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ABSTRACT bilizing mechanism can be used for bipedal locomotion: if
the slope increases or decreases, or stopping or accetgrati
is intended, dissipation can be introduced or removed decor
ingly.

In this work, it is postulated that mechanical energy dis-
sipation occurring at heel impact can be used to control
the dynamics of motion to some extent. For example in
tra dissipation is introduced. This stabilizing mechancam [Fqnt-LIagunes (2008)], torso and st_ance leg angle at heel

o . . .. strike have been shown to have an influence on the energy
be used or be present in bipedal locomotion. In this paper, it . L
. . losses at heel strike. From the above perspective, itisttlea
is proposed that heel strike can be accommodated to absorb . .
importance of the research related to impact dynamics in un-

more or less energy, and then that it is used as a regulation or ) . . . :
o2 . derstanding bipedal locomotion, something already pdinte
control mechanism in bipedal locomotion.

From a biomechanical point of view, dissipation through out by Hurmiiz| [[Hurmuzld (1998)]. Taking into account

: . e that heel impact is the most efficient way to remove mechan-
heel impact is the most efficient way to lose energy, any other . b y

Way requires an active particination of muscles. This Siesi ical energy from a biomechanical point of view —any other
yreq P P : - TTIS Sig forms require an active participation of muscles—, the abov
the importance of the proposed regulation mechanism. mentioned interest is even greater
In this work, some of the control possibilities of heel im- '

) . In this respect, a paradox has been reported in the con-
pact are briefly analyzed related to the energetics in order ) .
e ) ..~ "text of human locomotion, heel strike peak forces do not
to claim its role and importance as a control mechanism in

. . : . change in “in vivo” experiments when comparing two differ-
bipedal locomotion. This study can be valuable in several N A . .
. : . ent footwear with different cushioning materials with ag@pr
areas, for example, in control, prosthetics, shoe desigth, a

enerally in further understanding of bipedal locomotion ciable different stifinesses [Nigg (1987)]. Itis our bélisat
9 y 9 P ' such effects can partly be related to stability control dase

heel impact configuration change described before.
In this work, we study the dissipating capabilities of heel
Heel impact is known to be a major contributor to impact as a stabilizing strategy. To this end2/a human-
the stability of bipedal locomotion|[ THGrmGzIG (1987)], like walker model based on anthropometric data has been
[Goswami (1996)],[[Garcia (1998)]. On the one hand, there used. The model captures the most relevant dynamics of
is the strong “stabilizing effect” due to the change of tra- human locomotion. Based on bibliographic data for human
jectory that the system undergoes at each heel strike, on thevalking, we define a pre-impact reference state and per-
other hand, from a dynamical point of view, there is the en- form an analysis of the heel-impact contribution to dissipa
ergy dissipating nature of the heel impact. The associatedtion in that state neighborhood. We consider also the effect
phase—space volume contraction has been shown to be a ne®f blocking some joints. The computation and presentation

Heelimpact contributes to the stability of bipedal locoront
the change of trajectory induced at heel strike has a stabili
ing effect, and the phase—space volume contraction to which
heel strike contributes is a necessary condition for stgbil

For a given passive walker, there is a slope limit to obtain
stable limit cycles. However, this limit can be surpassextif

1 INTRODUCTION

essary condition for stability [Goswami (1988)]. of the results is based on the formulation for the orthogo-
Itis known that for a given passive walker, there is a slope nal decomposition of the dynamics at heel strike described

limit from which it is impossible to obtain stable limit cyas. in [Font-Llagunes (2009)].

However, this limit can be exceeded if extra dissipatiomis i Even though the control strategies analyzed are active,

troduced in the system. For example, in [Goswami (1988)] since they imply pre-impact actuation to accommodate sys-
damping at the hip joint was used for this purpose. This sta- tem state at heel strike or muscular actuation to block agive
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joint, they all have a very low energy footprint.
This paper is organized as follows:

5th Asian Conference on Multibody Dynamics 2010
August 23-26, 2010, Kyoto, Japan

pre-impact velocity of the body segments has been adjusted
based on the normal average horizontal velocity given in

In Sectior?, the model of the human walker used in order [Murray (1964))] for the mentioned type of subject. In order

to perform the heel impact simulations is described.

In Section[B, the impulsive dynamics equations used in

this research are briefly described.
In Sectior#, the orthogonal decomposition of the impul-

sive dynamics equations used to analyze the simulation re-

sults is outlined.

In Sectionb, some simulations of heel impact with dif-
ferent conditions are presented. They illustrate the psego
control mechanism.

In Sectior[B, a comprehensible answer to the above men-

tioned paradox is given. Evidencing the reality and impor-
tance of the given control mechanism.

Finally, in Sectiofil7, the conclusions of this work are sum-
marized.

2 HUMAN WALKER MODEL AND PRE-IMPACT
CONDITIONS

In this work, we perform2D simulations of the human
multibody model depicted in Figl 1. The model has been
made with the help of 3D_MEC symbolic multibody program

[Ros (2005)], used as a pre-processor and post-proceksor, a

though actual numerical computations are made in MAT-

to do that, we assume that:

e TheTorso — Pelvis does not rotate w.r.t. the iner-
tial frame, and the horizontal velocity component of
the Lumbar Joint Center (LJC) is given as the aver-
age horizontal velocity of [Murray (1964)].

e The pointC AL of the right leg has a vanishing hor-
izontal velocity component, and thénee and Ankle
joints are supposed to have zero relative angular veloc-
ity.

e The pointM H of the left leg has zero pre-impact ve-
locity, and theKnee joint has zero relative angular ve-
locity.

The relative angular velocity of theénkle joint of the left
leg,w4, can be used as an additional DoF to adjust the initial
pre-impact velocity.

3 DYNAMIC EQUATIONS FOR THE IMPULSIVE
MOTION AT HEEL IMPACT

Dynamic simulations of impacts can be studied using an

LAB. The model is based on the anthropometric geomet- impulsive approach. The actual computations are based on

ric and inertial data given in [Dumas (2006)]. The total
body mass is assumed to 68 Kg. The model contains a
Torso — Pelvis, the 2T highs, the 2 Shanks and the 2
Feet, linked by theHip, Knee and Ankle joints. The po-
sition depicted in the figure is the reference pre-impact con
figuration used in this study. It is adjusted from the data of
[Murray (1964)] on normal walking, for the average “tall”
subject (man).

Y ¥

\_ 1l

Figure 1: DYNAMIC MODEL OF THE BIPED.

the orthogonal decomposition of the dynamics at heel strike
described in[[Font-Llagunes (2009)]. The heel impact is as-
sumed to be “inelastic”, i.e., the colliding point must stay
contact with the ground after the impact. This is a reason-
able and widely used assumption in the analysis of walking
systems.

The kinetic energy of the walking system can be written
as

T(a,4) = 54" Mla)d, @)

whereM is the symmetric and positive definite mass matrix,
andq andq are the generalized coordinates and velocities of
the system, respectively.

The dynamics of this impulsive motion phase can be char-
acterized by impulse-momentum level dynamic equations:
+
{g—iﬂ =M(q" —q") =fa+TFpg,

where and “+" denote the pre- and post-impact in-
stants;f, andfy are the impulses of the generalized non-
conservative applied forces and the generalized constrain
forces; and(9T)/(d¢)]" = —f; is the negative of the im-
pulse of the generalized inertial forces. If the applieatésr
have a non-impulsive nature thép = 0. This is usually the
case of human locomotion since the muscles provide finite
forces. When muscles are used to block a given body joint,

(2)

For the simulations, impact is supposed to take place atthen the implied forces are considered impulsive condtrain

the Calcaneous marker (CAL) of the right foot. The left

foot is assumed to contact the ground at the mid point be-

tween thel st and5th Metatarsal Head markers (/ H). The

forces. For this impulsive motion phase it is also assumed
thatg™ can be determined based on the previous finite mo-
tion analysis of the single support phase.
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The constraints in this impulsive motion phase are the Based on Eqnd]1) and (6), it can be shown that the kinetic
contact and non-sliding conditions at the righti L after im- energy can also be decomposed as
pact. These can be expressed as:

. T=T.+T, = lvvac + lngva. (8)
A] q = 0. (3) 2 2

To obtain this equation it was used that the projectors
n @ and [b) are orthogonal with respect to the system
mass metric, i.e.P’MP, = P/MP, = 0. Therefore,
vIMv, = vIMv, = 0. Any force or impulse arising in
the space of constrained motion will change dfily leaving
T, unaffected and vice versa [Modarres (2008)]. The impact
characterized by the constraints ith (3) gives rise to imgails
which will influence quantities in the space of constrained
motion only.

Based on the above decompositions, it can be seen that
the impulse-momentum level dynamic equationsfin (2) can
be decoupled as

The contact impulses are normally generated by these con-
straints, hencefr, = ATX; where); = [\;,, \;,|7 rep-
resents the impulse of the constraint forces generatedeht he
strike.

Should the topology change cause a situation that for left
M H gives a velocity with a component facing the ground,
then this would mean that the non-colliding stance foot does
stay in contact. In this case, Eqfl (3) would include the con-
tact and non-sliding condition of the left foot &7 H, as
this constraint can also generate impulses. When a joint is
blocked during impact —as a heel impact control mechanism—
then Eqgn. [[B) will also contain the corresponding constrain
at the velocity level.

(&

[ T

+
av,] — M (vi - vy) = ATA,, ©

4 DECOMPOSITION OF THE IMPULSIVE MOTION
Based on the Jacobian defining the inert constraints in which are the impulse-momentum level dynamic equations
Eqgn. [3), the tangent space of the configuration manifold for the space of constrained motion, and
of the walking system can be decomposed to the spaces
of constrained and admissible motions [Kdvecses (2003a), oT,
Kdvecses (2003p)] for the pre-impact instant. This will {
then also hold for the entire duration of the contact onset,
since the configuration of the system does not change dur-which describes the impulsive dynamics associated with the
ing this short period of time. The two subspaces can be space of admissible motion. From Edn](10) and usingthat
defined so that they are orthogonal to each other with re-is positive definite, it is immediately visible thatt = v .
spect to the mass metric of the tangent space. This decomBased on Eqns[{3) anfl(6) it can also be concluded that
position can be accomplished via two projector operators v = 0. Considering this and using Eqfl] (9), we can write
[Kévecses (2003R), Kovecses (2003b)]. The projector asso-that

.
ava} M (vi—vo) =0, (10)

ciated with the space of constrained motion can be written as —Mv, = AT, (11)
AT (A M-LAT -1 A and also, taking into account the velocity decomposition in
P.=M I ( M 1) I 4) @), we obtain the following expression to solve for the post
and the projector for the space of admissible motion can be MPact generalized velocities
obtained as q" = vi—vo = Puq . (12)
-1
—1AT —1AT
P,=1-P.=1I-M"A; (AIM A,) A, (9 Based on Eqns[14)[J(6) and{11) we can also obtain the

. ) ) ) solution for the generalized constraint impulses as
wherel denotes the identity matrix. These projectors are not

symmetric, which is a direct consequence of the nature of the
metric of the tangent space. Based on them, the generalized
velocities of the system can be decomposed as

A= (AIM*A?) A (13)
which appear in order to set the velocity of the collidingtfoo
4 =Ve+ Ve =P.q+Paq, (6) to zero. The normal component af is the impulse per-
pendicular to the ground and it is usually associated wigh th
which represent the two components associated with bothdeformation of the colliding bodies (foot-ground) in this d
subspaces. It is interesting to note that in generak P.q rection. The other component is the impulse in the tangent
andv, = Paq are non-holonomic components. Any vec- direction which is more complex in nature, since it can come
tor of generalized forces or generalized impulses can aso b €ither from friction or from tangential compliance of thdo
decomposed using the transpose of the operators given abovlding bodies. If the left foot generates impulsive forces,

[Kévecses (2003h)]. Then, for the impulsive case we have ~ some of the joints of the system are blocked, as a heel impact
- controlling mechanism, the associated impulses will acor

f=f.+f,=PIf+PIf (7) ingly obtained, from Eqn[{13).
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We define the following index to quantify the energetic 2. & =T./T =0.017
aspects heel impact controlling mechanism:

T. (@) PIMP.g
b =1e= ST
T @) M

where¢; < 1 (non-dimensional) represents the ratio of the
total pre-impact kinetic enerd¥/— that is lost at heel strike,
i.e., the local energetic efficiency of the impact.

5 RESULTS AND DISCUSSION

In this section, the decomposition of the kinetic energy at
the pre-impact time of the heel strike event is used to aealyz /.
possible heel strike control strategies. This analysis o f\
pretend to be exhaustive, it is just used to support ourghesi \ B B A.
i.e., the idea that the heel strike can be used as a regulation /\ M (/ 'L\

mechanism in human locomotion. </ i
In what follows, simulations of three representative exam- H’

ples are presented:

1. Pre-impact left ankle joint velocity change: This
change can influence normal impact velocity and then

the amount of energy removed at heel strike. Figure 2: Example 1.

2. During-impactright ankle joint blocking: The enforced
lack of compliance of the ankle joint will make the im-  Example2

pact much more stronger. Two simulations are presented in Hig. 3, the initial condi-
tions are exactly the same: The first simulation (first row of
Fig.[d) is the same that the first one in Example 1. In the sec-
ond simulation the right ankle joint is blocked (second rdw o
Fig.[d). As before, green arrows indicate the initial veliesi;
These examples cover a wide conceptual spectrum: Ac-and blue and red arrows show the admissible and constrained
tuation strategies at the pre-impact configuration andoiglo  velocities, respectively.
levels, and muscle actuation to constrain motion. They are

3. Pre-impacfl’orso — Pelvis orientation change effect:
This allows to change the inertia distribution and then
it should affect the energetics of impact.

enough to get a grasp of the different actuation possisliti : ; , /
Nevertheless, other actuations different from the onemexe 9 9 1
plified in the following can possibly exhibit bigger posgibi 8 L. %
ties, and they can, therefore, be more appealing. Further wo #\ F\~ / ‘
will be done in this direction. \ AB \

Example 1

Two simulations are presented in Fi@. 2, no joint is
blocked, the initial (pre-impact) condition differs only ve-
locities: In the first simulation (first row of Fidl 2) the ini-
tial velocity is specified with left ankle joint velocity, =
+1rad/s. In the second simulation the left ankle joint ve-
locity iswa = —1rad/s (second row of Figl]2). The green
arrows indicate the initial velocities, and the blue andaed

. . . . g/~ 7 - 1\
rows show the admissible and constrained velocities, tespe / Q\ / % 5 ‘\\\
tively. < N 4 i A

In the first simulation, the velocity normal to the ground ‘T
of pointC AL of the right leg is smaller. This implies a lower

value of the energy dissipated at heel strike. The figure of

merit for energy dissipation obtained for these simulation Figure 3: Example 2.

are. The figure of merit for energy dissipation obtained for

1. ¢ =1T./T=0.011 these simulations are:
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1. ¢ =T./T=0.011 6 FURTHER EVIDENCE

2. & =T,/T =0.181 A paradox has_been reported in the context of hu_ma_n lo-
comotion, heel strike peak forces do not change in “in vivo”

These results reveal that ankle joint blocking is a very effi- experiments when comparing two different footwear with dif
cient mechanism to regulate the energy dissipated by tHe heeferent cushioning materials with appreciable differeift-st
strike. Almost 20% of the kinetic energy of the system can nesseg[Nigg (1987)]. For similar experiments with cadaver
be absorbed by blocking the ankle. Obviusly, from a non- an increase of peak forces is observed when cushioning ma-
impulsive framework point of view, this implies that we can terial stiffness increases.
play with ankle blocking level to manage a huge amount of We think that the answer to this paradox, to a great extent,
the kinetic energy, that can be removed —if desired— with al- can be given based in the analysis presented previously:
most no aditional energy expenditure. Differences in stiffnesses and damping of cushioning ma-
terial at the heel influence heel strike forces —as expeitisnen
with passive subjects demonstrate—and as a consequemwce the
also influence energy dissipation.

Two simulations are presented in FIJ. 4, initial condi- An erroneous design hypothesis supposes that changing
tions are equivalent in terms of velocities, right anklenjoi ~ the footwear characteristics will not essentially chartye t
is blocked in both, only torso position changes: In the first kinematics of gait and, as a consequence, that the effect of a
simulation (first row of Figl}) the torso position is as inpre  softer cushioning material would be to lower the peak forces
vious simulations. In the second one (second row of Big. 4) at heel strike.

Example 3

the torso is inclined backward$°. As before, green arrows The strong role of heelimpact on overall walking stability,
indicate initial condition; blue and red arrows admisshel implies that changing the impact levels affects stabilltiis
constrained velocities, respectively. The figure of menit f IS because mechanical energy dissipation level would ahang
energy dissipation are: if gait does not change. If no change on the gait is done a
lower level of dissipation will make the system less stable.
1. & =T.,/T=0.181 Note that a very compliant material with low damping, can
bounce back part of the impact energy, lowering the overall
2. & =T,/T=0.190 dissipation due to heel strike if gait does not change.

Therefore, the brain needs to act to adapt the gait to the
new scenario. The previous analysis suggests that hded stri
accommodation can easily and efficiently compensate for the
changes in the mechanical energy dissipation, and then to in
crease the stability of the system. For example, from the sim
ulations it is obvious that this can be accomplished usifig di
ferent levels of joint ankle rigidization.

This explains how a softer sole does not lowers the heel
strike forces as much as expected, as heel strike is accommo-
dated to dissipate more energy, what in turns compensates th
expected heel strike force decrease.

The above discussion strongly suggests the presence of
the proposed regulating mechanism in real human locomo-
tion.

The proposed control strategy seems to be equally appli-
cable in the context of control of robotic bipedal walkers.
For instance model predictive control methods can be used
to straightforwardly implement such a control strategy.

7 CONCLUSIONS

We have started this paper reminding the acknowledged
role that the existing bibliography gives to mechanical en-
Itis shown that the torso position has an effect on energy dis ergy dissipation at heel impact on bipedal locomotion $tabi
sipation. Infact, leaning the torso backwards increasesith ity. Based on this, we postulate that the heel strike can be
ergetic losses which is in agreement with the results obthin accommodated in different ways to produce different levels
in [Font-Llagunes (2008)] using a simpler model. Note that of mechanical energy dissipation, and that this can be used a
however, for the considered angles, the most important con-a regulating effect in the control of bipedal locomotion. We
tribution to energy dissipation is given by the right ankienj explain that this mechanism can be used to increase limit cy-
blocking. cle stability when adapting to a changing slope or changing

Figure 4: Example 3.
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locomotion velocity. Based on biomechanical principles, w [Goswami (1988)] Goswami, A., Thuilot, B., Espiau, B.,
also conclude that —within its physical limits—, heel strik A Study of the Passive Gait of a Compass-Like Biped
by far be the most efficient way to dissipate excess mechani-  Robot: Symmetry and Chao$he International Journal

cal energy to stabilize locomotion. of Robotics Research. Vol. 17, No. 12, pp. 1282-1301.

A set of illustrative examples are used to show that there 1998.
are different ways in which heel impact can accommodate
different levels of energy dissipation. Although the objec [HUrmuzli (1987)] HUrmuzld, Y., and Moskowitz, G. D.,
tive of this work was not to do an exhaustive and systematic Bipedal locomotion stabilized by impact and switching:
research on the different control strategies for energsijtis I and II. Dynamics and Stability of Systems. Vol. 2, No.
tion at heel impact, we have found easy-to-implement cbntro 2, pp. 73-112.1987.
mechanisms that can greatly affect energy dissipationedt he
impact, as for example ankle joint rigidization.

Further evidence of the actual use of such a heel strike
adaption as a control mechanism for bipedal locomotion is ~ tomation, B. Sciliano and K. P. Valavanis, Eds.. 1st ed.
based on the explanation of a well know paradox. This, =~ Cambridge University Press, Cambridge, pp. 105-117.
fact reveals the importance of the proposed regulating mech ~ 1998.
anism, and the need to further investigate it, for the fiefds o

[HurmdzIt (1998)] Hurmizli, YDynamics and control of
bipedal robots. In Control Problems in Robotics and Au-

prosthetics, shoe design, control of bipedal locomoticst sy [Kovecses (2003a)] Kovecses, J., Piedbceuf, J.C., Lange,

tems and generally in further understanding of bipedaldoco

motion.
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