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IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 77, NO. 72, JUNE 2013

Design Principles for Energy Efficient Legged Locomotion and

Implementation on the MIT Cheetah Robot

Sangok Seok!, Albert Wang!, Meng Yee (Michael) Chuah!, Dong Jin Hyun!, Jongwoo Lee!, David Otten?,

Jeffrey Lang?, and Sangbae Kim!
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Fig. 2: (a) Energy flow diagram of the robot showing energy flows between the source and mechanical energy. Joule heating
loss occurs at the motor, friction loss occurs in the mechanical transmission and interaction loss reduces the total mechanical
energy. (b) Design principles to improve efficiency at the sources of energy loss. (c) Strategies for implementing the design
principles for efficiency used on the MIT Cheetah Robot.
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COT study
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Minimal COT... minimal range of application

ENERGY-EFFICIENT, DYNAMIC WALKING ROBOT

Pranav A. Bhounsule, Jason Cortell and Andy Ruina

Biorobotics and Locomotion Laboratory,
306 Kimball Hall, Cornell University,
Ithaca, NY 14853, USA
E-mail: pabq7@disneyresearch.com, jbc2@cornell.edu, ruina@cornell.edu

We present the design and control of an energy-efficient, knee-less, essentially
planar, four-legged bipedal robot called Ranger. In separate trials, Ranger: 1)
walked a 40.5 mile ultra-marathon on a single charge and without human touch,
setting a robot distance record; and 2) walked stably at Total Cost Of Transport
(TCOT= total energy used per unit weight per unit distance travelled) of 0.19,
apparently less than that of any other legged robot to date. Key design features
are: a light weight and high strength box body, low-inertia leg design for fast
and efficient swing, foot actuation that combines toe-off and ground clearance,
a steering mechanism that enables turning of this essentially planar robot, and
a low-power modular networked electronics hardware system. The model-based
control approach uses a simplified offline trajectory optimization with a reflex-
based feedback controller for stabilization. Ranger’s reasonable success suggests
that these design and control ideas could be extended to the development of
an energy-efficient higher degree of freedom, 3-D bipedal robot.

a) Robot

b) Schematic
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Total COT
Motor COT
Overhead COT
Hip COT
Ankle COT (push-off)
Ankle COT (foot-flip)
Step Length
Step Velocity
Step Time
Double Stance (%)
Control Parameters

Fine-grid | Coarse-grid | Experiment
0.167 0.180 0.190
0.087 0.100 0.110
0.083 0.080 0.080
0.019 0.018 0.030
0.029 0.052 0.046
0.039 0.029 0.034
0.38 0.39 0.38
0.64 0.66 0.62
0.60 0.60 0.61
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The question ot the muscle description
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THE Muscle

Structure of a Skeletal Muscle
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... Where does variable stiffness comes from?

Structure of a Skeletal Muscle

Bone

Tendon

Epimysium

Perimysium

Endomysium

Blood vessel

Fascicle

What do we learn?
Hierarchical scale
Multiple materials
Various Stiffness

Non-linear?

Serial & parallel

Mixed boundary conditions

Active & passive zones




Hill’s model

E=A4+H+W
(F'+a)(v+b) =b(F +a) W= Py

H—I—Wzb(Fu—F)
H = av




De tfacto variable impedance

= Power generated P =U 1 (DC generator) or P = F'v (mechanic)

VN
P=Ur 1
The heat of shortening and the dynamic
constants of muscle
40r By A. V. Hua, Sec. RS
AN AN } x From the .wlu..; .i::m.’-::‘vl:,:::;u of Phyviclogy,
_[ é3 oF (Received 3 Awgust 1038)
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=
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— Feedback on Effective force Uy, due to the energy conversion process.



Muscle models
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Fig. 2.1. Evolution des modéles de muscles. Fig. 2.2, Modles & rols composantes

(A) Weber, 1846; (B) A.V. Hill, 1922; (C) Levin et Wyman, 1927; (D} A.V. Hill, 1938 (A) Modéle de AV. Hill (1951), analogue au modéle rhéologique de Maxwell.
(E) A.V. Hill, 1951, (B) Modéle d’Aubert (1956}, analogue au modéle rhéologique de Voigt.

Force-length relationship Force-velocity relationship

resting length v=0

total isometric
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\ lengthening shortening
Length Velocity

« In the world of hammers anything that is not a hammer is either a nail or an anvil. »



Biological
Cybggmetics
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A mathematical analysis of the force-stiffness characteristics
of muscles in control of a single joint system *
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Fig. 8A—C. An active state muscle model. A The mechanical model
of the muscle: A, and A, are taken as the displacement about the
resting length, while P(4, f(£)) is the active tension developed by the
force generator. B Active tension vs. length for a single fiber of frog
semitendinosus muscle (dashed line and data points from Gordon
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et al. 1966). This function was approximated by a third order
polynomial: S(A) = —6.3 + 8.14 — 2.942 + 0.313. C The estimated im-
pulse response of the active state component of the frog gastrocne-
mius muscle (redrawn from Inbar and Adam 1976), and the model
approximation: A(t) = 1200(exp( —701) — exp( —210¢))

Distribution of dynamic fibre effects.

... a multi-scale spatio-temporal problem

...Good luck!
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Fig. 9. Force in the active state muscle model of Fig. 8 at resting for

a series unit impulses at various frequencies i.e., length beyond which passive force develops

Fig. 10. Steady state tension output of the muscle model at A = i*,



Back to the System: Need for a metabolic model of muscle under various efforts

Caution: effort does not mean
not just movement:
Metabolic intensity

Resources
(chemical energy)

The waste stream is
proportional to VO, g




Towards a thermodynamic
model of the muscle



Thermodynamic system: Energy-Matter coupling

Energy Matter

Power >

Energy Matter

Conservation of the quantities: First Thermodynamic law (conservation)

Modification of the qualities : Second Thermodynamic law (dispersion)



Energy and material flows

Force / Flux metabolism (with Jg =11, J,,,):

1
( Jm ) _ ( L1y Lo ) —H—VHM
JEm L21 L22 V(T@/Hm)
1.In1D,
2. With 2 coupled flows: Onsager reciprocity L2 = Lo; (Lechatelier-Braun)

3. The driving force Fj; = —VIl,

4. The microscopic potentiel I1,, = 1

1

— F
(JM):(LnLu) M
JE,, Lio Loo 1 dp

p? dz \

The 3 parameters L;; are related to conductivities and coupling coefficient

Coupled transport




Onsager description

1. Generalized form of du=1T"ds — pdv :
du=11I,,dm + 11, dM, with

- Mimgyer Matou a. 1I,,,, II; the intensive variables
YT
DY b. m, M the extensive variables
AL ER —
~ Ly Ly, \/ Ju | c. I1,, dm generic expression for diluted energy
oy d. ITpy dM generic expression for agregated energy
"r.llm' nn'-d," n"'aur’ n-""nnr
I, . .
—2— 2. Coupling coefficent o = (gE—M>M
A I,
[ 3. Out of equilibrium description: force / flux formalism:

Extension of the Gibbs relation



How to connect a thermodynamic (or other) system?

Thot
Qin

W T
—— =1— cold
" - 77C Qin Thot

BUT infinite time...

!

No power

Tcold

Reversible also means acausal. No defined startup conditions!

‘ Modification of the boundary conditions.



The endoreversible solution

ThOt ThOt
Finite Time
Thermodynamics
Work FIT Power

T old

C

=
_|

—1— cold

Qin Thot

Tlc =

> Q _ Thot
Nca Mcarnot n In

*J. Yvon, The saclay Reactor: Two Years of Experience in the Use of a Compresed gas as a Heat Transfer
Agent, Proceedings of the International Conference on the Peaceful Uses of Atomic Energy (1955)
* P. Chambadal Les centrales nucléaires. Armand Colin, Paris, France, 4 1-58, (1957)

* LI. Novikov, Efficiency of an Atomic Power Generation Installation, Atomic Energy 3 (1957)

* EL. Curzon & B. Ahlborn, Efficiency of a Carnot Engine at Maximum Power Output, Am. J. Phys. 43
(1975)




Closed-loop approach to thermodynamics Mixed bOU—ﬂdafY conditions
C. Goupil, H. Ouerdane, E. Herbert, G. Benenti, Y. D'Angelo, and Ph. Lecoeur and feedback effects

Phys. Rev. E 94, 032136 — Published 29 September 2016

Aox = AX/AT.
/ temperature-potential feedback \
Tsource Ao = fx/&?.
| = Aox AT _
: [ AT B I
AT 14 AP
iy -lﬂ\(.lf_' [
N
L™ J
temperature-flux feedback \ A = A,
+ AT Iy = Agp AT L 1+ A S
e Aop AT (
Br ]7 R, +R
\ ) AB= c




Closed-loop approach to thermodynamics

°
C. Goupil, H. Ouerdane, E. Herbert, G. Benenti, Y. D'Angelo, and Ph. Lecoeur c C Orklng mO de S

Phys. Rev. E 94, 032136 — Published 29 September 2016

~ AT \*
Power ‘ P=AXIx = AQXAE}F{&T]E = A[}XAHF( )
| + App

P AMAUF&T( 1 )-"‘

Efficiency mm) 1= o = R |+ Agp

Conversion. feedback. and gain  Apy  Apr By Br Ay

; * Ra Afy
Zero load Agy 0 ake ° TLRr
”ﬂ'l
. R
Blockine load 0 = 8 o0 * 0
& A% Ruy Pk

Ay =20 )  Fossible oscillat |
L 1+ Ao,B Possible oscillations of the system!



The muscle engine

. Chemical potential of digested food
= macroscopic energy: muscle work + heat

. Dispersed incident energy flow conversion
— aggregated energy flow + /oss flow

. Onsager Force / Flux local description:

(JM):<0 aa) Fﬂé
JEm O U K Jy, ——ﬂ

L. Source

l'l+M

TRy

ATP

Locomotion

Heat. ..

Sink




Two conductivities & a coupling coefficient H. Source

e Force / Flux formalism

Him
I B o o Fﬂ”é Apty
JEm QAT Ky, —d—‘u e Local energy budget (constant .J;/)
x
d?u J Hov=H

1. ITps Jys aggregated energy flux Kou o3 =
x o

. Jg, =11, J,,, dispersed energy flux

e

_ o e The total metabolic energy flux in the
. «v coupling coefficient volume A, & = A Jp , with In; = A Jy;
can then be expressed after integration

.t electrochemical potential (z) = ap() IM—I—RMIJ%I%—FC

2

3

4. o isochemical conductivity

5

6. rJ,, basal (zero load) conductivity

dIIy, ..
7. Fyy= —TM driving force

e \We assume constant transport parameters
and short effort (R_ =0).



The goal to be achieved The mUSCIC mOdCl

1. Hill's phenomenological equation (1938): WLet extract the power P:
1. Extract P from ¢, and ¢ _:

P — (I)+—(I)f
= Fyly
= d
J, m ) ( g K ) __M
B Mo KTy 1z b, — CYM+MIM+A}§EM
A/JM 2
generic engine muscle . = ap-pmlv+ Re + R Iy
|
Ingoing

3. SO P = (Fiso — (RM—I— RH)IM) IM

> TU and FM:Fiso_(RM+RH)IM
P P

L,

Source

H-M=H-




The muscle model and the COT

1. Boundary condition : p+ — oy =Ry Py

2. Ingoing / outgoing fluxes:

L Source
A pipg I

Re ATP

A
O = ap_yly+2EM L Ry Iy R,
RE M+M

3. Agregated power (locomotion) : [PE= @ =@

Q= appmdy+

Connexion with experiment :

1. pH: H extraction with O5

2. O, consumption: Vo, o< @ — energy/time Hoav=Ho

Cost of Oxygen Transport :
COT =Vp,/v — energy/distance




Agregated power

s Source
1
R,
l’l+M A
ALy
Hov=He

P =

b, b
Fyr g
(Fiso — (Rar + Ry ) Ing) Ing

Ins Macroscopic metabolic intensity
Ap _Ap
B T Basal Power (_R—E)

Threshold metabolic intensity (—o0)

R, = a;;_ Feedback resistance (—0)
Feo=aRgB Isometric force

R — ﬂso+beI'T
H I+ I

Hill resistance (—0)




1. Hill's phenomenological equation (1938)

2. From this model

Eso == be IT

The goal

D,

F)
- Ing+ I

3. Assuming Ips o< v, we obtain the identity:

CL(IM)
b
&2

€
v+b a(v)
D
1.0 1
I — (beIT-I—RM[M) ”
2 0.61
=]
=04
Rep, I+ Ry Iy
Ir 0.2
(Eso -1 be IT) IT 0.0

4

r'y
P=F,,v
M R
L FM
F' [mN
[ /g]’l()()
50
: - T0
0 100 200
F [mN/g]}75
50
25
. . . . - ¢ g —t ()
0.00 0.25 0.50 0.75 1.00 0 25 50

v [mm/sec]



K. Source

“+M ’

Apy

Hov=R

Working points

e Maximal power e Feedback !
e Maximal efficiency o [ cste
e Basal power consumption e different optimal velocities

= no maximal power principle

]| ——— 1.0,

pa ]
S

Ingoing, &, ... b)

80| 0.8

«, Maximal power

/

Outgoing, ®_
0.6

Power(arb. units)

Iy oxwv

S
0.4
. Locomotion, P
¥ " Exhaustion \'1 0.2
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Back to the COT



Experimental COT

Bionic leg normalizes walking gait H. M. Herr & A. M. Grabowski

4

metabolic cost of transport JNm') &
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From muscle to COT

. Starting from Ingoing / Outgoing fluxes of
an assembly of N muscle units

Py Ny
®_ = Nop_

. O5 consumption: V02 x ®_

. We define Cost Of Energy
COE_=®_/Iy

. Or COT =V, /v: energy per unit distance

COT = ﬁ(agk—i—?’mkzv#—%)

with Iy = Nkv and ag=a(lpr =0), Ng
the maximum number of fiber

For a single organism with different gaits, the

following predictions can be made:

1. Basal consumption B=Nb

2. Metabolic resistivity Ry =7y /N

3. Global intensity Iy = N1y

4. COT min (COT™) does not depend on N

CcOoT™

aok +2k~rab
aok+ 2k~ Ry B

T8

Apy

H-m=H




Horse measurements

e Velocity I; = kv, driving parameter

& OOT=2 :VO2
=>COTO<CL0/€+RM]€2?)—|——
e Min COT

=COT*=aok+2k/RyB

e Horse on a treadmill:

U Ill"-

Adapted from Hoyt et al., Nature 1981




o, (mls™!)

Horse results

COT= R, B, COT*x+/ Ry B PHYSICAL REVIEW LETTERS
ap k + RM k’2 v+ % 1 / S %% / k q N / k g Highlights ~ Recent  Accepted  Collections  Authors  Referees
Walk 1.10+0.18 1.60+£0.13 2.27+0.43
Trot 0.40+0.03 3.98-+0.18 2.16+0.21
Gallop 0.24+0.08 9.01-+1.71 2.20+0.98 Thermodynamics of Animal Locomotion
' . . . . ’ E. Herbert, H. Ouerdane, Ph. Lecoeur, V. Bels, and Ch. Goupil
120 Phys. Rev. Lett. 125, 228102 — Published 23 November 2020
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(Gaits of the horse:
how to activate variab]

le populations of nearly similar muscles
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What about fishes? (Astyanax Mexicanus)

Two morphotypes of a single species
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Fish that differ in the number of motor units

Evolution of effort production mechanisms: An adaptive transition model
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Conclusion

. Chemical to Mechanical energy conversion under muscle load, from the derivation of ther-
moelastic and transport coefficent

. Feedback resistance as an active parameter
. Building on COT
a. A single muscle unit

b. Horses adapt to a particular gait by mobilizing a nearly constant number of muscle units
minimizing waste production per unit distance covered

. The mechanical function of the animal is determined
a. By its own thermodynamic characteristics, Ry B =rysb
b. By the metabolic operating point of the locomotor system.

. Maximum power principle should not be considered as a fundamental / extremal principle
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Résumé:

La question de la réponse musculaire n'est pas nouvelle et sa modélisation couvrent
plusieurs champs de la physique, depuis la mécanique jusqu'a la thermodynamique.
En 1938 Archibald Hill propose un modele de la réponse force-vitesse du muscle,
formalisée par une équation impliquant trois constantes. Ce modele rend trés bien
compte de la réponse force -vitesse mais le sens physique des trois constantes est
longtemps resté obscur.

En repartant des premier et second principes de la thermodynamique notre équipe a pu
reconstruire la forme analytique de Hill en attribuant un sens thermodynamique précis a
chacun des trois termes.

Dans ce cadre de description le muscle se comporte comme une machine
thermodynamique placée sous une différence de potentiel chimique.

Cette modélisation a mis en lumiere le fait que le muscle se comporte comme une
machine thermodynamique placée en conditions aux limites mixtes avec ses réservoirs.
Il en résulte que le muscle est un systéme rétroagit, avec toutes les propriétés qui
découlent des systemes bouclés.

Nous avons par ailleurs montré que la mesure de consommation en oxygene d'un
organisme sous effort aérobie permet de remonter aux principaux parametres de Hill.

Il s'en suit que le point de fonctionnement d'un muscle peut parfaitement se décrire en
terme de Cost Of Transport, (COT).

Compte-tenu de l'usage du concept de COT dans le cadre de l'optimisation énergétique
des actionneurs en robotiques,

il devient donc possible d'envisager une approche réellement bio-inspirée des muscles
synthétiques et des actionneurs.



