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ANALYSIS OF ENERGY DEMAND DISTRIBUTION WITH
ANTHROPOMORPHIC SYSTEMS
M. Vukobratovid, D. Hristid, V. (irid, and M. Zedevid

Summary

This contribution describes briefly the fundamentals of the synthesis
approach of the artificial anthropomorphic robot. A summary of results by
other authors who have experimentally obtained some energy information has
been given. The algorithmization of mathematical models for obtaining all
driving torques in the powered joints of the exoskeleton tuype anthropomor—
phic mechanisms is presented. The necessary driving torques for various gait
types (prescribed synergies) are determined and the corresponding compen—
sating synergies of the complete anthropomorphic system, exoskeleton plus
patient, are calculated. There are discussed some results of enerqy analy-
sts for two adopted characteristic gait types.

Introduction

In a number of mapers last year there has been postulated a new
anproach to the study of anthromomorphic mechanisms /1, 2, 3, 4, 5,
6, 7, 8/. The vurpose has been to svnthesize and maintain a stable
bined gait uoon a nrogrammed groundconfiguration. The svnthesis of
the artificial gait has been intended for patients reauiring reha-
bilitation, or healthy men finding themselves in unusual working re-
gimes.

In this anproach, the gait types and hierarchical structure of
the control system have been borrowed from the men. In other words,
there biomechanical data on the wav man walks has been used and in
doing this, has not been stated why the man walks just in such way.
Therefore, in addition to some formal reasons, the artificial gait
has not been synthesized starting with the minimization of some cri-
teria such as minimum power consumption. Such a hyvothesis, among
others, is based on the statement that in different locomotor tasks,
there are probably different criteria satisfied as well. However, in
general, this would concern a class of particular tasks. Usualv, when
any criteria can he snoken about, thev cannot he identified because

humans walk according to verv different algorithms. Moreover, in the
[
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course of our investigations, we learned that some adopted gait tyves,
which are also eqpountered often with humans, are rather inadecuate
from the standpoint of power criterion. However, this statement is
only conditional, because it is based on the model with which the

gait types "borrowed" from the man are realized bv a minimum number

of degrees of freedom, whilst for the same task with the natural ana-
logon - man - tens of muscle groups are available. Taking into account
these several facts, it is almost unjustifiable to seek the artificial
synergy of the anthropomorphic mechanism on the basis of some definite
criterion. But, because it is imnossible to discover in which wav man
defines and solves optimality task during his motion, if he solves it
at all, is still not enough reason to not state the task of ontimiza-
tion for anthropomornhic machine with a much smaller number of degrees
of freedom and quite different type of actuators. As a proof of the
extent of nonpurposefulness of the optimization task itself, refer to
the work by Chow and Jacobson /9/. Thev have tried, based on the cri-
terion of minimum energy, to get the driving torgues and anvropriate
trajectories of the legs. However, in order to solve this optimiza-
tion oroblem, the authors have made some assumptions that have con-
siderably simplified the original locomotion problem. Thus, the pro-
blem of motion has been reduced to the sagittal plane. Further, the
problem of dynamic equilibrium has not been solved, and the problem

of unknown dvnamic reaction at the point of support has been bynas-
sed by its quasi-static formulation. Nevertheless, the leg trajec-
tories that finally reoresent a possible human gait have been ob-
tained. In our opinion, the work cited has just indicated that in

the synthesis of anthropomorphic robots, this procedure cannot be
followed. With such simplifications it would be rather difficult to
accent the result obtained as an ontimal solution. So there remains
our initial oninion on the nonnurposefilness of postulating the cri-
teria of the so-called ontimal solutions when svnthesizing the an-
thropomorphic gait being performed by a minimum number of artificial
actuators.

Based on the approach mentioned at the beginning, the svnthesis
of artificial synergy is executed in two stevs: for some coordinates,
a fixed motion vrogram is set and the laws of chanaing the remaining
coordinates are found from the eguations of dynamic relations /1, 2,

5, 7/. These relations separate those solutions, that nrovide svstem
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dynamic equilibrium around the zero-moment points* vrescribed in a-
dvance. Further, from such a narrowed set os solutions, there have
been extracted only those, prossessing the reveatability proverties.
That means, the repeatability conditions of walking are formulated
mathematically, undoubtedly representing an actual characteristic
under conditions of regular locomotion activities of a man. In their
essence, the assumptions have even determined the synthesis method
of the artificial anthropomorphic gait. In this way among others,
there has been solved a new task of mechanics that by its character
belongs neither to the first nor second classical nroblem of mecha-
nics. That is, in the problem considered, both the accelerations and
the torgques causing them are unknown.

The next step in the synthesis of the artificial gait was to
define the torques develoved by drives for the vurnose of nerforming
the total svnergy of the anthronomorphic mechanism. To define the
driving toragues we "break" the kinematic chains along the axes of
particular joints, and having done this, the driving toraues can be
regarded as external and determined from the conditions of kineosta-
tic equilibrium.

In this way, all elements for a comnlete energv analysis of ac-
tual anthropomorphic mechanisms have been found. Thus there was re-
alized an automaton that based on narticular gait tynes and other
geometric-dynamic initial narameters, gives a comnlete insight into
the dynamic reaction forces, driving torques in all joints of the
mechanism, mechanical omerations, and aporonriate power-all this re-
presenting necessary information in the case it is desirable to deal
with this problem realistically.

Review of Some Previous Results

Many authors have treated the problem of determining forces and
moments of the human locomotor apparatus /10, 11, 12/. The results
have been obtained by experimental measurements, using these results
directly in the form of data, and/or for further estmation of load.
The main intention of these investigations has been to studv the load
of the human skeleton and muscle grouns from the standnoint of chan-
ges due to some injuries or pmathologic phenomena. Thus for examole,

there was studied the effect of injury consequences of some leg bones

* Zero-moment noint renresents the point at which act the resultant
force of dynamic reaction at the contact between the extremitv and
the ground.
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to the advent of nathologic changes in the joints due to the distur-
bed harmony of normal cait /12/.

All these investigations, generally, have terminated on toraues
in vnarticular joints. The prower demand has been studied by J.B. Mor-
rison /10/ and Peizer /11/. The results obtained for values of tor-
ques, show a considerable dismersion, whichall authors noint~out as
the conseauence of differences hetween the measuring devices, methods

and the individual difference in gait of test subjects and natients.
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Fig. 2.Knee joint toraue Fig. 3. Hip joint torque
according to some authors according to some authors

Thus Figure 1 shows the torques in the ankle joint, Fiqure 2 in
knee, and Figure 3 in the hip, according to various authors. A qreat
difference in the values of results bv narticular authors is evident,

illustrating an abundance of possible versions of human gait, and at

the same time, indicating that it is necessarv to record each narti-
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cular case.

On this occasion the work hv Chow and Jacobson /9/ that has trea-
ted the problem of simplified two-legged locomotion by means of onti-
mal programming should be mentioned. For the sake of information, the
results of their analvsis are given in Figure 4.

Taking into account the data cited from the listed exmeriments
and computational procedure by Chow and Jacobson, and the fact of
great dismersion of results without enough systemtized causes of such
dispersion, as well, the need to develop a universal method to col-
lect such information has been nointed-out. The method is computa-
tional and based on a general anthrpomorphic model canable of ver-
forming all motion types upon programmed terrain configuration. Thus
it has been made possible to get systematically, based on adonteé
types of legs movement (adopted synergy), the information on dyna-
mic reaction forces, driving torgues in all active joints, anpropri-
ate power and other energy parameters. Here it has to he noted that,
without taking into consideration the extent of simplifying the eaqui-
valent mechanical model that substitutes for the human natural loco-
motor system, the results of energy analysis are reliable values.
Finally, the results of energy analysis depend upon the character
of dynamic reactions at the contact point, foot-around, and these
parameters depend upon the adonted gait type, geometric and dvna-
mic input parameters of the anthropomorohic mechanism and the gait

orerating regime (stride and cadence).

Theoretical Imnlementation

As stated in the introduction, the central noint in the synergy
synthesis of the artificial gait is to set the noint of attack of
the reaction resulting forces. Those points have been called the zero-
moment woints /1, 2, 3/, and for them there have been written the e-
quations of dynamic equilibrium.

Let T be the zero-moment noint (ZMP, in short). According to

D’Alambert’s vrinciple, dynamic relations have the form of:

. (pTix(Fi+ ;i) + MFi ) ey )

(1)

[N R= T i R/
[

(OTix(Fi+ G,) + My, } e, =N

where: ori - vector from moint T to the mass centre of the
i-th element;

i MFi - main vector and main moment of inertial forces of
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the i-th element;
e, s ey - unit orts of orthogonal axes x, v, through the
point T.
The third equilibrium equation with respmect to the noint of the

friction forces resultant can be written as
n e
n.xF.)e, = .
iil(MFi+ pimi)eE 0 (2)

where oy - vector from ZMP to the origin of axis from the surface
of contact between foot and ground;
er - unit vector of axis £.

Fauations 1 and 2 revresent the mathematical moedel written in
extremely general form. In the case when the arms are considered,
too, this model is extended with as many second-order differential
equations as the "arms" have degrees of freedom. By fixing the arms
we keen only three equations of dynamic equilibrium. Since the num-~
ber of degrees of freedom of the anthropomornhic mechanism is consi-
derably greater than three, the law of changes in the remaining (n-3)
coordinates has to be prescribed in order to nrovide a periodic
transfer of leas with period T. The svnthesis of artificial syvnergy
is merformed as follows: for some coordinates theve is given a fixed
motion program, and the remainina coordinates are found from the e-
quations of dynamic relations (Fas. 1 and 2). If from the set of
coordinates, ¢i, we extract the given coordinates 3 and coordinates
computed from dyvnamic relations, ¢*, then the general svstem can be
written as
n n _

i 13

P A ~
where: cyv diﬁ - vector coefficients demending on ¢, ¢, ¢, and
) vector q on &, ¢*, &, 6*.

System (3), with the repeatabhility conditions (1, 2)

OF () = £o¥(T/2); br(o) = £h¥(1/2) (2)

=

vhere is sten veriod, gives the comnensating svnergyv ¢* hased unon

the adonted gait algorithm ¢.
After determining the cited syvnerav, it is cuite easv to define

Inrces accordina to

dvnamlce reaction
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( n e n n - . )
F, = Toa.d. + I z b..d.0. + G,) e
& i=1 ** i=1 §=1 43 it
( n n - n (5)
F = . PR .
x I 5,4, + T ¢ B,.0.0.) &
i=1 Y =1 9= PRI OX
( n — s n n — . @ ) —_
F_ = 5 @b, + I % B,.0.4.) €
Y i=1 Yt =1 4= M2RITY

Since the entire system synergy is known, the next step is to
define the driving torgques to be develoned bv drives in order to re-
alize a comnlete synergv of anthropomorvhic mechanism. To determine
these torques, we "break" the kinematic chain along the axes of part:
cular joints. Thus, for the part of svstem not connected with the
ground, the summing toraue, in this case the driving toraque, can be
computed according to:

_Xkee .n 'n _tjéi.j + §k (€)
1 i=1 j=1 :
where index k indicates the number of joints where the kinematic chai
of the mechanism has bheen "broken".

Further, based on the comnuted driving torgues, it is possible
to define bhoth the vower of individual actuators, and the total po-
wer necessary for the whole system.

n
P(t) = I

‘ £, (£), “’i(t)) (7)
i ’ '

1

Energy Analvsis of Anthromomorphic Robot

The results of a theoretical avproach to the synthesis of arti-
ficial anthropomorphic gaif have bheen verified on a walking mechane
of the exoskeleton typme (Fig. 5). The ecuivalent mechanical configu-
ration of the assemblyv is illustrated in Figure 6. The same figure
gives, in tabular form, the geometric parameters and tensors of sy-
stem mass and ineftia. Due to the lack of space, the energy results
have been given for joints 1, 2, 3; that is, for the joints of the
stance leg only. It should be vpointed-out that the results concern
the single-suprort gait; that is, the gait type with which the leg
supvort is changed without overlapning. Such a gait, no doubt, in-
fluences the cuantitative value of results, keeving in mind the
fact that human gait alwavs vpossesses a shorter or longer double-
support nhase. However, the change in results 'in the case of the
leg algorithm when single- and double-support nhases exchange con-
secutively, will not be essential with the excention of the moment
of the double-sunvort nhase itself. Variations are generally ex-

pected in the sense of certain reductions in driving toraues, and
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the greatest reduction occurs at the half-sten.

Fig. 5. Biped robot type
walking machine

Here are demonstrated energy results based on two characteristics

adopted gait types:
A."Moderate Normal Walk"
Programmed synergy of the

lower extremities, the computed syner-

gy of the pelvic vart, and the comnuted compensating motions are gi-
ven in Figure 7. Three cases of the change in the point at which act

the resulting reaction forces for the full step period T = 2 sec, have

been considered (zero-moment point shift):
Case I: support at the point verticallv below the ankle joint

during the entire support phase
Case II: support on the heel lasting N to 0.15 sec;

support in Case
Case III: support on heel
support same as
support on toes

I, from 0.15 to LN0 sec

in Case II;

in Case I but from 0.15 to 0.60 sec;
from 0.60 to 1.00 sec.
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»* *
Mass M and Moment of Inertia J
[kg. m. sec]

m Jx Jy Jz
0,18 | 000007 | 000065 | 000052
0,38 | 00044 | 00044 | 000045
0,98 | 00138 | Q0141 | 00035
0,83 | 00079 | 00062 |. 00071
47 0,21 0,130 0,031
098 00138 | 00141 | 00035
0,38 | 00044 0,0044 |000045
018 | 0,00007| 000065 000052

*#) Exoskeleton Included. Weight
of Patient Alone: 71kp.

1.2. Distance | [m]

@ iNjO SN W] -

i Ix ly 2

1 0 0 0.1
2 0 0 ~ | 0,400

3 0 0 0,45

4 | -0047 0,1 0,09

5 - - -

6 0 4] -0, 445
Vi V] 0 -0 400

8 - - -
T3, Dpistance T [m)

i y ry ry

1 0,030 0 0,038

2 0 0 0,22

3 1-0033 0 0,33

4 | =0034 | 0093 0,069

y 5 0,038 0 0,42

6 |-0032 0 -0139

Fig. 6. Anthrovomorphic mechanical| 7 0 0 -0,192
system with fixed “"arms". 8 | 0030 0 -0,059
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SYNTHESIS OF SYNERGY - SYSTEM WITH FIXED ARMS
"MODERATE NORMAL WALK"

PROGRAMMED SYNERGY
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SYNTHESIS OF SYNERGY - SYSTEM WITH YFIXED ARMS
SPECIAL "FLAT - FOOT" GAIT
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i° & 1mm PROGRAMMED SYNERGY —
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B. Special "Flat-Foot Gait"

The main data are given in Figure 8. This tyne of gait is very
interesting in that the angle of the ankle joint in the absolute svs-
tem of coordinates 81 is always eaqual to zero. Zero-moment point shift
has been taken in five cases:

Case I: sunport at the point vertically below the ankle joint

during the entire support phase.

Case II: support same as in Case I from 0 to 0.30 sec;

suoport shifted forward (toward otes) by 0.035 m
from 0.30 to 0.50 sec;
support shifted futher forward by 0.070 m from
0.50 to 1.00 sec.
Case III: support same as in Case I from 0 to 0.50 sec;
support shifted forward (toward toes) bv 0.035 m
from 0.50 ﬁo 0.80 sec; support shifted further forward
by 0.070 m from 0.80 to 1.00 sec.

Case IV: supvort shifted backwards (toward heel) hy 0.020 m

from 0 to 0.20 sec;

support same as in Case I from 0.20 to 1.00 sec.
Case V: supvort shifted backwards as in Case IV from 0N to

0.20 sec;

support same as in Case I from 0.20 to 0.60 sec;

support shifted forward by 0.035 m from 0.60 to

1.00 sec.

With this two gait types (A & B) and their 8 cases, there has
been set forth a rather wide family of tymes of artificial gait. This
makes possible the selection of the appropriate svnergv for some de-
finite task of the anthropomorphic robot. Conversely, this is oroof
of general-nurnose character and the capability of the mathematical
model to produce verv easily the desired sets of results, both for
different mechanism configurations and for arrays of geometric-dy-
namic parameters within particular gait algorithms.

In the text to follow, let us analyse and comnare hoth gait
types.

As far as the computed compensating motions are concerned, the
general and logic conclusion holds that for both gait types the more
the ZMP is backwards and remains longer in that vosition, the solu-

tion of compensating motion in sagittal nlane (Figs. 7 and R) are the
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more "backward", i.e., angle ¢3 with its greater portion finds itself
in the region of negative values. Conversely, solutions in the fron-
tal plane (angle 6) partically do not depend at all on the gait type
and the choice of ZMP trajectories. This is indication for the role
of this coordinate (angle) primarily in the sense of transferring the
body weight from one leg to the other one during walking.

Reaction forces and driving torques have been given for gait
types A and B in Figures 9 and 10. These data are most important for
exoskeleton designs the rigidity standpoint under conditions of dy-
namic load. Reaction forces in the vertical direction (Z-components)
attack mostly the main struts, bearings, and corresponding links. Dri-
ving torques affect the sizes and quality of material of couplings,
torque rods, force levers, universal joints, and the like. If we look
at Figure 10 for gait type A, there can be seen a lessening effect of
dividing the aupport phase of foot against support subphases. This
reflects at most in important values of vertical components of reac-
tion (FZ) and driving torques Myl' Myz, My3, of the stance leg. Prac-
tically, the same conclusion holds for gait type B, as well; however,
it is very interesting to recognize the difference between the cases
IT and III, that are characterized by the same zero-moment point shift
but with various time durations of particular phases. Thus, a shorcer
duration of one and the same phase with support shifted forward (to-
ward the toes) as in Case II, compared with Case III, gives greater
values of the component FZ of reaction force, as well as the very im-
portant driving torque of the hip (My3) this happens evidently be-
cause of greater values of acceleration. A general conclusion follows
that the gait type B ("Flat-Foot") provides dynamically "smoother"
gait.

Computed values of power demand for gait types A & B have been
given in Figures 11 and 12. Data are given for three servo-drives
only. Complete data can be found in /8/. General conclusion on "smoo-
ther"” gait type B holds here, too, and thus it can be said that this
gait type requires, on average, approximately 25% less power for its
realization than type A (moderate normal walk). In addition, these
diagrams indicate that the job to be performed by the control system
and servo-drives of the exoskeleton in the presence of sudden and
considerable changes in load is rather difficult.

The types of actuators will not be discussed here . It should be
only emphasized that from the standpoint of control (frequency res-
ponse), the electric motors as the actuators are most suitable for
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REACTION FORCES AND DRIVING TORQUES ~ SYSTEM WITH FIXFD ARMS
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CALCULATED POWER DEMANDS OF SYSTEM WITH FIXED ARMS
"MODERATE NORMAL WALK"
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this definite application, though in the present state of technologi-
cal development, they are still too heavy for the power developed.
Thus, for example, for servo 3 (hip) and gait type B there a servo-
motor of nominal power output of about 0.07 HP is needed. This cor-~
responds to electric (input) power of about 100 W.

Dependencies of driving torques on angular veloeities of parti-
cular joints are given in diagrams in Figures 13 and 14 for gait types
A & B. Such form of this dependence is very adequate for selection
of actuators having appropriate power characteristics. Thus the cha-
racteristic of actuator of the electro-motor type with reducer must
contain the whole diagram (w). For any type of actuator, its avail-
able characteristic (w) must be greater by its absolute value than
the necessary power of the joint at any point.

Conclusion

The objective of this contribution has been to give an insight
into the possibility of a computational procedure capable of demon-
strating all energy charateristics of the artificial anthropomorphic
system by means of input data only in the form of imposed gait types
and other geometric-dynamic parameters. We are of the opinion that
by such a procedure it is possible to facilitate to a great extent
the long-term and troublesome experiments with a great number of
subjects. At the same time a considerable systematization of results
obtained, and more precise explanations of the changes in energy pa-
rameters with the same subjects in different experiments, or with va-
rious subjects in similar operating regimes, and the like, can be ex-
pected.

Finally, though, in question is only one approach based on a si-
mplified anthropomorphic system, being still capable of meeting the
requirements of a human-like gait. The energy parameters obtained in
this way could serve as a starting point in the analysis of load dis-
tribution in particular muscle groups of the natural human system. In
this way, indirectly, it could be possible eventually to identify the
criteria developing in different operating regimes of the locomotor
system that would make the knowledge of biomechnical processes of
this kind more profound.

Besides the anthropomorphic systems being in the focus of at-
tention in our research, it is possible by this method to analyse the
energy demands of multi-legged and particularly, of quadruped artifi-
cial systems in which the question of dynamic stability still remains
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DIAGRAMS: DRIVING TORQUES -~ ANGULAR SPEEDS (M
SYSTEM WITH FIXED ARMS - SPECIAL "FLAT - FOOT" CAIT
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a delicate problem /4/.

References

/1/

/2/

/3/

/4/

/5/
/6/

/1/

/8/
/9/

Vukobratovié, M., Juri&ié, D., "Contribution to the Synthesis
of Biped Gait", IEEE Trans. Biomedical Engineering, Vol. BME-16
January, 1969.

Vukobratovié, M., Frank, A., Juri&ié, D., "On the Stability of
Biped Locomotion", Trans. IEEE, Biomedical Engineering, Vol.
BME-17, January, 1970.

Vukobratovié, M., Stepanenko, J., ¢irié, V., Hristié, D.,
"Contribution to the Study of Anthropomorphic Systems", Proec.
of the IFAC Congress, Paris, 1972.

Vukobratovié, M., €irié, V., Hristié, D., "Control of Two-
Legged Locomotion Systems", Proc. of the IV IFAC Symposium on
Automatic Coptrol in Space, Dubrovnik, 1971.

Vukobratovié, M., Stepanenko, J., "On the Stability of Anthro-
pomorphic Systems", Mathematical Biosciences (in press).

Vukobratovié, M., et al., "Restore the T.ocomotion Functions to
Severely Disabled Persons", Prog ess Report to SRS, No. 1,
1969/70.

Vukobratovié, M., et al., "Restore the Locomotion Functions to
Severely Disabled Persons", Progress Report to SRS, No. 2,
1970/71.

VukobratoVié, M., et al., "Restore the Locomotion Functions to
Severely Disabled Persons", Final Report to SRS, 1971/72.

Chow, C.K., Jacobson, D.H., "Studies of Human Locomotion via
Optimal Programming", Technical Report No. 617, 1970., Division
of Engineering and Applied Physics, Harward Univ.

.



