In humanoid robots, asin humans, bipedal
standing should come before bipedal walking:
implementing the Functional Reach Test
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Abstract This chapter describes a computational architecture fordioating the
degrees of freedom of the humanoid robot iCUB during bipstaiding, with par-
ticular reference to the Whole Body Reaching and the FunatiBeach Test.

1 Introduction

In humans the ability to stand up on two legs is a necessargqusite for bipedal
walking. Moreover, there is ample neurophysiological enice that standing and
walking are rather independent control mechanisms. Toergfve suggest that also
humanoid robots should be trained first to master the uressthhding posture and
then learn to walk.

We shall address such issue in relation with the humanoiati@ub [1], which
has the size of a three years old child (height is 105 cm andhwés 14.2 kg) and
has 53 degrees of freedom (DoF): 7 DoFs for each arm, 9 for leaicti, 6 for the
head, 3 for the trunk and spine and 6 for each leg. iCub iststdble to stand or
walk, but only to crawl, as baby toddlers of the same age.é&fbeg, the goal of this
paper is to carry out a preliminary study of the computatignacesses that may
allow iCub to achieve the sensorimotor competence thatéessary for bipedal

Vishwanathan Mohan
RBCS Dept, Italian Institute of Technology, Genova, Italynai: vishwanathan.mohan@iit.it

Jacopo Zenzeri
RBCS Dept, Italian Institute of Technology, Genova, Italnail: jacopo.zenzeri@iit.it

Giorgio Metta
RBCS Dept, Italian Institute of Technology, Genova, Italgd &1ST, University of Genova, Geno-
va, Italy e-mail: giorgio.metta@iit.it

Pietro Morasso
RBCS Dept, Italian Institute of Technology, Genova, Itald&1ST, University of Genova, Geno-
va, Italy e-mail: pietro.morasso@unige.it



2 V. Mohan, J. Zenzeri, G. Metta and P. Morasso

standing. The study builds upon what has already been athievthe bimanual
coordination of iCub’s movements [2], using a biomimetir,ce-field based com-
putational model. The model has been evaluated and valideti in a simulated
environment and in real movements. On the contrary, theeptestudy is limited
to the simulation stage for ‘developmental constrainteGduse the sensorimotor
system of iCub has not matured enough to achieve the featuesre necessary
for standing (postural control system) and walking (bigéalzomotion system).

As a matter of fact, the postural control system must facenham problems: P1)
stabilize the inverted pendulum that characterizes thedaipstanding posture either
during quiet standing or when compensating the posturaligEtions induced by
movements of the upper part of the body; P2) coordinate tthendant set of DoFs
of the lower and upper parts of the body in whole body gestdries focus of this
paper is on P2.

The easiest way to solve P1 would be to use a ‘stiffness giraia particular at
the ankle joint. However, this is not what humans do, becthesankle stiffness is
dominated by the elasticity of the Achilles tendon and theexponding stiffness
is consistently smaller than the toppling torque due toityd8, 4]. Different stud-
ies have shown that the ankle torque which is missing fronirttiasic properties
of the soft ankle tendons is likely to be supplemented by dimeacontrol process
[5, 6]: this process can be characterized as an intermit@mirol mechanism that
generates frequent, ballistic bias impulses by soleus astt@cnemius. It was also
shown [7] that this discrete-time feedback controller icmmore robust and thus
more plausible that an alternative continuous time comtexthanism [8] if one con-
siders the large transmission delays in the feedback lodphemnintrinsic instability
of the bodily inverted pendulum. There is a functional mesithe low-stiffness
solution of the postural stabilization mechanism becausster compliant ankle
joint avoids high impact forces with the ground and morelgagiapts to uneven
surfaces. In other words, a low-stiffness postural col@ras more robust and is
capable of guaranteeing stability in a much wider range tofations than a stiff
controller.

P2 implies a quite different computational problem becdusetional move-
ments during bipedal standing recruit, in principle, a# boFs of the global kine-
matic chain, with a high degree of redundancy, whereas Plbearonsidered a
1 DoF or 2 DoFs ‘ankle strategy’. As already mentioned, wen itaaddress this
problem by using a biomimetic, force-field based computetionodel, which takes
inspiration from the Passive Motion Paradigm (PMP [9])eexted to include termi-
nal attractor properties [10]. We already used this apgrdacthe coordination of
bimanual movements of the humanoid robot iCub [2] and for @tiad whole body
reaching (WBR) movements in humans [11]. Here we investithetdeasibility of
applying this model to the coordination of WBR movements inbCwith particu-
lar emphasis on a specific form of WBR, the Functional Reach (F#8T), which
has been invented as a dynamic clinical measure of bala@¢eHRT measures the
distance between the length of the arm and a maximal forvesrchrin the standing
position, while maintaining a fixed base of support. FRT hesrbtested for both
validity and reliability and is used in patients with diages as different as stroke,
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Parkinson, vestibular hypofunction, multiple sclerosisl &ip fractures. FRT has
also been associated with an increased risk of fall andyfriailelderly people who
are unable to reach more than 15 cm.

Since the current state of the iCub’s competence for thedstgrposture has
some ‘pathological’ aspects, the improvements coming foetter design and better
control could be appropriately evaluated with a FRT simitathe one used with
humans.

2 FRT network for iCub

The network architecture which has been developed for allpwCub to face the
Functional Reaching Test is an extension of the architectaveloped for modeling
whole body reaching movements in humans [11]. The architedés composed of
four parts: 1) Task sub-network, 2) Focal sub-network, 3t@@al sub-network, 4)
Temporal coordination unit (see Fig. 1).
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Fig. 1 FRT network for iCubxg, X1, X4, Xc, g: vectors of the final and current target position,
position of the CoM, and the joint configuration, respectivdly, Jp: Jacobian matrices of the

focal and postural sub-networks, respectivélly;oc, FFpos: force field generators of the focal and
postural sub-networks, respectively; admittance matrixf : temporal coordination function.

The three networks are stable dynamical systems with tedraittractor charac-
teristics, which is provided by the temporal coordinatioit.uT his unit generates a
time-varying gain which is transmitted to the three submoeks and allows them
to reach final equilibrium at the same time:
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ro=-gy 1
{f(t)6(t_rt(J)515(t‘Tt<J)4+1o(t—Ttt))3 (1)

Heretg is the initiation time and is the duration of the coordinated forward reach-
ing movement{ (t) is a minimum jerk time base generator, but any smooth functio
with similar temporal features would yield the same resualterms of temporal co-
ordination of the three sub-networks.

The task sub-network generates a moving targein 3D which attracts both
hands of iCub (represented by the time-varying vesipy with a suitable force
field, generated by the focal sub-netwaxk.evolves from the initial position of the
hands, which are supposed to be jointed, to a final posiioiThis is related to the
most common form of FRT, i.e. the bimanual test. We might atggdement in the
same framework a unimanual paradigm in which one hand sciétdl by a forward
moving target and the other is either fixed or is used as adufihlancing tool. In
WBR experimentg may be situated beyond arm’s length but should be placed
inside the reachable workspace, defined as the set of pbaitsdn be reached by
keeping the projection on the ground of the center of masMj@athin the support
base of the standing robot. Obviously, the support baseua@ibn of the position
of the feet and in FRT they are supposed to be parallel and syritwith respect
to the body. In FRT experiments we also positiomxedjust outside the reachable
workspace, in the anterior-posterior direction.

The focal sub-network generates an attractive force fieklastic type which is
applied to both hands, implementing the focal part of thk vésose goal is to allow
the hand to reach the targé€f = Kg (xt —xn). K¢ is a 3x3 matrix and for sim-
plicity we assumed that it is diagonal. Moreover, in the ¢ogfi FRT the force field
should be directed in anterior-posterior direction andstbnly one component of
the matrix is non-zero. The fielér is mapped from the extrinsic space to the joint
space Tr) by the following transformation, wherk: is the Jacobian matrix of the
overal kinematic chain (from feet to hand$): = JLFr. The admittance matriA
transforms this torque field into a movement vegiaf the kinematic chain, which
is mapped to the extrinsic space by the same Jacobian ngengrating the trajec-
tory of the handky and thus closing the loop. This dynamical mechanism allbws t
hand to reach at the same time in whickr reachexg, but there is no guarantee
that the CoM remains withing the support base in the proddsss, if only driven
by this mechanism, iCub would reach the target but fall fodnenmediately after.
The postural sub-network is intended to prevent such wnfiate event.

The postural sub-network modifies the torque fi€lgd, generated by the focal
sub-network, by adding a componén that takes into account the position of the
CoM on the support bas& tor = Tg + Tp). In the vein of the so called ‘hip strat-
egy’, which characterizes human postural movements, tistupa force field is
applied to the hip joint and pulls it backward as functionh# tlistance of the CoM
from the forward limit of the support base. The activatiortted field is meant to
induce the following effects: 1) a smaller forward shift bétCoM; 2) a backward
shift of the hip; 3) a forward tilt of the trunk associated lwihe lowering of the
CoM. It is worth remarking that this complex control pattésmot explicitly rep-
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resented but is implicitly coded by the dynamics of the nekwdhe motion of the
CoM xc is derived from the motion of the whole kinematic chain usangjfferent
Jacobian matridg that only takes into account the ankle and knee joints. Treefo
field applied to the hip was implemented by a non-linear fismcthat diverges to
very high values wherc approaches the forward limit of the support baggx .

In summary, the integrated dynamics of the interacting rsetiwvorks is charac-
terized by the following equations, which achieve a baldnewveen the forward
pull applied to the hand and the backward pull applied to the h

Xt =T (t) (Xg —XT)

Xu =T (1)IrATTOT

xc =T (t)IpATtoT

Tror=Te+Tp (2)
T = J-||:-K|: (X|: —XT)

Tp= JEKP\XMAXX%XCHE (XT —XH)

3 Simulation experimentswith FRT networ k

The computational architecture described in the previeasan was tested by using
the iCub simulator. The robometric parameters of iCub flengass) are summa-
rized here: leg (0.213 m, 0.95 kg); thigh (0.224 m, 1.5 ka@)nkr (0.127 m, 4 kg);
humerus (0.152 m, 1.15 kg); forearm + hand (0.137 m, 0.5 Kgg. Aead weight is
2 kg.

As suggested by the FRT protocol, the initial posture of &t iis characterized
the following set of joint angles (ordered from the anklenjdio the elbow joint):
85°, 92°, 85°, 330, 0°. These are absolute values, referred to a horizontal lirit. W
this posture the initial position of the hand reaches a digtaf 29.05 cm beyond
the vertical line and the CoM is shifted forward 3.87 cm widlspect to the ankle
joint. The final position of the target was set 5 cm beyond tlagimum reachable
forward distance and the limit for the CoM displacemetAx) was set equal to 13
cm, considering that the length of iCub’s foot is 15 cm.

The basic parameters of the FRT control network are 1) the ghthe focal
field KF, 2) the gain of the local fieldK P, 3) and the admittance matrix of the
whole kinematic chaii\. The latter is a 5x5 matrix but we assumed for simplicity
that it is diagonal and thus we only have to choose 5 paraséfae results of the
simulations make us confident that the choice of these paeasnis not critical.
The simulations reported in the following were obtainednwtite following list of
values:KF=700N/m; KP=2N; Al(ankle)=0.02rad/NmsA2(knee)=0.01rad/Nms;
A3(hip)=0.3rad/NmsA4(shoulder)=0.1rad/Nmgs5(elbow)=0.07rad/Nms. In par-
ticular, as discussed in [11], the choice of thgarameters allows iCub to choose
among equivalent solutions of the planned movement, as seqorence of the re-
dundancy of the kinematic chain.
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Fig. 2 Initial and final poses of iCub in the Functional Reaching Test.

Figure 2 shows the initial and final posture of the FRT, whittbvéed iCub to
reach forward at a distance of 47.39cm, with an increase @&bté with respect
to the initial posture. Incidentally, this value is greatiean the threshold of 15cm
which is considered clinically relevant in relation witrethisk of falling.

Figure 3 shows the evolution of the different relevant valga. Panel A displays
the intensities of the focal and postural force fields, regpely. Panel B shows the
joint rotations patterns from the initial to the final pogtureached at the time of
termination of the™ function. Please note that some angles evolve monotonously
from initial to termination time whereas other do not. Intmardar, the elbow joint
angle remains equal to 0 throughout the whole movement foréasons: 1) it was
set to O initially in agreement with the FRT protocol and 2Zeinained 0 because
both force fields were directed horizontally (the focal fiddvard and the postural
field backward, respectively). Panel C plots the forwargldisements of the hand
and the CoM, respectively. The curves evolve monotonoaslshould do, to the
final shift values that must be compared with the final positid the target and
the maximum admitted forward shift of the CoM, respectivélyurns out that the
hand stops 5 cm before the target, because the latter igleutss workspace of
the robot; the CoM stops just 6 mm before the fixed limit. Hinagdanel D displays
the speed profiles of the hand and the CoM respectively: thpgar to be bell-
shaped and synchronized, in agreement with the basic findihthe research in
WBR [13, 14, 15]. Panels A, B, C also display the time courséhef’t function,
emphasizing its role in the ordered coordination and syorkation of so many
different variables.
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Fig. 3 Panel A: time course of the forces generated by the focal and the pbsubanetworks,
respectivelyPanel B: Time course of the joint rotation angles, after subtractingntfean value:
gl(ankle)=1.38 rad; g2(knee)=1.60 rad; q3(hip)=0.83 mt{shoulder)=5.95 rad; q5(elbow)=0
rad. The angular values are absolute, referred to the haailziome. Panel C: forward shift of the
hand (Functional Reach), related to the forward positiohetarget (5 cm beyond the workspace)
and forward shift of the CoM, related to the maximum stable pasitiothe support basBanel D:
velocity profiles of the hand and the CoM. Panels A, B, C alsoldysfhe time course of the

function.

4 Discussion

The proposed coordination model is not a controller of tla@ding posture but a
mechanism of synergy formation, which allows the redundofs to be coordi-
nated in a principled way during manipulation tasks that @mifgct the stability of
the standing posture. The proposed computational layeomnitively penetrable’
and is somehow uncoupled from the lower-level control meigmas that maintains

the dynamic stability of the bipedal standing posture.
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