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Deep reinforcement learning for generation of bipedal locomotion based on
anatomical neuromusculoskeletal models and its anthropological applications.
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In this study, we constructed a dynamic simulation of bipedal locomotion
capable of reproducing human actual 3D walking movements by utilizing a human 3D
neuromusculoskeletal model and deep reinforcement learning. The musculoskeletal model employed in
this research consisted of a deep neural network that outputs 22 muscle activations from 97 sensory
inputs. We attempted deep reinforcement learning for bipedal locomotion based on the Deep
Deterministic Policy Gradient method. As a result, although issues remain, it became possible to
generate bipedal locomotion.

Additionally, we successfully constructed an anatomically precise 3D finite element model of the
human foot. BK utilizing kinematic data during human bipedal locomotion, we reproduced skeletal
dynamics of the foot during walking within a computational environment.



X C—19,. F—19—1, Z—19 (58)

1. BRGSO 5

BATIEEN L, BTN Z O—F—B 2 Gl 50 Tida . FHICGHEET DU X4
FARARR ] 23 A BT B B~ DR RMEDEEfE T I L 0 BAMICAALH SN D Z &3 mfed
PRI L VSN E o TN D, 17272 L 2D U X LA RS D I THNIBREE D ZE (Lo F L
W2k LTS TED @O BRELZR AR TN B I N D 01T TldZew, BHKE R 72 S8k 2 72 & 280>
5D T x— RNy TIERC, EALARER D B O AINTIFE SN T, F i ~DOEE S 23 08 |2 7%
ENDHZEICEST, FUD THIGEDE W R TOERNREL 2> TV D, 2D, BT
WZHIR SND R ZZERIE W E O X 9 ITHA S, RIS U CEBE S 2 @@ Ui L <
WBDONEFAES Z N, B NOBESN ESMMTOELZEET S ETRAIRTHDIEEZD
N5, LnL, & hOBITICEED D ENRER 2 T X CESEZMICEHIT 5 2 L i3k~ 255005 %
BRI ARARETH b,

—JF, ENEMTET DAL LT, ITE, SMTEEOMRHIEEEORBET L & FOHEK
ERZDNFET VAR L, Mg &R L OB AR ZF DR R A T iES % 5
BHNICHBI T2 2BLTC, SMTOXRFHEHAZEML LY LTI 2 b—T g VN
B ALLNTWAD, HREREEKEZET ML THFOEA BN EEHEENICHEBT S
AT, EAVB RSB TIE R % e i & | BATARK A 1 = X DB 2 Kk & 7RG & FRGES
H7Tw N7 A —LERBETAHZ L bon, LaL, /GOy a2 —2 g BT LT,
b hOEN T RBRITOME, 1%, G E BRI D O E, U AERTEALTE LT,
EORT Uy x/VEITERIC, BIED L ZAES, A7, NEFICBIT L HiEmeE LTIEA
FEEHINTWRVWONEETH D,

BRICRIEE Z2 5N D1%, BT 2 b— 3 2B 5 BB kA oo find 7 Atk
Th b, HITEENL, Ko REIHERHT DR N Z N L > CTHEHEICHIE L CH KL BE)
WAL NFHRTH D, LImnN-> T, RE L ORI AEER %2 5 R OETT MEiEZET
BATOSFEREIZ, OWTIEZ 2 BfEHE L & 95 & T 2 TR O HALER R IO b K&
IR 52D LT, IH b hT ZEOE & H - B e SRR X0 MRS
S 2 R EVE RS L, B o ORIR = AT L L TET b S, £ OEICNTEST 41T
HEEEIZ, BIEE TITEAEEBE SN TI o7z,

B o —ODOREAIT., &5 ESW TR AR ASAITEERTX 5 L )10, MREKET
IWDEEDINT A= RN FEE I L N TE DT ERFETF NS, HITEH
DOAREIL, FHO U X LAERAPRRE R LT D EEE S O, TR R X 5 0% - (&
WZHV, FEICE PO RBRTICEBWTHBITHO B 7 AT OFEE DK 257 25 SRR
RLTWABZENREINTWS, Z9 LEESTHOREEBOMAEAEZ I 2 b —a itk
DRERGRIVICR RS Z L 1X, BMTOHERUEZFHAES LT, FHMT7vIab—va v DE
e AEWRIE A O T DRSS THEETH D08, T a BHT 2 BT AERMREKET LV EZOR)
RORFEEAOBEN, RELNLHENLTWE, LL, EFEEEZEDTWET 41— T —=
VU (REALTE) AT, SRR A TE T VAR LT BRI TIE)
BB H LN TEL LHFBENS,

2. WHEOHB

A TIL, BEREEZ ELLET /UL LT NOFEIGERET LV EE L EEmbs
UG LU TR AERMREIRET LVONRT A= 2B IE5 2 LT hOFE 3 IRTHITiED)
RIS OFEE CHELTE 2 _B@MTEROM IFEN T I ab—va U EBETHIEEZHENE
L7, AHBEHENICHELT 2 T OMRIH B R EERORD N5 2B LT, B FD
TRABTHEB O MR RO L | b b O IRAEEICNTET 2 AT A RETRE 2 R R ) 1 B A R
SZEZHELE,

3. WEDITik

(1) fl PTG E T S B4 B 7 /L DREEE

AW TIX, & MEHOMRIFRIREE R ARERET VAL L, ik O 5B 2 T 95
ZLEAMLT, b MEEEES I & O ) FRIHAAEHRC R ARG 2 DB A 60T
52 ERAT, T RABNE 14 OE CT WiE B s ST e bR E O 2R R %
RATRERET NVEREE LT, BRI CT W@ i) & BIEAER IS\ C R R R &
R EERT D EEME Lz, £ —7 = ATHENZZEMEZT T EHR T, TOHHE > =L
BHRETA 7 L, BB ECET b U, BIfECE X8l 2 2 8 U 7= #R e ik
MELE LTET b Uie, #0kERE & B 138 Ogden #EHT, B4 & R IR X9R ) D A2
T HNREHRE LTET M LT, SPMEEIZSCHRICESWTIRE LT, £z, B ERmo
PEARIIMEE 2 K 0 BT U b LTz, ABREZEMAENTIZ1Z RADIOSS (Altair Engineering, USA) %
MO, BIHEC L2 AREF I ab—va el lnol,
BELICESARERET VOZYELZFTNT 2720, BRERERICHMAELZ 52 ZBED 2



WEERh A2, 2 5 X BEHE Y AT 22 AW T 3 RTHZEHII L, = E R UESMIc BT
HREARERET VOB & T 5 2 & 2l iz, ARFHANL, B R KSR R S i) 2
HOBEM - IRED M2, B ) = AT F R I =T RICTHThRTEY . BEZRBRZOR
HEAEZBEBLZLOTHS, BEMICIERARKEICE LY 28T 52 L CREMEL 5 %
e E X BBEHREGEZRY L, TT A~y F UV FEEHAWD Z LT, B ESE ISR
LR R B ER A S IRTEREEE L=, = LC. BB TRIER. BES2 7RIS, BESHRIER o 3 kot
AMEELEFRH L, 2 n 3 D 3 oA EE(LEBIKEROFEFNT — & & R ARER
EFTFNNCESL VI alb—2a VOB THIR L,

M L R A RERET Va2 AW T, FIESIAZIRF D 256 & PR O 71 i AAEH 2 il L
7o $728 b TRBMTOE— 3 XX 7T ¥ T —HIHESOOWTREBIZHREIZEN., 52T %L
AR ZER &8, SN 2 R &R & O J1FERIFE EAER ORE R = 5 R EE RS
@A, BIGIRIEATRERIEIC L > CTHBET S 2 L 2R/ A7,

(2) WEm LB EES < R TIEE DAL

AGETIX, BRI B ET NV ERE =2 — TV Ry T =27 Inb e 5 E#HET VIC
HANT, ZRBITOAEREFEBLT S5 Z & 2R AT, HEKET /VICIEL, Stanford K5 THI%E
S THEUTE 11§50 B 7R D ERIERC RSB 72 3 IROTIE T T VAR VL TZ [, BRI O
£ &R, HE—_SBERR EHONFRENEE S, MR D OEEES (0~1 D
&) ([ZESWTEMITHENZAERT D,

MRERET VT, BATEBOAERICEREICEG L TWE EEZX NI RMROEREHRTH D,
AhrhtE, L UlkRE . BRI A gy, BIEMTSZ AN, BLORIESEELEZE L, TG T
Do EH=2—n o NFEELTWLIEE=2—F Ry FU—27 L LTET ML, BARH
(ZIE, AEERRE CRGN SN DR i O M B - WS, Asfr, RIS A TR S 41 5 45 BAf
DOAFE - A, BIRAMTESZESCTEMSNDELADKRK T, itk RN SN 55O E -
IR . I VISR E TR S N DR OFE 9T IRIEMAE A & L, & 22 i~ D)
BREH T2 E=a—T Vv NU—27 L LTET LT (K1),

AAFFETIL, AMRERRE T/ 3 WILHEET VO @B T2 FE I L2012, BE
bR 2w Lz, 58 L, R oA D —oTH Y, BEIREEIT) VAT A
ThoHrxz—Y = b (agent) 23, 52 HIT-E5E (environment) & FHAANERH T 5 H TN A i
KT 2 KO BRATE N Z — U 1T P E T A TH D, £ THFFIC S (KES)
D Lo kiE (EREHR) 178 GEEED) BEZRCOERE TR INLHGEITHL,
FRABIEICHS < actor-critic T DOV FE . BARMIZIL Deep Deterministic Policy
Gradient (DDPG) 7/ = U X A[21D—FE T D Twin Delayed Deep Deterministic Policy
Gradient (TD3) 7 /L 2V X A[3] % W T 2 ABRITO AR Z R AT,

RO AE R DEEIE ST ARET D=2 — TRy NU =7 actor gHIxET H, —
J7. actor #s DIR DTN Z TN 2 critic glE, REFHR CREE) LEBEfES (1T8E) ZEfss
B @E AT E L, HOREBIZEIT 2 & 21TEIOMBEOHEEM (A 0T —%&) 2H1T45==
—TINF Y U =2 ThH D AMTETIT YR RBTITADIEEE LS R BMIZEESW T,
agent |Z " RBTAFEIED 2 L AR, WIS, HITIRRE, EE RS O M, K
AEORENE, EARFMER EZHAG DT TER L, FEHIBRICBW TZOFKHDEL % B
HELSED L9 LT,

Criti

HREN
RAEIBER (IRER)
7yvITF—hk

J

w Eaes 73 | |

J JAX

REBIR (RER)

Actor

1 3WRITHEHET /L & MREEREET L

4. WFFERE

(1) FRHE 2R HEE 70 SR KT T L DR EE

X 2 IR L=t M AIRESRT T V27 4], ShEFAMEIZEK T 5 A RERET
N DEE AR R OZE) & T 5 & R BRI OEB) T RTINS I L OWAME A IR
NHMR, INHBEEIAELR LD E L RESIIHETITE-H L, R LT AREELEET L



EEEHOFEEHOIRERBLITETVWDLZ L aMR LT,

b NEALIRF O B & IR O M AER 2 BEBLL, FoXvy—oZzhn g LR, B
FRFIIHET —FIC L > TRIEF LD LV ETHIMET D Z ENHLMNI 2oz, £72, B M2
BRI, ST B B D THERE ) 2 S R AICAE T S 7o DI, MR KR E et = R L X 2 F
ZONDZENHLMNERS T,

B AREA TR E R IEIZEE DWW T, S O /&5 28 8h 2 B8l L 7oA J, B S iz B iiEsEh &
IR, ERBITREEOZNEIFFEF KL, KET/VIZE D b b RBTHO 3Rt FRENHE
ERBLT L2 ERARE L o7z (X 2B), AN R A R T VIC LD R T
VIalb—vaE, BEIEREL R SITHEREDO BB EH ST A ETHESIRFETH D,
SEBTRFICREICAE U D 28 2 /8 L, v MNMEA O EEE N B M i & D T/
MHEAERSC RS AEEEZ M2 Z L 2@ LT, b bEEEEICNIET 2 B0 THE
REEHALNICT DR EEE T,

A 4
o 9 e T4

B2 JEHB 3 T AREFRET V(A L BIRBIFHEAICIES S “RBTV I 2 b—a »(B)

(2) FEERL BT S < R BRTIEE) O A AL

AT TIX, RANEF NI D ERR Z R AT, M SA IZZF O R 2R3, FIHNRRE Tl
ENCXVFERIIANE L D0, a7 v X LB S8, DRI T 2178 OMiE %2
TV T HETIMER R R E D R EFE L, REICIX L E RIS 2 R T 5 2
ERA[RE L Fp o T,

INEREE LT RBMTOEMERA T, WIHIRIEECIX, B0 HIRITHNED D03,
BAITHMRIT N E VR @ BITE AR T D 2 ENAREE R0 . S BICFDBKERAEC TR
HAEL L OBEOEBITEO—BELZFHMET 5 Z & T, _BBTOEREFEBLTHZ L3
BEL7ro7 (K3B), BEg=a—F Vv 3y NU—7 LIRERILFE ZIEHT 5 2 & T, 55
(RSB IR BT T Ve W TRBITARE R Lz, 272 L, BT —FX 4T LD
—FH LW EMENEENTEY . 5% SIS E RET /28 LT, 2EH Ak S 508
N 5D,

AR LY | LD EWVERAMLRBRTL I 2 b—3 a VBT ILOBENATHE & i, 4
TR A 1 =X LD LA I GRERRGET 577 v N7+ —2 L5, Bl A%
T, B Rk 2 BT 5 ., A EREASIERE A2 ARE LT & XD, MTREREN ED L D
Wb T 20 TRITAHZ L 2B LT, Z@ATOEILOER ITHERGRIIZIED 7DD, Wbt
MEARELY S 2 b—a ] ETCHLMESRET Ty N7+ —LEMETE D, £, Bl iXwi
REHOIES 2K TIED, REONMEIC L DEEBEEDIK FTZ2ET VICHE L TR T2V
2 b— L, BETHODDOEMRRERET D AESTEES I 2 Lb—a ] OFEL A
AE & 72 % RAFZE DRI R IFA BRI T O R TR THEE A 1 = X LA O 72 &
ERSEICBI A2 EA~AT - RER—HLRbtEZLND,

—

(A) & RBTHES) (B) DK

—

X3 TREMRIESFEIZ D <k NLAL




ZE R

[1] Song S, Kidzinski }, Peng XB, Ong C, Hicks J, Levine S, Atkeson CG, Delp SL. Deep
reinforcement learning for modeling human locomotion control in neuromechanical
simulation. J Neuroeng Rehabil. 18(1):126, 2021.

[2] Lillicrap, T., Hunt, J., Pritzel, A., Heess, N., Erez, T., Tassa, Y., Silver, D., and Wierstra,
D. Continuous control with deep reinforcement learning. arXiv:1509.02971, 2015.

[3] Fujimoto, S, van Hoof, H, and Meger, D. Addressing Function Approximation Error in
Actor-Critic Methods. Proceedings of the 35th International Conference on Machine Learning,
PMLR 80:1587-1596, 2018.

[4] Tto K, Nakamura T, Suzuki R, Negishi T, Oishi M, Nagura T, Jinzaki M, Ogihara N.
Comparative Functional Morphology of Human and Chimpanzee Feet Based on Three-
Dimensional Finite Element Analysis. Front Bioeng Biotechnol. 9:760486, 2022.



9 8 0 9

Negishi Takuo Ito Kohta Hosoda Koh Nagura Takeo Ota Tomohiko Imanishi Nobuaki Jinzaki 8

Masahiro Oishi Motoharu Ogihara Naomichi

Comparative radiographic analysis of three-dimensional innate mobility of the foot bones under 2021

axial loading of humans and African great apes

Royal Society Open Science 211344
DOl

10.1098/rso0s.211344

Negishi Takuo Nozaki Shuhei Ito Kohta Seki Hiroyuki Hosoda Koh Nagura Takeo Imanishi 10

Nobuaki Jinzaki Masahiro Ogihara Naomichi

Three-Dimensional Innate Mobility of the Human Foot on Coronally-Wedged Surfaces Using a 2022

Biplane X-Ray Fluoroscopy

Frontiers in Bioengineering and Biotechnology 800572
DOl

10.3389/fhioe.2022.800572

Ito Kohta Nakamura Tomoya Suzuki Ryo Negishi Takuo Oishi Motoharu Nagura Takeo Jinzaki 9

Masahiro Ogihara Naomichi

Comparative Functional Morphology of Human and Chimpanzee Feet Based on Three-Dimensional 2022

Finite Element Analysis

Frontiers in Bioengineering and Biotechnology 760486
DOl

10.3389/fhioe.2021.760486

Nozaki Shuhei Kinugasa Ryuta Yaeshima Katsutoshi Hashimoto Takeshi Jinzaki Masahiro 12

Ogihara Naomichi

Quantification of the in vivo stiffness and natural length of the human plantar aponeurosis 2022

during quiet standing using ultrasound elastography

Scientific Reports 15707

DOl
10.1038/s41598-022-20211-w




Negishi Takuo Ogihara Naomichi 13

Functional significance of vertical free moment for generation of human bipedal walking 2023

Scientific Reports 6894
DOl

10.1038/s41598-023-34153-4

Negishi Takuo Ogihara Naomichi 13

Regulation of whole-body angular momentum during human walking 2023

Scientific Reports 8000
DOl

10.1038/s41598-023-34910-5

Matsumoto Yuka Ogihara Naomichi in press

Direct visualization and measurement of the plantar aponeurosis behavior in foot arch 2024

deformation via the windlass mechanism

Clinical Anatomy in press
DOl

10.1002/ca.24171

Matsumoto Yuka Ogihara Naomichi Hanawa Hiroki Kokubun Takanori Kanemura Naohiko 10

Novel Multi-Segment Foot Model Incorporating Plantar Aponeurosis for Detailed Kinematic and 2022

Kinetic Analyses of the Foot With Application to Gait Studies

Frontiers in Bioengineering and Biotechnology 894731

DOl
10.3389/fhioe.2022.894731




57

Close-up - 2023

1088 1095

DOl
10.11477/mf.1551203186

16 5 5

75

2021

75

2021

75

2021




75

2021

Ogihara, N.

Experimental and computational studies of bipedal locomotion in the Japanese macaque towards understanding the evolution of
human bipedal locomotion

33rd International Symposium on Micro-NanoMechatronics and Human Science

2022

Ogihara, N.

Biomechanics, Motor Control, and Evolution of Human Bipedal Locomotion

Commemorative Symposium for the 37th International Prize for Biology "Human Origins and the Future of the Earth"

2022

Matsumoto, Y., Kanemura, N., Ogihara, N.

Differences in the kinematics and kinetics of the plantar aponeurosis between walking and running

8th Congress of International Foot and Ankle Biomechanics Society (i-FAB)

2023




Matsumoto, Y., Kanemura, N., Ogihara, N.

Evaluation of the estimated length of the plantar aponeurosis using a multi-segment foot model

29th Congress of International Society of Biomechanics

2023

Ito, K., Nagura, Y., Jinzaki,M., Ogihara, N.

Dynamic finite element simulation of 3D foot during stance phase of human walking

12th Asian-Pacific Conference on Biomechanics

2023

2022

19

2023




2023

77
2023
Vertical Free Moment
49
2022
vertical free moment
76 38

2022




vertical free moment

40
2022
2
2021
320
2021
296
(Ito Kota)

(20816540)

(14401)




(Kanoga Suguru)

(40803903) (82626)
(Murai Akihiko)
(90637274) (82626)




