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PAPER INFO ABSTRACT

In some situations, when an external disturbance occurs, humans can rock stably backward and
forward by lifting the toe or the heel to keep the upright balance without stepping. Many control
schemes have been proposed for standing balance control under external disturbances without
stepping. But, in most of them researchers have only considered a flat foot phase. In this paper a
framework that includes the foot tilting is presented. This is done by hybrid modeling of the humanoid
robot and also using a receding horizon based approach. The decision for the recovery pattern is done
based on the evaluation of the Vertical Forces criterion. If the method predicts the tilting of the foot
under disturbance, then the optimum trajectories are obtained for upper segments to return the robot to
the secure posture in which the foot is flat (home posture). The obtained optimum trajectories are then
tracked by a feedback controller. In the context of receding horizon approach the Extrapolated Center
of Mass position has been used as the stability constraint. The results demonstrate the success of
method to reproduce human-like balance recovery reactions under impulsive disturbances. The
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simulated results are compared with experimental data reported in the biomechanics literature.
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1. INTRODUCTION

In everyday life we see that humans are capable of
rejecting many disturbances which may cause them to
fall. They evoke proper strategies against perturbations
and then behave in an agile manner to recapture postural
balance. For a long time, it has been the goal of
roboticists to create humanoids having human levels of
competence in perceiving, thinking and acting. Studying
of human reaction patterns to sudden external
disturbances is still an open area of research and a lot of
researches are dedicated to it in order to develop robust
controls for humanoids.

From the literature of biomechanics it is now clear
that human evoke ankle and hip strategies (or a
combination of the two) to keep upright balance without
stepping during external or internal disturbances. Ankle
strategy is used to deal with small disturbances, with a
compensating torque at the ankle joint. As the
disturbance increases, the human uses more of its upper
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body by bending in the hips, i.e., with the hip strategy to
maintain balance. In biomechanics, these strategies have
been studied extensively, both experimentally and
through simulations, under quiet stance and in response
to large spectrum of disturbances [1-5]. If the
disturbance is too large, the human can avoid falling by
taking a step. Study of balance recovery under larger
disturbances which leads stepping has been much less
explored. In the current paper we will not consider
stepping. For a review of balance recovery by stepping
see [6].

In robotics, several researchers have attempted to
use human-inspired control strategies for standing
balance control of bipeds under external disturbances. In
spite of many research efforts, little success has been
achieved so far [7]. The main difficulty comes from the
constraint between the feet and the ground which is an
unilateral constraint [8]. Gorce [9] has addressed the
balance recovery of robot subjected to an unexpected
external impact force while standing upright via a
hierarchical control structure. His controller includes a
coordinator level with optimization capability based on
the Simplex method. Abdallah and Goswami [10]
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proposed a two-phase strategy for balance recovery
under unexpected environmental forces and applied it to
a planar four-link biped. The first phase, called the
reflex phase, is designed to withstand the immediate
effect of the external force. The second phase is the
recovery phase where the system is steered back to a
statically stable home posture. Nenchev and Nishio [11]
implemented ankle and hip strategies for balance
control of small humanoid HOAP-2 using simple
dynamical models including virtual spring-dampers.
They have shown that the impact acceleration data,
measured during posture perturbation, can be used to
invoke one of the two strategies, depending on the
experimentally determined threshold.

Liu and Atkeson [12] have focused on upright
balance control using trajectory library method which
can handle instantaneous and continuous disturbances.
Tahboub [13] introduced biologically inspired
humanoid postural control architecture to deal with
external disturbances and investigated its performance
experimentally on PostuRob humanoid. His proposed
architecture is composed of disturbance estimation and
compensation mechanisms. He used two estimation
mechanisms; Kalman filter for orientation and extended
observer for external forces. The disturbances were
compensated directly by applying a counter torque.

Lee et al. [14] have used a biomechanically
motivated approach that uses the rate of change of the
angular momentum about the center of mass (CoM) to
improve the balance of a humanoid robot when
standing, walking, and running. They used receding
horizon viability radius (RHVR) method to predict the
rate of change of angular momentum generated in CoM
and considered three stability strategies based on the
amount of disturbance. Kanamiya et al. [15] have
suggested a method for implementing the ankle and hip
strategies when an unknown continuous external force
is applied to a humanoid robot. They obtained
compliant response to disturbance by attaching a virtual
spring-damper in an appropriate way for each strategy.
Stephens [16] analytically described the stability of
certain push recovery strategies using simple models of
the robot dynamics. Analytic relationships can be used
to determine which strategies should be evoked based
on the current state of the robot. Vukobratovic et al. [17]
developed and realized a simulator tool for dynamic
analysis of human-or-humanoid behavior under
disturbances. They comparatively analyzed the
robustness of some postures to external disturbances
using feed-forward plus feedback control and also
integral control. Naderi et al. [18] used predictive
dynamic method to obtain human like motions for
upright balance of a biped robot under external
disturbances. They also proposed the Vertical Forces
criterion. An appropriate estimation of the motor
planning criterion of the human for disturbance

rejections is obtained by using the Vertical Forces
criterion as a stability constraint [19].

In most of the works done on the balance control of
perturbed upright stance so far, researchers have
attempted to produce human like strategies with
consideration of flat foot phase. While, in some
situations the human can keep the balance by lifting the
toe or the heel without stepping. In this situations, ZMP
reaches to the border of base of support and the biped is
about to lose the controllability. This posture is very
challenging for bipeds balance, because there is no
actuation between the unilateral contacts of the feet with
ground. In this situations, it seems human mostly uses
the dynamics of its upper segments in a deliberate
manner to keep the balance. Some researchers have
considered a toe and a heel joint for foot and have
investigated its effect in natural walking and balancing
[20, 21]. In most of these studies it is also considered
that at least one point of the toe-link (the tip of the toe)
and one point of the heel-link (the end of the heel) are in
contact with the ground. Although, the torque applied
on the toe-joint can help to keep balance in standing, but
its amount is not substantial. It seems that after tilting of
the foot due to a disturbance, the dynamics of upper
body plays important role to recapture entire balance
and bring the whole body to the stable posture (flat foot
phase). In best of our knowlage, Sobotka's work [22], is
closely related to present work dealing with modeling.
He has developed a periodic trajectory planning method
using a hybrid dynamical systems approach and
controlled the system using the computed torque
method.

To summarize, in the previous works much less
attention has been paid to the control of upright standing
with consideration of foot tilting. So, the aim of the
current work is to address this issue and obtain a
human-like balance recovery pattern under disturbances.
The reference trajectory of the controller is designed
based on a receding horizon scheme which regards
current and future states of the model and also
constraints on the stability. Tilting of the foot is
predicted using the Vertical Forces criterion.

In the following section, the model of the biped is
described and its dynamic equations are derived. The
control strategy is detailed next and then the simulation
results are discussed. Finally, concluding remarks are
drawn.

2. HYBRID MODELING

The studied planar model is a simple mechanical system
consisting of three rigid-body segments which represent
HAT (Head, Arms and Trunk), legs, and feet. These
segments are connected by single DOF revolute joints,
representing hips and ankles (Figure 1).
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Figure 1. Model of the robot
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Figure 2. Free body diagram showing impulsive forces
applied on the link i

All actuated joints are assumed as frictionless hinges
that are independently actuated. Each parameter of the
segments such as length, mass, center of mass, and
moment of inertia is selected based on average
anatomical proportions [23]. It is considered that the
feet can tilt. Tilting is defined as a free rotational
movement around one foot edge. The amount of
coefficient of friction is considered as much as to
prevent slippage. It is also assumed that the base of
support is rigid and flat.

A hybrid (continuous-discreet) modeling framework
[24] has been chosen, because the dynamical description
when the foot is tilted differs from the dynamical
description when the foot is flat. Moreover, impulsive
disturbances lead to an instantaneous discontinuity in
the state of the model.

In the absence of disturbance, dynamic equations of
the model is easily derived wusing Lagrange’s
formulation considering the model as a two or three link
planar open chained manipulator robot. During the flat
foot phase there are only two DOF (q=[q5,q;]") with two
actuators [us,u;]" while in the foot tilted phase there are
three DOF (q=[q1,g>.q5]" ) with the same number of

actuators. The mathematical model, describing the biped
sagittal motion, is as follows

[M(q)]nxn q+[N(qa q)]nan + [G(q)]nxl = [B]nx2 u (1)

in which g is the vector of generalized coordinates
depicted in Figure 1, M(q) the mass-inertia matrix,
N(q,q) contains the centrifugal and Coriolis forces,

G(q) the vector of gravitational forces, u=[u,us]" the
vector of control inputs and B a torque distribution
matrix. During the flat foot phase, n=2 and after foot
tilting, n=3. The set (g,q) constitutes the state of the

model. The state trajectories are continuous until
discontinuities occur when

e an impulsive disturbance applied;

o the foot starts tilting or stops tilting (landing).

2. 1. Discontinuity due to Impulsive Disturbance
Disturbance can be considered as a force applied for an
infinitesimal period of time (impulse) or a force applied
for a finite duration of time (continuous force). In this
paper, the disturbance is considered as an unexpected
impulsive force applied on the end of torso. We suppose
the model has the capability to detect the disturbance
instant. Equations are derived using the Newtonian
approach by applying the principles of linear and
angular impulse and momentum. The basic assumptions
are:

a) the disturbance takes place over an infinitesimally
small period of time;

b) impulsive disturbance results in an instantaneous
change in the velocities of the generalized
coordinates, but the positions remain continuous;

c¢) the torque supplied by the actuators is not
impulsional.

It is assumed that the disturbance occurs during quiet

standing in which the foot is flat. Therefore, the

equations are derived for a two link model. The free-

body diagram of the link i is shown in Figure 2.

The impulse and impulse moment equations [25] for
link 1 can be written as:

i—1

mi[zlj c08(q;)Aq; +d; cos(q;)Aq;]1= pix — P(iv1) x
j=1

i—1

mi[z Ij Sin(qJ')AqJ' —d;sin(q;)Aq;] = Piy— D(i+1yy (2)
j=1

LiAG; = piaryx(I; — d;) cos(g;) + pixd; cos(q;) —

Pyl — d)sin(g;) + p;,d; sin(0;).

where my;, I;,I; and d; are the mass, the length, the
inertia and the center of mass of link i, respectively.
pix and p;, are the horizontal and vertical components
of impulses to the link i exerted on the joint i,

respectively. Ag; =g’ —q; , in which ¢~ and ¢ are
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the angular velocities of the link 1 just before and after
disturbance, respectively. A set of equations (Equation

(2) for =1, 2) have been solved to obtain ¢ . It should
be noted that p;, and p;, are the horizontal and

vertical components of impulsive disturbance exerted on
the end of HAT, respectively.

To summarize, the map of impulsive disturbance
which relates the state just after disturbance to state just
before disturbance can be presented as follows:

["] - A(q)[‘?:] 3)
q q

2. 2. Discontinuity due to Foot Tilting To identify
and predict the foot tilting after impulsive disturbance, it
is necessary to use a decision making criterion. In this
study, the mathematical conditions for making decision
(a discrete switch) are modeled using Vertical Forces
criterion [18]. To use the Vertical Forces criterion, it is
necessary to assume that the reaction forces between the
feet and the ground are concentrated forces applying on
the two extremities of the plantar arch (see Figure 3).
Based on the Vertical Forces criterion, if one of the
vertical forces under the toe or the heel approaches zero,
the foot is about to tilt. When the disturbance is strong
and prediction shows that the feet will start to tilt,
proper reactions should be adopted in actuated joints
(upper limbs) so that both the vertical forces under the
toe and the heel take a nonzero and positive values. This
ensures that the model will be back to the secure posture
(flat foot phase). The vertical forces can be obtained by
solving the dynamic equilibrium equations of the foot
(Figure 4):
f;leel :IL(_ fi
f

1
Troe =I_(_ fily(lf—la)*' fZlyhf_UZ +mfglc>
r

1yla = Hixhp+ 0y +mfg1c>

“4)

Fme I Fheel

Figure 3. Position of the point of application of the resultant
vertical forces acting on the posterior (Fheel) and anterior
(Ftoe) parts of the plantar arch

Figure 4. The free body diagram of the foot

The amount of vertical forces is constantly checked
on a crossing to zero. If one of them approaches zero,
the switching between models should be done. It should
be noted that after foot rotation, a change of coordinates
is also necessary to reinitialize the model with the new
governing equations.

2. 3. Overall Model: Hybrid System  The hybrid
model combines the equations of motion for two models
(Equation (1)), and re-initialization rule caused by the
impulsive disturbance. Transitions between situations
are assumed to be instantaneous. The hybrid state vector
£ is introduced as the combination of the continuous

state x=[q ¢]" and the discrete state x;. The discrete
state x; codes the events. The hybrid state is:

§:[XT Xd]T

Two categories of events, impulsive disturbance
event and foot tilting event should be distinguished. In
the state space representation, the model can be
represented as:

Continuous{é =f(&)+g)u, & ¢8,S,
(a)disturbance £ e (5)
(b)foot tilting & €S,

Discrete

where S, and S, are switching surfaces. In numerical

simulations, the instants of impulsive disturbance
(switching surface S;) is determined manually. Foot

tilting is initiated when a vertical force approaches zero

S, =18 [ fioe(§)=0 or  fh(S)=0; (6)

3. CONTROL STRATEGY

The theory of matrix geometric approach was developed.
Two general control cases are considered after a
disturbance:
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e Recovery without tilting of the foot (flat foot
phase)
e Recovery with foot tilting

When a disturbance occurs, first the robot tries to keep
the balance while the foot is flat. Vertical forces are
evaluated in a prediction horizon to predict the tilting of
the foot. In the first case, which is invoked against small
disturbances, the model is considered as a fully actuated
two degrees of freedom system. Desired trajectories are
obtained for the ankle and the hip joints using the
receding horizon approach for finite time duration and
then the computed torque control is used to track the
desired trajectories.

In the second case, the model is considered as an
under-actuated three degrees of freedom system. The
main idea in the control design is the choice of
particular reference trajectories for the actuated joints to
be tracked by the feedback controller in order to return
the foot to the flat posture which is a secure situation. In
the better words, in the case of strong disturbances that
the model can maintain balance by going on the toe (or
the heel) without need to stepping, the dynamic of two
actuated joints should be exploited to recover the
balance of the entire system.

3. 1. Recovery without Tilting of the Foot In this
case, there are two degrees of freedom that proper
reference trajectories should be designed for them.
Consider a control sampling period 7,>0 such that

tep/t,=N,. ty Iis recovery duration and N,

represents prediction horizon. The following notation is
used to refer to decision instants on the interval lto t fJ

szto‘i‘jfc; je{oa---aNp_l}

In order to generate the reference trajectories, a
derivable continuous p-parameterized polynomial
function is defined as:

6
T, ))= Y a:(p)) (7
i=0

with the following constraints:
T,(x;)=4q0; Ty(tr)=qy,

ﬂ(to):qo;ﬂ(tf):qf
dt dt
dzrp(t)____dzrp L ®
a2 o =do; i (tr)=qy
T,(p)=0

Parameter p should be obtained by an optimization
procedure  explained later. The parameterized
trajectories of the ankle and the hip joints (g, and gq;)

are:

6 .
sz(Tj) :Zazi(pz)fj'
! | ©)
Tos(z )= D asi(py)T)
i=0

Based on the computed torque method, one can write:

. d’T dT, .
G =—P2 (0 )= 20(—L2(r ) - i) -
qZ dtz (J) ( dt (J) qZ)

2(Tyo(e))=43) = Hy( . p2) "

Ty a3 -j o
a3 —7(%‘)— (T(Tj)_qB;)_
/lz(Tp3(Tj) _q3j) = Hs(z ;. p3)

Using Equation (1) and by two succesive integrations of

the above relations , predicted values of the angular
trajectories can be obtained as:

T j
‘lejz J-HZ(Tjapz)dt; Q= J-qut

T

T

J-1 Tj

(i)
i = | Hy(r;, py)dt, G = | gidt
q; 3T, p3)dl 43 a4

T T

J-1 J-l

The above equations are based on unknown parameters
p, and p;. The problem of finding p parameters can
be cast as an optimization problem in a prediction
horizon. The values of p, and p; are given by the
optimal solution of the following quadratic optimization
problem:

2

0 (12)

J= min"?]* q%
P

in which g% is some desired trajectories on the angle

of ankle and hip joints and Qe R¥?

is weighting
matrix. In the optimization procedure, the extrapolated

center of mass position (x.,,) has been used as a

constraint to obtain the solutions that guarantee the
stability [26]. On the basis of this criterion, for dynamic
stability, the vertical projection of the center of mass
plus its velocity times a factor (w,) should be within

the base of support. X,

oM 1S given by:

Xcom = CoM, + VCo% . (13)

where CoM, is the vertical projection of the center of
mass and ¢ = lé% in which [is the body whole height

and g is the acceleration due to gravity. To produce
realistic values for optimization parameters, constraints
on joints range of motion has been considered. By
solving the optimization problem and obtaining p
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parameters, the desired trajectory of feedback controller
is specified.

3. 2. Recovery with Foot Tilting In this case, the
model has three DOF and there is no direct actuation
under the toe. The reference frame is located under the
toe. The reference trajectories are parameterized for the
hip and the foot joints:

6 .
Ty (t))= Y (P

i=0

6 ‘ (14)
Tp(r))= Z%i(ﬁs)‘f}

i=0
Using the computed torque method, one can write:

. 4T dr 4 4
] =~ ()~ 205 =)~ (T (5) ~a]) =
H(t;,py)
) (15)

ATy dT,s G ;
4= ()= 2A( ot (1) =93) A" (Tps(tj))—q3) =
H;(ty.p3)

Substituting the above expressions in Equation (1) for

n=3, and substituting uj and u3j into second row of
Equation (1) for n=3, the dynamic of the leg is obtained:

@ (P, 3.7 )= Myjud + Myyu + M3 (N, + G))

- (16)
+ My, (N, +G,y) + Ma3 (N; + Gy)

Here, it is considered that the foot is controlled using
the ankle torque and the motion of leg is a consequence
of the dynamic coupling with the motion of the foot and
the HAT. So, the reference trajectories are designed for
the foot and the HAT to maintain the leg in a desired
pose. The wvalues of the parameters of reference

trajectories ( p; and p;) are obtained by the optimal
solution of the following quadratic optimization
problem:
2
J =min ||5120 - (bod”"
p

0 (17

in which ¢,, is the angle of leg with respect to the

horizontal axis of the reference frame and g, * is its

. . " A .
desired value (i. e. ¢ esz% ). Qy, is obtained as

follows:
Go=0+4q (18)

The extrapolated center of mass position ( x,,,,) is used

as the stability constraint. It should be noted that when
the foot lands, a collision occurs with the ground. Here,
the collision model is assumed to be a simple one. The
assumption is that the angular velocity of the foot

vanishes at landing time. After landing, once again the
flat foot strategies are used to control the model. Figure
5 illustrates the chart flow of the approach.

The solution of optimization problem is performed
using MATLAB. Event based ODE solver of MATLAB
is also exploited to integrate the Equation (1).

4. SIMULATION RESULTS AND DISCUSSION

The physical parameters of the model for the
simulations are listed in Table 1. To demonstrate the
capability of the method, some simulation scenarios are
considered.

First, consider a 15Ns forward impulsive force is
applied during quiet standing at time t=1.2s. The entire
recovery duration has been considered to be 2 second
similar to the recovery time of real subjects [5]. The
variation of vertical forces under the heel and the toe is
shown in Figure 6. As seen, the value of vertical forces
never cross zero and so the foot remains flat against this
amount of disturbance.

TABLE 1. Anthropometric parameters of the simulated model

Segment Foot Leg HAT

1~0.16  h#0.04
Length (m) =012 1-0.14 0.82 0.83

Mass (kg) 2 30 41
Moment of inertia (Kg.m?) 0.07 32 4
Center of mass position (m) 0.12 0.55  0.39

I Initialization I

| Regulation until next event |

Impact on Torso

Get measurement

Impact dynamics

Flat foot phase o Solution of optimization problem

o Prediction of vertical forces

Tracking previounsly | ypeeq foot

N Change coordinates & Dynamic
obtained trajectories

New initial condition
Solution of optimization problem
Tracking of reference trajectories

Get measurement

Figure 5. Chart flow of the method
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Figure 8. The applied torques during recovery
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Figure 7 depicts the angle and angular velocity of
the joints during simulation. As seen, prior to the
disturbance, the variation of joints angle are zero. After
the disturbance, the initial response is a flexion at the
ankle and the hip joints. The flexion of the hip is more
than that of the ankle, so the main strategy of the model
in kinematic level is hip strategy. The straight-line
segments of the trajectories of angular velocities show
the instantaneous jumps after the disturbance. Figure 8
shows the applied torques on the joints. As seen, after
the disturbance, the response initiates with extensor
torques at the ankle and at the hip.

05

05

05

0 0 0
-0.5 0 05 0.5 0 0.5 -0.5 0 05 -05 0 05

Figure 10. Snapshots of the response to 15 Ns impulse

The track of CoM and X, (see Figure 9) indicates
a jumps of Xc,y after impulsive disturbance that is
consequence of instantaneous jumps of the velocities.
Figure 9 shows that CoM and X,y remain within the
stable region during recovery. This is accomplished by
tracking of the optimal trajectories. Figure 10
demonstrates the general pattern of recovery as snap
shots.

The results clearly show that the biped can maintain
the balance after a compensatory movements obtained
by the optimization. For the above scenario, the
optimum values of the design parameters were p,=5.41
and p,=-0.38.

Now, consider a relatively stronger disturbance
(17.6 Ns) being applied during quiet standing at time
t=1.2s. The variation of vertical forces is shown in
Figure 11. As seen, the vertical force under the heel
crosses zero at t=1.36s. So, the recovery includes a toe
phase. Figure 12 shows the trajectory of angles and
angular velocities. The initial response is a flexion at the
ankle and the hip joint. The foot tilts around the toe and
then lands and remains approximately flat. In this case,
the switching between the models occurs and after
landing of the foot, once again the model tries to
recapture upright balance using ankle and hip torques.
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Figure 13 demonstrates the applied torques on the joints
during recovery. As seen, after the disturbance, the
response initiates with an extensor torque at the ankle
and extensor torque at the hip. When the ankle torque
reaches to the upper bound, it remains unchanged until
the foot lands. Comparison of Figures 13 and 8 show
the higher value of torques for the recovery in the toe
phase. This is reasonable, because in this phase the
model was considered to be an under-actuated model.
From Figure 13 it is also clear that the model decrease
the hip torque, during the toe phase, to come back to the
flat phase posture. The track of CoM and X,y of the
model is shown in Figure 14. It is seen that X,
approaches to the border of the base of support and then
comes back to the safe area. It is worth noting that the
torque exerted by the toe has been considered to be
zero. We believe that by consideration of the toe
actuation, the fluctuation of X, Wwill be decreased.
This can be viewed as an extra safety factor of the
method of this study. Figure 15 shows snapshots of the
compensatory pattern during simulation. For the above
scenario, the optimum values of the design parameters
for foot tilted phase were p;=-1.95 and p,=121.42.

In the rest of this section, the simulated results are
compared with human reactions against disturbances.
Unfortunately, there is little experimental data for
human balance recovery against impulsive disturbances
with consideration of foot tilting.
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Figure 15. Snapshots of the response to 17.6 NS impulse

In the present paper, comparison is done using the
data from Wilson et al. [5], in which the participants in
the experiment have not been limited to keep their foot
flat after disturbance. An Anteriorly-directed force
perturbations have been applied to the upper back of
subjects to challenge their postural control system
without eliciting a stepping response. Postural strategy
has been quantified using joint angles and joint torques
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for the ankle, knee, hip, and low back joints. We have
tried to do the simulations with the same anthropometric
parameters, amplitude of disturbance, recovery time and
etc. The results are compared only for the ankle and the
hip joints of the normal subjects (un-fatigued subjects,
see Wilson et al. [5]). Figure 16 shows the comparison
of the normalized simulated ankle and hip angles with
the corresponding experimental data. A partly
promising closeness is seen for the trend of trajectories.
Experimental results show the larger variation of the
ankle joint. The main discrepancy between the results
for the ankle is at the beginning of the disturbance.
Figure 17 shows the comparison of the ankle and hip
torques. As seen, the amount of ankle torque for real
subjects is not zero before the beginning of the
disturbance. At the end of recovery phase, when the foot
lands, simulation results show the pattern in contrast
with the experimental results. Generally, there are a lot
of sources of disparity between the results. Some of
them are:

a) The simulation model is simple. It should be
mentioned that by increasing the dimension, the
modeling complexity grows by an exponentially fast
rate and this leads to a computationally expensive
calculations especially for optimization problem.

b) Human postural reactions can be affected by
neurological (e.g. muscular activation delay),
psychological (e.g. fear of falling) and mechanical
limitations (maximum torque and joint ranges of
motion). For the simulated model, only the
mechanical limitations make sense.

c) Anticipatory postural adjustments (APAs) are seen
in human postural muscles prior to onset of
perturbations.

d) Simulated model did not include the time delays that
are inherent in Central Nervous System (CNS)
feedback control.

e) Compliancy is seen in the human postural responses
to external disturbances, but it has not been
considered in the current study.
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Figure 16. Comparison of the normalized simulated hip and
ankle angular trajectories with corresponding experimental
data
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5. CONCLUSIONS

A framework for control of the upright balance has been
presented that includes both flat and tilted foot phases in
response to the unexpected impulsive disturbances. In
this framework, after a disturbance, tilting of the foot is
predicted by evaluation of the Vertical Forces criterion.
If the prediction shows the foot tilting, then proper
trajectories are obtained for the upper segments in a way
that return the foot to the flat phase. Optimization is
formulated based on the receding horizon approach.
Extrapolated Center of Mass criteria has been used as
the stability constraint in the optimization procedure.
The results showed that by using this approach, the
biped model is able to reject disturbance and maintain
the dynamic balance in the toe phase (similar to human).
We have tried to verify the simulations by relying on the
available experimental data from literature. In spite of
disparity between the simulations and experiments, we
believe the obtained results are promising. By adding
some modeling features, the ability of the method can
be enhanced to obtain more natural and human like
patterns of recovery. In a future work, the control
method will be extended to a model with higher degrees
of freedom. Time delay and compliancy in responses
have not been considered in the current study. We plan
to add these features in the modeling to obtain results
which are mostly close to the experiments. The quality
of recovery (energy consumption), and using of other
stability constraints in the optimization could also be
considered.
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