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Balance Maintenance by Stepping for Human-like
Characters against Large Perturbation
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Abstract. We propose a method of balance maintenance for human-like char-
acters against large perturbations. The motions that can be generated by the
method enable a human-like character to maintain its balance rotating its arms,
bending down and taking a step, if necessary. The former two motions are in-
tended to control angular momentum effectively, and the method to generate
these motions was proposed in our previous research. In this paper, we extend
that method to allow the character to take a step if perturbation is too large
for the character to otherwise keep its balance. For modeling stepping motion,
we captured many human stepping motions by a motion capturing system and
analyzed them.

1 Introduction

Recently, the generation of dynamically consistent motion of human-like characters has
received a great deal of attention in various areas. Balance control is one of the most
fundamental areas in this research. In robotics, studies on humanoid robots have long
been made, and many methods of balance maintenance for humanoid robots have been
proposed [5, 8, 9]. In many of these methods, generated motions are not similar to
human motion because of limitations of robots, such as mass distribution, structures of
joints, performance of actuators, and so on. On the other hand, in the computer graph-
ics area, because the demand for realistic three-dimensional animation of human-like
figures has been increasing, many methods to generate dynamically consistent motion
which is similar to human motion have been proposed [2, 4, 6, 7]. In these research,
human motion captured by a motion capturing system is often used. However, most of
them use the captured motion directly after a bit of modification.

In order to realize the generation of human-like motion of balance maintenance
which can be applied flexibly to various situations, it is important to observe human
strategy for maintaining balance and to model the human-like motion. In our previous
work, we paid attention to the fact that humans effectively control angular momentum
when they maintain their balance against large perturbation, and we proposed a method
of balance maintenance for a biped character [3]. Using the method, motion in which
a character rotates its arms and bends down to keep its balance is generated, and
large perturbation can be coped with. However, there is a limitation on the method in
that both feet are fixed on the ground and cannot be moved. And that limitation, in
turn, limits the magnitude of perturbation that the character can cope with. Actually,
humans instinctively take a step whenever they are faced with large perturbation.

In this paper, we propose a new method to maintain balance for human-like char-
acters. It is an extension of our previous method, and a character is allowed to take
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Figure 1: Overview of the system: the whole system (left) and the procedure to generate
stepping motion (right)

a step to counter larger perturbation. Using the method, the motion can be gener-
ated so that the character tries to keep its balance without stepping as much as is
possible, but if perturbation is too large, the character avoids falling down by taking a
step. In this method, the outline of motion is first determined by an inverted pendulum
model (IPM). Then, the whole body motion is generated using optimization calculation.
Human motions are obtained by a motion capturing system, and then the parameters
which are extracted from the obtained data are used to make the human-like characters.

2 System overview

In this paper, we propose a method for balance maintenance against large perturbation
applied to a human-like biped character. The overview of the system is shown in the left
of Figure 1. It roughly consists of two types of methods. One is the method in which
the character maintains its balance by keeping its feet planted firmly on the ground,
and the other is that in which the character take a step to prevent falling down. The
former consists of two methods: PD control and optimization. PD control is a method
to adjust small perturbation and the optimization is a method to cope with larger
perturbation with whole body motion.

When some sort of perturbation is applied to the character, the system first tries to
keep its balance by using the PD-control. When it fails, the method by optimization is
adopted. If the balance is recovered, the PD-control is adopted again for final balance
maintenance. When the optimization without stepping fails, the balance maintenance
by stepping, which allows the character to take a step, is adopted. Motion of balance
maintenance is generated frame by frame.

The methods without stepping were described in our previous paper [3]. In this
paper, the method to generate stepping motion is mainly described. The overview of
it is shown in the right of Figure 1. First, trajectories of the center of mass (CM) and
feet are calculated by an IPM. Next, whole body motion is generated based on the
trajectories by inverse kinematics (IK). Dynamic balance is not yet addressed in this
step. Finally, using optimization calculation by the quadratic programming method,
the motion by IK is modified to a well-balanced motion. We describe each step in the
following sections.



3 Determining outline of motion by IPM

In order to generate a stepping motion, trajectories of the CM and the feet are deter-
mined by an IPM. In this paper, the stepping motion is modeled with two models.
They represent phases before and after “foot contact”, which is the moment when a
swing leg contacts the ground. Each model is shown in Figure 2. θ and α represent
the lean angle and the stepping angle. x and a represent the length between the CM
and the swing foot and the length between the support foot and the swing foot. These
parameters at the foot contact are written as θc, αc, xc, and ac. In the latter model,
the stepping leg is assumed to be a spring, which absorbs the shock of the foot contact.
The spring constant is written as kb.

In order to confirm the validity of the model and to determine the parameter of
the model, human motion captured by a motion capturing system is used here. We
used an optical motion capturing system by Vicon Motion Systems, and force plates
by KISTLER Japan. The motion capturing system records the position of markers
attached to a human body, and the force plates record the magnitude and the direction
of force which act to the ground. Various strengths of force were applied near the CM
of four subjects. The subjects were told to keep their balance, stepping only when
necessary. The force was applied ten or fifteen times to each subject. They sometimes
kept their balance without stepping, but at other times, they had to take a step to
prevent falling down.

First, we confirm that the trajectory of the CM can be approximated by the IPM.
Figure 3 shows the topical trajectories of the lean angle, θ for each subject. The red
points represent the captured data and the green points represent simulation results.
In the simulation, an IPM is constructed so that it has the same mass and inertia to the
subject of upright posture, and the trajectory of it under the same initial position and
velocity to the subject is calculated by forward dynamics. The graphs show that the
trajectory of the CM during a single support phase can be approximated by the IPM.
In more detail, the gap of the captured data and the simulation results are shown as
the table in Figure 3. It shows the average and the standard deviation of the ratio of
the difference of the lean angle between the captured data and the simulation result at
the foot contact to the lean angle. Although individual variation is observed, the gap
is generally within 10%.

Next, αc is determined. Ratio of αc and θc is well-converged independent of the
subjects as shown in Table 1. It shows the average and the standard deviation of αc/θc
about each subject. According to it, it can be said that αc/θc is always about 1.20.

Finally, spring constant kb is determined. Before calculating kb, the validity of the
model has to be confirmed. If the model is valid, the following equation is satisfied:

fg = kb(x− xc), (1)

kb

l

a

xα
θ

Figure 2: IPM (before and after “foot contact”)



 
   

 
 

 
 

 
   

subject AVG STD

1 11.0 5.9
2 5.0 3.6
3 11.7 7.2
4 4.1 4.6

total 8.5 6.6

Figure 3: Gaps between the lean angle (θ) of the subjects and the sumulation result: In
the left four graphs, the points of ’+’ are the captured data and the points of ’×’are the
simulation result. The vertical axis represents the lean angle [radian], and the horizontal
axis represents the frame index number. The right table shows average (AVG) and
standard deviation (STD) of gaps between the captured data and the simulation result
(%).

subject AVG STD

1 1.29 0.215
2 1.07 0.221
3 1.30 0.167
4 1.16 0.300

total 1.20 0.256

Table 1: Average (AVG) and standard deviation (STD) of αc/θc

where fg is the ground reaction force acting to the contact foot. The value of fg is
measured by the force plates and the value of x is measured by the motion capturing
system. If the above equation is satisfied, points of (fg, x) lie on a strait line. Figure
3 shows graphs that the actual data from motion capturing system is plotted. The
points surely lie on a strait line, which is drawn as green line. The spring constant,
kb, is obtained as the gradient of the regression line in the above graphs. The spring
constant calculated from the captured data is shown as the table in Figure 3. Values
of kb converge about one subject, but the value is deferent among the subjects.

4 Determining lower body motion using IK

In this section, the way to generate lower body motion using an IK is described. The
motion is generated from the designed trajectories obtained in the previous section. IK
calculation is performed twice. IK for the CM is solved first, and then, IK for the foot is
solved. In the former, the link structure from the ankle of the support leg to the CM is
considered and in the latter, the link structure from the hip joint of the swing leg to the
heel is considered (Figure 5). The destination of the CM in solving IK is determined
from the trajectory of the CM which was calculated by the IPM. The destination of
the stepping foot is determined from a B-spline curve connecting from the point where
the swing foot leaves the ground to the point of the foot contact. With regard to upper
body motion, we consider it in the next section, and now the upper body posture in
the previous frame is used as the upper body posture.

The way to solve IK is as follows. Now, let θ = (θ0, . . . , θn)T be angles of the joints



 
 

 
 

 
 

 
 

subject AVG STD

1 25.1 5.43
2 17.9 7.03
3 12.7 4.24
4 13.5 4.33

total 18.5 7.54

Figure 4: Spring constant kb: The left four graphs show the distribution of (fg, x) and
its regression line. The vertical axis represents fg[N] and the horizontal axis represents
x[m]. The graphs are typical cases for every subjects. kb is a gradient of the regression
line. The right table shows the average (AVG) and the standard deviation (STD) of kb
k[N/m].

Figure 5: The link structures for solving IK

related to the link structure for considering IK structure, pi and zi be the position and
the rotational axis of each DOF, and r = (P T ,ΩT )T be the position and the rotation of
the end effectors, such as the CM and the stepping foot. The angles of three degrees-of-
freedom (DOF) joints and the rotation are expressed by Euler angles. The relationship
between r and θ is written by Jacobian:

J =

(
z0 × (P − p0) · · · zi × (P − pi) · · ·

z0 · · · zi · · ·
)
. (2)

The IK problem is solved using the pseudo-inverse matrix, JT (JJT )−1, iteratively. The
actual procedure of solving the IK is as shown in Figure 6.

5 Determining whole body motion by optimization

In the previous section, we did not yet consider the dynamic balance of the character. In
this section, we describe a method for generating well-balanced motion. In the previous
section, because motion of only the lower body was considered, there was redundancy
in the upper body. Therefore, the balance could be maintained by making use of the
redundancy.

Let θ be the angles of the all joints. The problem in this section can be written as
“obtaining angular acceleration θ̈ which makes the Zero Moment Point (ZMP) within



set r for initial θ
while (‖rdest − r‖ > δ) {

obtain J for θ
∆θ = JT (JJT )−1(rdest − r)
renew θ as θ + ∆θ
renew r for new θ

}

Figure 6: The procedure for solving IK

the foot support area”. A ZMP is a concept proposed by Vukobratovic et al. [1] and it
is the point where the moment induced by the ground reaction becomes 0. It is always
within the support area if motion is dynamically consistent. The unknown variable in
this problem is angular acceleration θ̈ because only it can be directly controlled by the
system. Angles θ and angular velocity θ̇ are not directly controllable.

In this method, the quadratic programming method is used to obtain the optimal
angular acceleration. Because it allows only linear formulae as constraints, it has to be
expressed as linear formulae whether the ZMP is within the support area or not. From
the definition of a ZMP, a ZMP can be regarded as the point where the all ground
reaction force is acting. Therefor, the ZMP is written as

n = (p− s)×N , (3)

where p is the ZMP, n is the moment around the CM, s is the position of the CM,
and N is the sum of the ground reaction force. Now let p be (px, 0, pz)

T . From the
equation of motion, N = m(s̈− g), and thus, the equation (3) can be solved as

px =
nz + sxm(s̈y − gy)− syms̈x

m(s̈y − gy) (4)

pz = −nz − szm(s̈y − gy) + syms̈z
m(s̈y − gy) . (5)

The position of the CM is a function of θ. When we write it as s(θ), the acceleration
of the CM, which is the second derivative of the position, can be expressed as a linear
formula about the angular acceleration:

s̈ =
∑
i

∂s

∂θi
θ̈i +

∑
i,j

∂2s

∂θi∂θj
θ̇iθ̇j. (6)

Note that only θ̈ is a variable here and θ and θ̇ are regarded as constants. The angular
momentum of the whole body is a function of θ and θ̈. When we write it as l(θ, θ̈),
the moment around the CM, which is the derivative of the angular momentum, can be
expressed as a linear formula about the angular acceleration:

l̇ =
∑
i

∂l

∂θi
θ̈i +

∑
i

∂l

∂θ̇i
θ̇i. (7)

From above discussion, it is proved that the acceleration of the CM and the moment
acting around the CM can be expressed as

∑
i

ciθ̈i + d. (8)



The coefficients of the equation are determined by solving forward dynamics about θ̈
i

for all i:

θ̈
i

= (0, . . . , 0,

i-th∨
1 , 0, . . .). (9)

Therefore, the numerators and the denominators in the equation (4) and (5) can be
written as linear formulae about θ̈, and then, the ZMP can be written as follows:

px =
cTx θ̈ + dx

cTc θ̈ + dc
, pz =

cTz θ̈ + dz

cTc θ̈ + dc
, (10)

where c∗ and d∗ are constants.
Because the motion of the lower body is determined as that obtained in the previous

section, the balance maintenance is performed by changing the angular acceleration
of the joints of the upper body. Let θdof be the angles of the joints related to the
procedure, and the following quadratic programming problem is taken to obtain the
optimal acceleration.

min. θ̈
T

dofA θ̈dof (11)

s.t. xmin ≤ px ≤ xmax (12)

zmin ≤ pz ≤ zmax (13)

θ̈max ≤ θ̈ ≤ θ̈max (14)

The objective function aims to minimize the square sum of the angular acceleration.
It is in order to generate low-cost motion. A is a weight matrix. xmin,max, zmin,max

determine the support area in which the ZMP exists. The constraints about the ZMP
can be written as linear inequations using equations (10). For example, xmin ≤ px is
written as follows:

(cx − xmincc)
T θ̈dof + (dx − xmindc) ≥ 0. (15)

6 Experiment

Figures 7–9 show the results of computer simulation based on the methods described in
the previous sections. They show the motion every 0.08 second. The time step in the
calculation is 0.01 second. The control begins 0.2 second after perturbation is applied
in order to simulate the delay of response in humans’ case. Yellow bars in the figures
stand for the IPM used for generating steps.

Figure 7 is the result when the force of 300N is applied to near the CM of the
character during 0.4 second. At first, the balance maintenance by keeping the feet on
the ground is taken and the character rotates its arms to keep its balance. At last,
however, it becomes impossible for the character to keep its balance using the method,
and then, the balance maintenance by stepping is applied.

Figure 8 is the result when the force of 300N is applied during 0.1 second. In
this case, stepping is not necessary, and the character keeps its balance using only the
balance maintenance by keeping the feet on the ground. Figure 9 is the result when the
same force is applied during the same time, but in this case, the balance maintenance
by keeping the feet on the ground is not used, and the balance maintenance by stepping
is taken directory after PD-control. Comparing with Figure 7, the stepping distance is
smaller. Thus, various motions for balance maintenance can be generated according to
situations by changing the timing when stepping is started.



7 Conclusion

In this paper, we have proposed a method of balance maintenance when large pertur-
bation is applied to human-like characters. The proposed method is an extension of
our previous method, which generates motion to maintain balance controlling angular
momentum by moving the whole body, and it allows the character to take a step to
avoid falling down. To generate a stepping motion, first, rough trajectories of the CM
and the feet are calculated using IPM; next, the upper body motion is generated based
on the trajectories using IK; finally, a well-balanced whole body motion is generated
by the optimization. In order to confirm the validity of the model and to determine
the parameters of the model, human motion captured by a motion capturing system is
used.
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Figure 7: Balance maintenance by stepping (300N, 0.4sec)

Figure 8: Balance maintenance without stepping (300N, 0.1sec)

Figure 9: Balance maintenance by stepping (300N, 0.1sec)


