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Emulating Human Leg Impairments and Disabilities
on Humanoid Robots Walking

Sébastien Lengagne, Abderrahmane KheddahaStien Druon and Eiichi Yoshida

Abstract—In this paper, we present a method for emulating The second motion emulates the walking of someone who
human walking motions with leg impairments or disabilites  sprained its left knee and wear a splint that prevents the knee
using humanoid robots. Our optimal dynamic multi-contact jqint from moving. As the third motion, we consider that the
motion software generates the emulated motions. We take into . . . T
account the full-body dynamic model of the robot and consider force appllgd during the Walk_lng on a given leg should not
possible leg impairments as additional physical constraints in €XCess a given threshold, which may be the case of a broken
the optimization problem. The proposed approach is veried or painful foot. To study the impact of those impairments
using HRP-2 humanoid robot. Simulations and experiments on the walking motion we use infrared recording of the
revealed extra energy consumption when constraints translating robot in order to localize any extra-energy consumption, and

impairments are added, which is assessed using an infrared th tact f d K oint t btained
camera. Our research is the rst step toward potential usage of compare the contact iorces and knee joint torques obtaine

humanoid robots in human-centric studies, diagnosis of human from experiments with the HRP-2 robot.
disabled motions, as well as an active mannequin for welfare  This work is motivated by the application of humanoid
instrument evaluation. robots to human study and diagnosis. If we are able to pa-
rameterize the disabled motions, we can reproduce different
impairments to understand and diagnose their consequences.
In this paper, we use our on-going work on optimal dy-Another application we have in mind is the evaluation of
namic multi-contact motions generation [1], [2] to investigatdhhuman-centric welfare instruments. The proposed method
whether adding simple constraints that translate —to sonagiows the designers of those instruments to evaluate them
extent— a given human leg impairment, results in emulatingy simulating various disabled human motions by using the
a similar walking behavior by a humanoid robot, namely thédumanoid as amactive mannequin
HRP-2. Section Il presents our walking motion generation algo-
There are many efcient on-line methods to generatgithm that is based on optimization techniques. We then
walking motions for humanoid robots, e.g. [3], [4], [5]. present the additional constraints used to reproduce leg
These methods compute the walking motion in two separai@pairments and/or disabilities and the results from the new
stages: the rst one consists in generating the trajectory f@ptimization formulation in Section Ill. The experimental
the Center Of Mass (COM) from a Zero Moment Pointresults with the HRP-2 robot are presented in Section IV.
(ZMP) trajectory representing the walking motion based on a
simpli ed inverted pendulum model; the second stage deals Il. MOTION GENERATION
with the whole body motion generation that tracks at best
the COM generated at the rst stage while compensatirgg]
th

I. INTRODUCTION

In this Section, we briey recall the method presented
[6] to generate full-body optimal dynamics multi-contact

the difference between the simple model and the multi-bo otion for humanoid robots and virtual avatars and intro-

humanoid structure.

This type of (over-)simpli ed method cannot be used when
we desire to study motions resulting from such constraints as
leg impairments or disabilities because: (i) some hypothesgs
that are made on the COM, namely the height, may not be
known (ii) we may need to apply constraints on walking a
priori and not a posteriori, and (iii) following the reason (ii),
we may consider a full-body model in order to take into ac-
count all the physical limits of the robot, the desired contact
stances and possibly additional constraints to reproduce leg
disabilities (Fig. 1). A

In our work, we plan the motion using a whole body model|
to generate three walking motions. The rst one reproduce
a normal walk and is to serve as a comparative referenc

All the authors are with the CNRS-AIST Joint Robotics Laboratory ) . ) o
(JRL), UMI3218/CRT, Tsukuba, Japan. A. Kheddar and S. Druon are alddg. 1. Motion generation software takes into account the physical limits,
with the Interactive Digital Human group of the LIRMM, UMR 5506 the desired contact stances. It is enhanced with additional constraints so as

Universie Montpe“ier Il - CNRS, Montpe”ier’ France. to emulate, on the HRP-2 rObOt, actual human impaired Ieg motions.



duce the basics in terms of terminology, notations, and the& the optimization variables (the control points of the B-
general formulation of the motion generation problem as a8pline). The motion is decomposed into several contact
optimization problem. phases and the full-duration motion is generated by nding

o the best parameter st RN such that:
A. Optimization problem

argmin C(P
The motion generation problem can be tackled as an gp ! (F)
optimal control problem [7], [8] that is simply equivalent it [l g(Pt) O (3)
to the optimization problem that consists in nding the best ot [l hj(P,t)= 10
set of joint trajectories(t) that solves: t { tnto,ta} #A(Pt) O
argmin C(q(t)) with:
i, ?(t)[ 1 g(qt) o 1) P= P11,P12, s PNgor.Nps L1s-++5 NpNes T1--o5 TN, (4)
Lt [j]  hj(at)=0 here, pi j is the j" control point of jointi, i is the force
t { tn,t2,...} Z(g(tk)) O coef cient of the contact of phasej, T is the time duration

of phasei, Nyot the number of Degrees Of Freedom (DOF),

Np the number of phases arld the number of contacts

¢ Cis the co;t funchoq, which accounts for quantltatlvefor one phase. Using this formulation of the problem, we
or/and qualitative achievements. Well-known costs func-

! . } . : use the optimization solver IPOPT [15] to get the optimal
tions usually used in robotics are: motion duration [9], . ..
- i motion parameterp.

minimum torque [10], global energy consumption [11], _

jerk for smooth motion [12], torque change [13], or anyC. Modeling

weighted combination of the above and more. We model humanoid robots as an articulated chain of
€ g is the set of continuous inequality constraints, whichigid-bodies and consider the following dynamics equation:

usually translates the physical limits of the system (joint T

— Ml(q) Hl(qr q) + ‘Jl (q) FC (5)

position, velocity, torques, balance, etc.) that must be 4 = Ma() g+ Ha(q, q) I (q)

satis ed over the whole motion duration, decomposed . . . i
into several time-intervals; whereq is a vector containing tha joint position ;) plus

¢ his the set of continuous equality constraints, e.g. thod8® Position and orientation of the reference bodjs then-
which de ne the position of a link in contact with the vector of the torquedyl the inertial matrix,H is the gravity,
environment over a time-interval; centrifugal and Coriolis effects vectod is the Jacobian

¢ zis a set of discrete inequality constraints, e.g. thos@atrix andre=[F,Fa, -] is_ the vector of the active contact
that can be used to specify the position of one part JPTces that is comptfted as: )
the robot at a given time, Fi=wWPt BA A S'D, (6)

B. Resolution with (i) P, the screw operator of the contact positidd (
_expressed in the world frame), and () the orientation of

The problem of Eq. (1) is also called an In nite Program o _ o
ming problem (IP), which can be turned into Semi-In nitemg zinéaf;;:ﬁ)r(r.\e and/; = diag1000< ;,1000< ;, ) and

Programming (SIP) using parameterization of the joint tra-
jectories. Inspired from prior work in robotics, e.g. [14], we _ Ne PA
made the choice to shape the joint trajectories with clamped - i1 A
uniform cubic B-Spline curves:

WSt BA A @)

Note: we assume that tlzecomponent is the normal direction
m of the contact forces.
a)= bitp, 2) | .
=1 D. Cost Function and Constraints
In order to deal with the time continuous inequality and Itis noteasy to identify the cost function that will produce
equality constraintsg(h), which include generally the dy- human-like walking. In our case, we consider a weighted sum
namic, kinematic and geometric models in function of th&f the motion duration, square torques and jerks as follows:

robot’s state variables, we use a time interval decomposition Np Niof T s
based on Taylor expansions, which result in polynomial C= aT+ b 2+ cUi® dt (8)
approximations of all constraints and the cost function. i=1 i=1

The Taylor expansions also apply to the states variablesith the weightsa= 5, b= 1e>2, c= 1e>° that are empir-

of the robots (joint and Cartesian position, velocity andcally determined after several simulations. We enforce the

acceleration, contact forces and joint torques) in variougasibility of the motion and the robot's safety by taking into

algebraic operations [1], and we use additional coef cientaccount explicit limits on joint position, velocity and torques

in order to compute the contact forces [2]. with unilateral and friction constraints of the contact forces.
Note that the coef cients of the time-polynomials (approx-We also consider additional constraints in order to make the

imating the constraints and the cost function) are functiomotion feasible using the balance controller of the HRP-2.



TABLE |

Il. WALKING MOTION
OPTIMIZATION RESULTS.

We produce three different humanoid walking motions: [walkingmotion]] T [ CPU [ C ]
one is a normal walking (to serve as a comparison reference); | nkorg“s' gié 2'.151’“” ;ggg
e f . ocKe: nee mn .
the t_wo (_)thers have additional gons_tr_zz_llnts on leg motions that sore Teg 1257 1T 6hoimn 3870
are inspired from human leg disabilities.

A. Properties D. Optimization process

The main part of the walking motions is the cyclic part Table | presents the results of the optimization processes

connecting an initial and a nal standing posture as presentéa generate'the three walking mqﬂong. HdreCPU andC :
in Fig. 2. Each motion has 9 phases decomposed into qLe respectively the number of iterations, the computation

intervals. During the experiments, we perform the cyclic parg‘me’ and the nal value of the cost function. It appears that

three times. We also consider the cost function of this cycli aebFeO:n;laslgver]lg\r/]v% T?Ztﬂt]r?elmirnvalr%it?;r:hv?/itcr? j Luo':gt'; n.
part to be more important than the transition parts, during tr}%a 9 9

optimization process. The step size of the walking motion jgas a blgger cost function "f”"“e relatively to the walking
25 om. motion with a locked knee. Since the cost function re ects,

in part, the energy consumption, it is evident that the sore
leg walking motion consumes more energy for a humanoid
robot.

We study the walking motion that emulates a human’s
(left) knee sprained and wearing a splint. We can emulate
this walking by arti cially locking the (left) knee joint of In this section, we present the experimental results that we
the humanoid robot’s leg, i.e. setting it to a constant joinbbtain with the HRP-2 robot. To cope with the exibilities
value (ideally in a totally stretched leg con guration). Whatof the shock absorbing mechanisms located at the ankles,
we observe from human beings in this case is that walkinge use the HRP-2 embedded stabilizer. The video of those
remains possible thanks to the contribution of additionagxperiments can be found in [16]. Although the motions are
degrees of freedom (namely, in the hip) to move the impairedl little awkward, we can recognize the emulated impairment
leg. With the HRP-2, however, the use of the embeddeflom those walking motions in the video. In order to assess
stabilizer for maintaining balance, on the one hand, and the
lack of additional degrees of freedom in the legs, on the other
hand, do not allow the robot to walk with a fully stretched
leg. Therefore, we constrain the left knee joint to be ‘locked’
at 30 degrees (other values are certainly possible).

B. Locked Knee

IV. EXPERIMENTS

C. Sore Leg

In another scenario, we emulated the walking motion that
is inspired from a human suffering from by a broken or
painful (left) foot. To avoid pain, human beings try not to
lean too much on the injured foot. In order to emulate such
a motion on the humanoid robot, we consider an additional
constraint on the contact force of the (left) foot. While
the ground reaction force is 586N during standby standing
posture and even larger during walking, we restrain the
contact force of the left foot to be less than 500N during
the walking motion, which results in an inequality constraint
on the left foot’s contact force.

Cyclic
Initial part
posture

Final
posture

(d) locked knee (e) sore leg

. . . Fig. 3. Infrared view after ve rounds of the walking motions (temperatures
Fig. 2. Representation of the foot stance for the decomposition of the.o expressed in degree Celsius.

motion walking into cyclic and transition part.



Fig. 4. Normal walk.

Fig. 5.  Walking motion with locked knee.

Fig. 6. Walking motion with sore leg.

the energy consumption contribution in the cost functiondifferent walking motions (see Fig. 3).
we use an infrared camera (IR-TCM640 from Jenoptik) and

take pictures of the legs of the robot, which re ects the moré. Normal Walking
signi cant effects (heat) from performing ve rounds of the

same motion. To get nearly identical

waited for 45 minutes without using the robot between tw

walking motion forces

thermal conditions, we

800

i

Foot forces (N)

A -

right foot

Snapshots from the normal walking motion are presented
i Fig. 4. On Fig. 3(b), we can see from the heat loss
(t)emperature that the normal walking does not make excessive

walking motion torque

150
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Fig. 8. Knee torques during the normal walking



energy consumption on any joint. Figures 7 and 8 depic@. Sore Leg Walking
the force applied to the legs and torque estimated from
measured motor current. These gures illustrate well the Snapshots from the sore leg walking motion are shown
symmetry of the normal walking motion, in terms of contacin Fig. 6. In Table I, we see that the cost is the high-
forces and knee joint torques. Although the motion itself igst as compared to the two previous experiments. This is
quite smooth, the walking motion presented in [16] is noklso clearly visible on the infrared monitoring as shown
really ‘human-like’; we discuss more thoroughly this issuén Fig. 3(e). We can also observe that the contact forces
in Section V. (Fig. 11) are not symmetrical and that the force on the left
, foot is limited around a mean of 500N, except the peaks that
B. Locked Knee Walking are caused by non-modeled effects (sharp velocity changes
Snapshots from the walking motion with locked left knee-i.e. foot landing impacts, mechanical exibilities, etc.) and
are illustrated in Fig. 5. The infrared picture (Fig. 3(d)) showsn open loop playback of the motion. Note the appearance
that the right leg (especially the right knee) compensates a preparation phase before the left foot stance phase
the disability of the left knee with additional energy con-(during the double support phase) used to accumulate kinetic
sumption. Nevertheless, whereas the contact forces on tbeergy. This preparation was not needed for the previously
Fig. 9 remain symmetrical, the right knee joint torques igxperimented walking scenarios. Moreover, both the joint
more important relatively to the left one, as seen in Fig. 1Gorques of the right and left knee are larger than the ones
this explains the larger energy consumption in the right legrom the previous scenarios, as seen in Fig. 11. This explains
During the locked-knee motion, we did not notice anythat both legs needed extra energy in order to cope with
extra energy consumption in the hip of the HRP-2 robotemulating leg impairment of this nature.
whereas for human being this kind of motion leads to
fatigue of the hip’s muscles. This could be due to a lack
of training/solicitation of the corresponding muscles.

walking motion (broken leg) forces
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Fig. 11. Foot forces during the sore leg walking. The double support phase

Fig. 9. Foot forces during the locked knee walking is used to accumulate kinetic energy to cope the sore leg.
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