of the total femoral length, from the proximal 20% to distal 80% level.

The total femoral length was measured as a projected length from the femur head to the medial

condyle in line with the shaft. The femur was set horizontally on the stage so that the anterior

surfaces at the 20 and 80% levels become same in height. The skeleton of biped-J was mounted with
a steel bar inserted into the medullary cavity. Cross-sectional images of the femur of biped-J were

taken by a medical CT (X-lead, Toshiba) with a pixel size of 250 pm. Due to the steel bar, the




computed images could be biased at the 40 to 80% levels. Other subjects were investigated by using
a pQCT (micro CT research SA, Norland-Stratec) with a pixel size of 65 um. Cross-sectional
geometric properties were calculated by a macro program of the NIH image. They include cortical
bone area (CA), total periosteal area (TA), second moments of area around mediolateral and’
anteroposterior axes (Im-1 and la-p, respectively), maximum and minimum second moments of area
(Imax and Imin), polar moment of area (Ip), and angle of the principal axis (PA). The PA angle was
measured clockwise from the anterior direction (Fig. 3). As for indices, CA/TA (%CA), la-p/Im-1,

and Imin/Imax were calculated. They are given in %.
Results

Fig. 2 shows cross-sectional images of the femoral diaphysis of bipedal macaques. Calculated
properties except the PA angle are given in Table 2. Means and standard deviations of ordinary
macaques and values of two bipedal macaques are shown. Values of CA in ordinary macaques
decrease toward the distal epiphysis. This pattern is same for bipedal macaques. However, biped-J
exhibits remarkably greater CA values than ordinary macaques. On the other hand, CA values of
biped-S are close to the means of ordinary macaques. |

Mean %CA of ordinary macaque increases between the 20 and 30% level, then decrease
constantly. Bipedal macaques show similar patterns. However, biped-S is distinctive in the high
values, especially between the 40 and 60% level. Although %CA of this region is relatively high, the
greatest divergence from ordinary macaques is found at the 20% level in biped-J.

Mean Im-1 of ordinary macaques is greatest at the 20% level. It is lower in other levels and does
not show any consistent change. Im-1 of biped-J is high at the 20 and 80% level and lowest at the
30% level. It increases constantly between the 30 and 80% level. Biped-S shows the high values at
both ends of the diaphysis and the lowest value at the 50% level. Values are relatively low at all of
the levels.

Mean la-p of ordinary macaques has a similar changing pattern as Im-1. However, it increases
constantly below the 30% level to the distal end. Bipedal macaques show a same pattern. However,
biped-J exhibits remarkably higher values. On the other hand, biped-S shows only medium or even
lower values.

Serial change of Ip in ordinary macaques is similar to that of la-p. This is not surprising because

Ip is the sum of Ia-p and Im-1. Likewise, each bipedal macaque displays similar characters as for

Ta-p.




Means of Ia-p/Im-1 of ordinary macaques are about 100% in the proximal half of the diaphysis
except the low value at the 30% level. In the distal half, Ia-p/Im-1 increases constantly, which means
mediolateral bending strength becomes relatively predominant. In biped-J, the index increases
constantly from the 20 to 70% levels and markedly increases between the 70 and 80% level. Values
are quite higher than ordinary macaques, especially between the 30 and 60% level. Biped-S shows a
similar pattern like ordinary macaques. However, values are remarkably high between the 50 and
70% level.

Means of Imin/Imax of ordinary macaques are consistently high between the 20 and 60% level
except at the 30% level. Imin/Imax decreases abruptly between the 60 and 80% level. Thus, the
diaphysis is more circular in the proximal and mid region, and becomes flat toward the distal end.
Biped-J shows a similar pattern in proximal part, but displays developed flatness at the mid and
distal levels. Compared with biped-J, Biped-S shows a higher circularity in the proximal levels, but a
higher degree of flatness in the mid and distal levels.

Since Imin/Imax does not reflect in which orientation the flatness is developed, it is better to
analyze this ratio with the orientation of PA. For example, the distribution of the PA angle at the
mid-diaphysis is bimodal (Fig. 3). The PA directs either mediolaterally or anteroposteriorly without
intermediate orientation. Frequencies of two distributions are nearly same. In most individuals,
Imin/Imax is within a range between 75 to 95%. It is interesting to note that a small number of
individuals are beyond this range and that the PA of those individuals directs anteroposteriorly.
However, bipedal macaques exceptionally show a developed flatness at the 50% level with their PA
directed mediolaterally.

Same analyses have been done at other levels (Fig. 4). At the 30% level, where the flatness is
relatively developed, ordinary macaques show PA which is rotated moderately (less than 40 degrees)
counterclockwise. At the 40 and 50% levels, ordinary macaques are separated into two types
regarding the orientation of PA. Some individuals show an elongated cross-sectional shape in the
anteroposterior direction. Distalward, the frequency of mediolaterally directed PA increase. At the
60% level, there is no individual that shows an elongated cross-sectional shape in the anteroposterior
direction. At the 70% level, almost every individual shows mediolaterally directed PA. Compared
with this pattern, bipedal macaques are unique in the markedly expanded diaphysis in the

mediolateral direction through the 50 to 70% levels.

Discussion

Cortical bone distributions of these bipedal macaques are unique throughout the femoral diaphysis.




As for many geometric properties and indices, these macaques are beyond the ranges of ordinary
macaques. Not surprisingly, high degree of mechanical loading has enhanced bone apposition
through the diaphysis. Interestingly, two macaques are different in the mode of cortical bone
apposition. Biped-S shows medium CA, high %CA (= narrower medullary cavity), and low second
moments of area throughout the diaphysis. This result indicates the bone formation was very active
on the endosteal surface. On the other hand, the femoral diaphysis of biped-J shows extraordinarily
high second moments of area and moderately narrow medullary cavity (except the 20% level). Thus,
the bone formation has progressed more on the periosteal surface. It is known that sensitivities of the
periosteal and endosteal surfaces to mechanical stress change around adolescence (RUFF et al.,
1994). However, the ages that the exercise has started and periods of exercise do not differ largely in
these two macaques. Ontogenetic factor unlikely explains this difference. It would be necessary to
compare detail history of each individual as well as other physical characters, and to collect more
subjects.

BURR et al. (1981) published a comprehensive study of cross-sectional geometric properties of
macaque femur. The results of the present study basically agree with those of their study, for
example, as for the patterns of CA, second moments of area, and orientation of PA throughout the
diaphysis. The cortical area is greater proximally, suggesting a greater structural figidity against axial
loading. The proximal region of the femoral diaphysis is more circular and the mid to distal
diaphysis becomes more elliptical distally with greater structural strength about the mediolateral
bending (BURR et al., 1981, RUFF and HAYES, 1983). One of our findings is that thé 50% level of
the diaphysis is the transitional region where the diaphysis is more pronounced in mediolateral
bending stiffness in the Japanese macaque. The distribution of the PA orientation is bimodal at this
level and mediolaterally elongated elliptical form appears at more distal levels.

Compared with ordinary macaques, bipedal macaques are unique in the more expanded diaphysis
mediolaterally through the mid to distal diaphysis. This feature is marked even at the 50% level. At
more proximal level, expansion of the shaft in any particular orientation is less marked and common
unique pattern is not observed. Indeed, neither Imin/Imax nor the PA orientation distinguishes the
femora of bipedal macaques from those of ordinary macaques at the 20% level.

Thus, both pronounced anteroposterior bending strength around mid diaphysis and a high
mediolateral bending stiffness in the proximal diaphysis, those which are characteristics of modern
human femur (RUFF and HAYES, 1983), is not developed in these bipedal macaques. The cortical
bone distribution suggests that the mid to distal diaphysis is suffered from high bending stress in the

mediolateral direction. When well-trained macaques stand fully upright, the hip and thigh




musculature must be exerted to keep the femur in an abducted and laterally rotated position of the
femur (Fig. 5). The resultant force by the muscular contraction and gravity is supposed to introduce
such a mechanical loading (NAKATSUKASA et al., 1995). As for the proximal region, high %CA at
the 20% level is observed in both bipedal macaques. This may be indicative of relatively greater
axial loading related to bipedal behaviors. The loading patfern in the proximal level may not be
different from that of quadrupedalism.

There is an interesting comparative case to support these interpretations. We have observed a free
ranging Japanese macaque that had congenitally lacked the both forearms at the elbow (Fig. 6). This
was a subadult male within a troop that was provisioned at Arashiyama, Kyoto. This macaque adopts
exclusively bipedal walking when it moves. Since this macaque moved with the troop, the daily
travel distance was supposedly over a few kms. We took CT images of this macaque under
anesthesia and obtained comparable cross-sectional images of the femoral diaphysis from a 3D
reconstruction (Fig. 7).

Although the resolution is too rough for a quantitative analysis, the cortex is appreciably thick,
especially at the proximal 25% level. The mid-diaphyseal cross section is circular and the cortex is
thick in the anterior and posterior parts, which suggest a relatively high bending strength in the
anteroposterior direction. Even at the distal 75% level, the cross section is less elliptical.

The mode of bipedal walk in this Arashiyama macaque is distinct from that of ordinary Japanese
macaques in its more upright trunk though less than in the trained macaques (Fig. 6). Supposedly,
this Arashiyama macaque is a very efficient biped. However, this macaque rarely keeps standing
posture. We observed a rare case that this macaque was fed in standing (Fig. 1C). Its trunk never
became upright and the hip and knee joints were kept partially flexed similarly as it was walking.
This posture is quite different from that of well-trained bipedal macaque. The lack of fully bipedal
postural activities and more inclined trunk as compared with the trained macaques may have
introduced a different type of loading, namely greater bending in the anteroposterior direction to the
mid to distal shaft of the femur in this macaque.

These examples suggest that the sensitivity of the cortical bone to stresses can be helpful to infer
how fossil hominoids/hominids moved or how the femoral structure changed as the frequency of
bipedal behavior increased in the evolution of human bipedality (RUFF et al., 1994). As a matter of
fact, Japanese macaques are committed for semi-terrestrial cursorial locomotion, and their
specialized body structures (limb proportions, joint motion ranges, bi-acetablum distance, muscular
arrangements, etc.) make it impossible to yield direct inferences. However, experimental studies

have a huge benefit to depict the causal link between behavior and skeletal structure. The




accumulation of these data, that is, individual and ontogenetic variations, enriches a basis of

mechanical interpretation of the hip and thigh biomechanics of bipeds.

Acknowledgements  The author sincerely thank to Mr. Umejiro MURASAKI and trainers of the
Suo Sarumawashi, and the late Mr. Nobuo ASABA of the Iwatayama Monkey Park, Kyoto for
collaboration to our study. We are glad to the Primate Research Institute for access to specimens

under their care.

References

AMTMANN, E. & OYAMA, J. (1973): Changes in functional construction of bone in rats under
conditions of simulated increased gravity. Z. Anat. Entwickl.-Gesch. 139:307-318.

BURR, D.B., PIOTROWSKI, G., & MILLER, GJ. (1981): Structural strength of the macaque femur.
Am.J Phys.Anthropol. 54:305-319.

HAYAMA, S. (1986): Spinal compensatory curvature found in Japanese macaques trained for the
acquisition of bipedalism. Growth 25:161-178. (in Japanese with English abstract)

HAYAMA, S., NAKATSUKASA, M. & KUNIMATSU, Y. (1992): Monkey performance: The
development of bipedalism in trained Japanese monkeys. Acta Anat.Nipponica, 67: 169-185.

ISHIDA, H. (1991): A strategy for long distance walking in the earliest hominids: Effect of posture
on energy expenditure during bipedal walking. In (COPPENS, Y, & SENUT, B. ed.) Origine(s) de
La Bipédie Chez les Hominidés, 9-15: Paris, CNRS.

IWAMOTO, M. (1985): Bipedalism in Japanese monkeys and carrying models of hominization. In
(KONDO, S. ed.) Primate Morphophysiology, Locomotor Analyses and Human Bipedalism.,
251-260: Tokyo, University of Tokyo Press.

JONES, H.H., PRIEST, J.D., HAYES, W. C.,, TICHENOR, C.C., & NAGEL, D.A. (1977): Humeral
hypertrophy in response to exercise. J.Bone Joint Surg. 59A:204-208.

LANYON, L.E., GOODSHIP, A.E., PYE, CJ., & MACFIE, J.H. (1982): Mechanically adaptive
bone remodeling. J. Biomech. 15:141-154.

MATSUMURA, A. & OKADA, M. (1987): Cross-sectional properties along the diaphysis of the rat
femur as influenced by forced running exercise. J. Anthrop. Soc. Nippon 95:5-18.

NAKATSUKASA, M., & HAYAMA, S. (1991): Structural strength of the femur of bipedally trained
monkey. J.Antrop.Soc.Nippon 99: 289-296.

NAKATSUKASA, M., HAYAMA, S., & PREUSCHOFT, H. (1995): Postcranial skeleton of a




macaque trained for bipedal standing and walking and implications for functional adaptation.
Folia Primat. 64:1-29.

NAKATSUKASA, M., & HAYAMA, S. (1996): Development of bipedal standing posture in trained
Suo monkeys. Primate Research 12: 263.

NAKATSUKASA, M., & HAYAMA, S. (1999): Effects of bipedal standing and walking on
hindlimb bones of Japanese macaques. Anthropol.Sci. 107: 31-40.(in Japanese with English
abstract)

PREUSCHOFT, H., HAYAMA, S., & GUNTHER, M. M. (1988) Curvature of the lumbar spine as a
consequence of mechanical necessities in Japanese macaques trained for bipedalism. Folia Primat.
50:42-58.

RIESENFELD, A. (1966): The effects of experimental bipedalism and upright posture in the rat and
their significance for the study of human evolution. Acta Anat. 65:449-521.

ROY, T. A., RUFF, C.B., & PLATO, C.C. (1994): Hand dominance and bilateral asymmetry in the
structure of the second metacarpal. Am.J .Phys.Antropol. 94:203-211.

RUFF, C.B. & JONES, H.H. (1981): Bilateral asymmetry in cortical bone of the humerus and
tibia-sex and age factors. Hum.Biol. 53:69-86.

RUFF, C.B.,& HAYES, W.C. (1983): Cross-sectional geometry of Pecos Pueblo femora and tibiae-a
biomechanical investigation: I. method and general patterns of variation. Am.J.Phys.Anthropol.
60:359-381.

RUFF, C.B. WALKER, A. & TRINKAUS, E. (1994) Postcranial robusticity in Homo. I1I: Ontogeny.
Am.J.Phys. Anthropol. 93:35-54.

TRINKAUS, E., CHURCHILL, S.E., & RUFF, C.B. (1994) Postcranial robusticity in Homo. 1I:
humeral bilateral asymmetry. Am.J.Phys. Anthropol. 93:1-34.

WOO, S.L.Y.,, KUEIL S.C., AMIEL, D., GOMEZ, M.A., HAYES, W.C., WHITE, F.C., & AKESON,
W.H. (1981): The effect of prolonged physical training on the properties of long bone: A study of
WOLFF's law. J. Bone Joint. Surg. 63A:780-787.

Table 1 Body weight and total length of the femur of bipedal and ordinary macaques

weight (kg) femoral length (mm)

biped-J 18.0 187.0
biped-S 10.0 181.5
ordinary macaque mean 15.7 190.5

(n=10, s.d. 3.0) (n=24, s.d. 8.31)




Table 2 Cross-sectional geometric properties of the femoral diaphysis at the proximal 20 to distal
80% levels of the total length of the femur. Mean and standard deviation of ordinary macaques
(n=24) and values of bipedal macaques. CA: cortical area, %CA: cortical area relative to total
periosteal area, Im-1: second moment of area around the mediolateral axis, la-p: second moment of
area around the anteroposterior axis, Imax: maximum second moment of area, Imin: minimum

second moment of area, Ip: polar moment of area.

20% 30% 40% 50% 60% 70% 80%

CA (mmz)
mean 107.2 100.7 97.8 93.6 88.7 82.3 79.6
s.d. 13.59 11.55 12.02 13.29 12.75 11.28 11.43
biped-J 142.3 124.6 126.0 122.1 123.0 108.3 104.1
biped-S 102.9 994  95.77 962  91.72 84.1 88.2
%CA (%)
mean 68.5 77.2 71.7 65.0 58.6 51.2 443
s.d. 6.59 5.52 5.29 5.65 5.95 6.67 7.05
biped-J 80.9 81.7 76.6 72.3 65.2 51.7 44.9
biped-S 77.8 87.6 83.0 83.3 72.6 58.3 53.5
Im-1 (mm4)
mean 1811.1 14344 14079 14452 1459.2 1428.8 14392
s.d. 4472 2630 2885 3936 3925 3344 2905
biped-J 22938 1640.1 1823.5 19072 20869 22513 "2326.1
biped-S 1281.6  1060.5  993.1 885.5 9243 10599 12555
Ia-p (mm4)
mean 1882.1 12126 1360.0 14814 1624.7 1806.2 2301.2
s.d. 4377 2265 2812 3435 363.6 3715 528.4
biped-J 2638.9 2028.5 2343.1 2611.1 30584 33268 4285.1
biped-S 1449.3 999.6 10853 12456 15119 17843 23363
Ip (mm4)
mean 36933 26492 27679 29459 30839 3235.1 37404
s.d. 868.0 4763 5504  683.0  730.1 6752 7923
biped-J 49327 3668.6 4166.6 45183 51453 5578.1 6611.2
biped-S 2730.9 2060.1 20784 2131.1 24362 28442 35918
la-p/Im-1 (%)
mean 104.4 84.8 97.1 103.6 112.5 127.5 159.6
s.d. 9.60 7.30 10.29 12.41 13.0 13.66 19.04
biped-J 115.0 123.7 128.5 136.9 146.6 147.8 184.2
biped-S 113.1 94.3 109.3 140.7 163.6 168.3 186.1
Imin/Imax (%)
mean 82.5 72.9 83.0 83.6 82.3 76.3 62.8
s.d. 11.24 6.83 6.26 8.03 6.46 6.46 7.68
biped-J 78.6 74.5 76.1 72.6 64.2 64.7 51.2
biped-S 87.8 81.2 91.5 70.0 59.7 59.4 53.6




Figure 1
A: bipedal standing in trained Japanese macaques. Note a well-trained macaque (left) stands fully
upright with its lumbar extended. B, C: free ranging Japanese macaque at Arashiyama, Kyoto, which

lacks forearms congenitally. Note the trunk does not become upright in walking (B) and standing
©).
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Figure 2
Cross-sectional images of the femoral diaphysis of bipedal macaques (Above: biped-J, below:

biped-S). A steel bar is seen in the medullary cavity at 40% to 80% levels of the biped-J femur.
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Figure 3

PA angle

Bivariate plot of Imin/Imax (vertical) against the PA angle (horizontal) at the 50% level of the

diaphysis. Additional samples of ordinary macaque are included (total sample size = 47). Square:

biped-J, open triangle: biped-S, solid triangle: ordinary macaque.
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Figure 4
Bivariate plots of Imin/Imax (vertical) against the PA angle (horizontal) at the 20 to 80% level of the

diaphysis. Square: biped-J, triangle: biped-S, circle: ordinary macaque.




100
®
90 . l . 1 ¢ ®
®
® ao‘ 4 ¢ ®
80 & .; O.‘ @
& “ !
70 @ 1 f?
A A
60 o ) 0
50 A
. 60% 0%

-40 20 0 20 40 60 80 100 120 40 -20 0 20 40 60 80 100 120

1 .o.
o~
] t.
g
) A
80%

40 20 0 20 40 60 80 100 120

Figure 4

Continued.




Figure 5
X-ray photographs of a well-trained bipedal Japanese macaque during bipedal standing in lateral

(left side) and frontal view (right). Note the fully upright trunk, lumbar lordosis, and well extended
hip and knee joints. The femur is abducted and laterally rotated.




Figure 6

Bipedal walk in Japanese macaques taken from video frames. Top: voluntary walk in free ranging
macaque carrying an object in hands. Middle: bipedal macaque at Arashiyama. The trunk is less
inclined. Bottom: trained macaque for bipedal performance. The trunk is further less inclined than in

the Arashiyama bipedal macaque.




Figure 7
Cross-sectional images of the femoral diaphysis of the Arashiyama bipedal macaque at the 25, 50,

and 75% levels. Images are calculated from a 3D reconstruction of the femur by using serial CT

data.
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Are  energetic costs for bipedalism and
quadrupedalism same in primates?

Masato Nakatsukasa, Eishi Hirasaki, Naomichi
Ogihara, Yuzuru Hamada

Japanese macaques that engage in traditional
bipedal monkey performance are incomparably adept
nonhuman bipeds and ideal experimental subjects to
evaluate potential bipedal capability in nonhuman
primates. We preliminarily report on their locomotor
energetics. Subjects were two Japanese macaques.
Experiments were conducted in a special chamber
with a gas analyzer. Subjects walked quadrupedally
and bipedally with various speeds (1.5-5.0km) on a
treadmill.  While walking bipedally, energetic
expenditure increased by 20-30%. Locomotor costs
increased linearly with speed and energetic
expenditure was constantly higher in bipedalism. Our
results contradict with those of Taylor and Rowntree
(1973), who found bipedal and quadrupedal running
required a same energetic cost in chimpanzees and
capuchins. Although the reason for this inconsistency
is unclear, caution should be exercised with general
application of their arguments to other primates.
However, we do not think that the energetic cost of
bipedal walk is really “expensive” for these trained
Japanese macaques. The energetic cost of bipedal
walk at the velocity of 2.5 kinv/h is equivalent to that
of 3.5km/h quadrupedalism. This result suggests high
potentiality for bipedalism in non-human quadruped
primates.  Supported by ISPS  Grant-in-Aid
(#12440245).

Hirasaki E, Kumakura H, Matane S. (2002).

Head movement during locometion in a gibbon and
Japanese macaques. )

The 19" Congress of International Primatological Society,
Aug 4-9, Beijing, China. ‘

This study examined head rotation and translation movements
during locomotion in Japanese macaques (Macaca fuscata) and
a gibbon (Hylobates lar). Subjects walked on alevel surface at
their natural walking velocities bipedally (both species) and
quadrupedally (only Japanese méqaques). Head rotation and
translation in the sagittal and transverse planes during
locomotion were determined in space coordinates using two
infrared-ray-reflective markers (attached to the left canthus
and tragus) and a video-based motion analysis system (ELITE,
BTS, Italy). Limb movements were also recorded. The results
showed that the head of the Japanese macaques oscillated
vertically and laterally at frequencies corresponding to step
and stride frequencies, respeétively, during bipedal walking.
Their amplitudes were within the range of a few centimeters.
Rotatory motions of the head were essentially compensatory
for head translations. That is, the head pitched down when its
position was high, and rotated right when it translated left.
These well-coordinated head rotation and translation were
likely to maintain the stability of the gaze. The frequencies and
magnitudes of linear acceleration of the head were well above
the threshold for activating the linear vestibulocoll_i'cvreﬂex,
suggesting that this reflex could induce the head rotations that
were compensatory for the head translations. No significant
difference between bipedal and quadrupedal walking in the
macaques was found except for the averaged head ahgular
position, which showed that the head forward—tilted more
during quadrupedal walking. The gibbon also showed
coordinated head motions during bipedal walking, although
their amplitudes were slightly larger than those of the Japanese
macaques. The fact that the coordinated head rotation and
translation were observed both in the two species and both
during bipedal and quadrupedal walking suggests that the head
movements during locomotion be well regulated in the manner
of "top-down" control over the species, despite the different
limb motions.




IS9-5 Energy expenditure for bipedal walking in Japanese macaques. NAKATSUKASA, Masato,

HIRASAKI, Eishi, OGIHARA, Naomichi, YAMADA, Mana, and HAMADA, Yuzuru.
(Laboratory of Physical Anthropology, Kyoto University, Japan, nakatsuk(@anthro.zool.kyoto-u.ac.jp, Osaka
University, Japan (E. H.), and Kyoto University, Japan (N. O., M. Y., Y.H.).

Taylor and Rowntree (1973) found bipedal and quadrupedal running required a same energetic cost in

chimpanzees and capuchins. Is this true for anthropoid primates in general? Bipedal monkey attractions have

been developed widely in Asian countries. Japanese macaques that engage in traditional performance are.

trained to stand and walk bipedally daily for about one hour. We investigated locomotor energetics of these
adept bipedal macaques. The experiment was conducted in a special chamber with a gas analyzer. The
subjects (two individuals) walked quadrupedally and bipedally with various velocities (1.5-4.5km) on a
treadmill within the chamber. The cost of quadrupedalism was almost equivalent to the published data in one
subject although another one exhibited rather high values. While walking bipedally, energetic expenditure
increased by 20-30% in both subjects. Locomotor costs increased almost linearly with velocity and energetic
expenditure was always higher in bipedalism by 20-30%. The rcason for this inconsistency with Taylor. and
Rowntree’s (1973) result is unclear. However, we think it should be cautious to extend their result to
anthropoids in general because studies of bipedal locomotor energetics are extremely scant. Supported by
Grant-in-Aids from the JSPS (#12440245).

1S9-6 Do Highly-Trained Monkeys Walk Like Humans? HIRASAKI, Eishi: OGIHARA,

Naomichi: HAMADA, Yuzuru: and NAKATSUKASA, Masato. (Dept Biol Anthropol,
Grade Schl Hum Sci, Osaka Univ, Japan, hirasaki@hus.osaka-u.ac.jp; Dept Phys Anthropol, Kyote
Univ, Japan; Inst Primate Res, Kyoto Univ, Japan.)

It has been revealed that Japanese macaques (Macaca fuscata) that have been trained to stand and walk
bipedally for Sarumawashi-monkey performances show morphological changes in the musculoskeletal system,
such as more robust limb bones, existence of lordosis, etc. (Preuschoft et al, 1988; Nakatsukasa et al, 1991,
Hayama et al, 1992). These reports suggest that performing monkeys walk bipedally more efficiently than do
untrained monkeys, but little is known about the kinematics of their walking. This study examined the
kinematics of bipedal walking by bipedally-trained monkeys, and compared the results with those of untrained
monkeys. The subjects (3 males) used in this study have been trained for at least two years to stand and walk
bipedally. Two untrained monkeys were also tested. Movements of the hindlimb, trunk and head during
locomotion on a treadmill were measured using a video-based motion analyzer (Frame-Dias, DKH). The
results showed that the trained monkeys walked with longer and less frequent strides than did the ordinary
monkeys. This was achieved by more extended hindlimb joints. The knee joint of the trained monkeys often
showed the human like “double knee action.” As a result of this hindlimb kinematics, the body of the trained
monkeys translated up during the single-limb support phase. unlike ordinary monkeys in which the body
translated up during the double-limb phase. These differences between the two groups were maintained over
the range of walking velocities tested. Collaborated with Suo-Sarumawashi (Japanese monkey performance
association). Supported by Japan Society for the Promotion of Science (#12440245).




Kinematics of bipedal locomotion in
bipedally-trained Japanese macaques
(monkey performance monkeys).

E. Hirasaki', N. Ogihara®, Y. Hamada®, M.
Nakatsukasa?. 'Osaka University, Dept. of
Human Scineces, Laboratory of Biological
Anthropology, Suita, Osaka, 565-0871, Japan,
‘Kyoto University, Laboratory of Physical
Anthropology, ‘Kyoto University, Primate
Research Institute.

Recent studies have revealed that the
Japanese macaques (Mucaca fuscata) that are
highly trained to stand and walk bipedally
(Monkey Performance monkeys) show
morphological changes in the musculoskeletal
system (e.g. more robust limb bones, existence
of the lordosis etc). These reports suggest that
they could walk bipedally more efficiently than
the non-trained monkeys, but little is known
about their kinematics. The aims of this study
were to examine the kinematics of bipedal
walking of the trained monkeys, and to compare
the results with those of non-trained monkeys.
The subijects (4 males) used in this study have

been trained for at least two years to stand and
walk bipedally. Two non-trained monkeys
(ordinary macaques cared for common
locomotor experiments) were also tested. Limb,
trunk and head movements during locomotion
on a treadmill at velocities of 1.5 10 5.0 km/h
were measured using a video-based motion
analyzer (Frame-Dias, DKH). The results
revealed that the trained monkeys walked with
longer stride and lower step frequency than did
the non-trained subjects. This is achieved by
more extended hindlimb joints. The knee joint
often showed the human like “double knee
action.” As a result of this hindlimb kinematics,
the body translated up during the single-limb
support phase, unlike the case of the non-trained
monkey in which the body translated up during
double-limb phase. These differences between

the two groups were kept over the range of .

walking velocities tested. Collaborated with
Suo-Sarumawashi  (Japanese monkey
performance association). Supported by Japan
Society for the Promotion of Science
(#12440245).

Energetics of bipedal and quadrupedal
walking in Japanese macaques.

M. Nakatsukasa', E. Hirasaki®, N. Ogihara', Y.
Hamada'. 'Laboratory of Physical
Anthropology, Kyoto Univesity, Kyoto, Kyoto,
6068502, Japan, 2Dept. of Biological
Anthropology, Osaka University.

There is no living non-human primate in
which bipedalism comprises a major positional
component. This is an inherent problem to the
study of human bipedal adaptations through
cross-species comparative methods. However,
specialized non-human bipeds can be obtained -
under experimental conditions. Bipedal monkey
attractions have been developed widely in Asian
countries. Japanese macaques that engage in
traditional performance are trained to stand and
walk bipedally daily for about one hour. We
preliminarily report on their locomotor
energetics. Since Taylor and Rowntree (1973),

comparative locomotor energetics in non-
human primates has rarely been studied. The
experiment was conducted in a special chamber
with a gas analyzer. The subjects walked
quadrupedally and bipedally with various
speeds (1.5-5.0km) on a treadmill. The cost of
quadrupedalism was alimost equivalent to the
published data (Taylor et al., 1982). While
walking bipedally, energetic expenditure
increased by 20%. Locomotor costs increased
linearly with speed and energetic expenditure
was always higher in bipedalism by 20%. Our
results contradict those of Taylor and Rowntree
(1973), who found bipedal and quadrupedal
running required a same energetic cost in
chimpanzees and capuchins. The reason for the
difference is unclear. However, we agree with
them that bipedal vs. quadrupedal energetic
Rubicon is not large. Indeed, these macaques
can walk bipedally over a few km withdut
interruption despite the extra locomotor cost.
However, the ecological Rubicon (availability
of food resources which can cover the extra cost)
also should be considered if we further argue
the price of bipedalism in non-human primates.
Supported by Monkasho Grant (#12440245).




