
Chapter 8
Responsive Motion Generation

Sukwon Lee and Sung-Hee Lee

Abstract In this chapter, we discuss the generation of natural behaviors of huma-
noids (virtual human characters in particular) responsive to the physical interaction
with the user such as push and pull. These physical interactions play an important
role for increasing the level of immersion of the user and lay foundations for more
advanced level of interactions. One of the key components for physical interaction
is the generation of suitable balancing behaviors of humanoids against user inputs.
We review three major approaches for humanoid balancing, namely the ZMP-based
methods, data-driven methods, and momentum-based methods. For each method,
we discuss its basic ideas and principles, exemplar work, as well as important future
research directions.

8.1 Introduction

A humanoid takes the form of a virtual human character in computer animation,
and the form of a physical humanoid robot in robotics. In both fields of research
the generation of humanoid motion remains a central problem, and the techniques
developed in one field of research have been smoothly adopted in the other. In this
chapter we focus on the motion generation problem for virtual human characters for
computer animation, but many techniques discussed here originated from and can
be applied to humanoid robots as well.

Rapid advancement of computing technologies allows more and more complex
algorithms to be incorporated into real-time applications. In addition, natural user
inputs based on gestures, gaze, and physiological signals of the users have been
employed increasingly for human–computer interaction. These technical innova-
tions trigger and require the development of computational methods to generate
humanoid motions interacting with natural user inputs, which are characterized by
their large degrees of freedom as opposed to a predefined set of inputs available from
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conventional user input devices such as keyboards and joysticks. Increased level
of interaction between humanoids and users widens the scope for VR content and
enhances immersiveness of VR applications.

Among the broad possibilities of interaction between the user and the humanoids,
in this chapterwediscuss the generationof natural behaviors of humanoids responsive
to physical interaction with the user through (virtual) contacts such as push and pull.
These physical interactions play an important role in giving an impression to the
users that humanoids share the same physical space with users and thus laying the
foundations for more advanced level of interactions.

Specifically, in this chapter we present techniques regarding the balancing behav-
iors of the whole body. Among a number of behaviors that a human can employ
to maintain balance, the two most representative strategies are postural balancing
and reactive stepping as shown in Fig. 8.1. Postural balancing is usually chosen for
relatively short and mild perturbations against which a human can maintain balance
in place simply by rotating the ankles, hips, or the whole upper body. On long or
strong perturbations, a human should take a reactive stepping, i.e., take one or more
steps to prevent falling. Falling is a behavior taken when a human loses her balance.
However, this is not a completely passive motion because during the fall a human
takes action to protect her body or other valuable objects. Other interesting interac-
tive motions such as those made through the hands (e.g., handshaking) are out of the
scope of this chapter.

In this chapter, we review some important approaches for human balancing,
namely the ZMP-based methods, data-driven methods, and momentum-based meth-
ods. In the ZMP-based methods, which have been used extensively in controlling
humanoid robots, humanoids are controlled to move in such a way that the ZMP, an
important feature point related with balance, is located in the desired position during
standing and walking.

Fig. 8.1 Balance-related behaviors: left postural balancing, middle reactive stepping, and right
falling
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When only a physics-based controller (e.g., regular ZMP-based method) is used,
the resulting motions typically look rather robotic and not humanlike. This would
be fine for humanoid robots, but would be problematic for virtual humans that are
expected to mimic the real human behavior. To overcome this limitation, data-driven
approaches incorporate humanmotion capture data into the generation of humanoids
motion. Usually the motion capture data provides the naturalness prior, while the
motions are still generated by physics-based controllers to keep the responsiveness
against the unpredictable inputs from the users.

Finally, we introduce the momentum-based approaches that are characterized by
controlling both the linear and angularmomenta of thewhole body.By controlling not
only the linear momentum (as typical ZMP-based methods do) but also the angular
momentum, this approach enlarges the possible range of actions (i.e., the angular
motion as well as the linear motion) for tracking the ZMP.

8.2 ZMP-Based Approaches

Let us first discuss ZMP-based methods. The zero-moment point (ZMP) [7, 16] is
defined as a center of pressure (CoP) of the ground reaction force (GRF) and is a key
concept regarding balance in humanoids. While ZMP has been used extensively for
walking controllers, it has also been widely employed in postural balance controller
as well. In fact, walking controller and balance controller are in many cases tightly
bound and inseparable. We discuss the ZMP with respect to the postural balance, a
main topic of this chapter.

Let us see the definition and computation of the ZMP first. Later, we discuss
some methods using ZMP. The pressure on the foot in contact with the ground
shows complex distribution over the contact surface. To express the force relationship
between the foot and the ground compactly, the ground pressure is integrated into
GRF applied to a point around which the horizontal components of the total moment
vanish (Fig. 8.2). This point is referred to as ZMP. For simplicity, let us assume the
ground is flat and all contact points lie in the XY-plane of the reference frame located
on the ground. Suppose σz(x, y) is the Z-component of the ground pressure at a point
p = [x, y, 0]T as shown in Fig. 8.3. The sum of all vertical components of GRFs is
thus

fz =
∫

S
σz(x, y)d S, (8.1)

where S is the area of contact between the foot and the ground. The moment τn(p)

of GRF about a point p due to σz(x, y) can be calculated as

τn(p) = [τnx , τny, τnz]T (8.2)
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Fig. 8.2 Ground pressure on the base of the foot (left) can be equivalently expressed by the ground
reaction force (red arrow) applied at the zero-moment point (ZMP) and a torque around the vertical
axis

Fig. 8.3 Left The vertical
components of the ground
forces. Right The horizontal
components of the ground
forces

τnx =
∫

S
(y − py) × σz(x, y)d S (8.3)

τny = −
∫

S
(x − px ) × σz(x, y)d S (8.4)

τnz = 0 (8.5)

Since τnx = τny = 0 at ZMP, Eqs. 8.3 and 8.4 find the position of the ZMP:

px =
∫

S xσz(x, y)d S∫
S σz(x, y)d S

(8.6)

py =
∫

S yσz(x, y)d S∫
S σz(x, y)d S

(8.7)

The ZMP p = [px , py, 0]T is also called the Center of Pressure (CoP), and we use
both terms interchangeably in this chapter. Second, let us consider the effect of the
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horizontal component of the ground forces. Integrating them over the contact surface
gives the tangential components of the GRF:

fx =
∫

S
σx (x, y)d S (8.8)

fy =
∫

S
σy(x, y)d S (8.9)

The moment τt (p) = [τt x , τt y, τt z]T due to σx and σy is

τt x (p) = 0 (8.10)

τt y(p) = 0 (8.11)

τt z(p) =
∫

S

{
(x − px)σy(x, y) − (y − py)σx (x, y)

}
d S (8.12)

Note that τt x (p) and τt y(p) are zero because the horizontal components of the GRF
cannot produce themoment about the horizontal axes. Nonzero τt z(p)means that the
horizontal components of the GRF generate the normal component of the moment.
Summing all components leads to the GRF and the moment about ZMP as

f = [ fx , fy, fz]T (8.13)

τ(p) = τn(p) + τt (p) = [0, 0, τt z]T (8.14)

Note that the ZMP is not a point where all components of the moment become zero:
the vertical moment still exists.

ZMP is located inside the support polygon, a convex hull including all the contact
points, and cannot get out of it. To see this, suppose the GRF consists of a finite
number of forces fi := [ fi x , fiy, fi z]T (i = 1 . . . N ) on contact points pi ∈ S. Then
the following relations hold:

f =
N∑

i=1

fi (8.15)

τ(p) =
N∑

i=1

(pi − p) × fi . (8.16)

When p equals the ZMP, then τx (p) = τy(p) = 0, which leads to

p =
∑N

i=1 pi fi z∑N
i=1 fi z

(8.17)
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Rearranging this term, we get

p =
N∑

i=1

αi pi , where, αi = fi z

fz
(8.18)

Since the GRF is unilateral (the foot cannot pull the ground), fi z ≥ 0. Thus,
⎧⎨
⎩

αi ≥ 0 (i = 1 . . . N )

∑N
i=1 αi = 1

(8.19)

Equation (8.19) shows that p must lie in the convex hull of the contact point of the
support polygon:

p =
{ N∑

i=1

αi pi | pi ∈ S (i = 1 . . . N )
}

(8.20)

Figure8.4 shows the ZMP for some cases of foot pressure distribution. When the
pressure is evenly distributed over the contact surface, ZMP is located at the center
of the foot indicating the posture is stably balanced and less likely to topple (Fig. 8.4,
left). The quality of balance decreases as the pressure distribution is skewed, and
a humanoid starts to topple when ZMP reaches an edge of the support polygon
(Fig. 8.4, right).

Therefore, ZMP is regarded an important indicator for the balance of a humanoid,
and researchers have put efforts in the development of efficient balance controllers
using the ZMP. Most ZMP-based controllers are designed to move a subset of body
parts (i.e., ankle or hip) or the whole body to make the ZMP located in the desired
position, which is usually set at the center of the support polygon.

The simplest kind of ZMP-based methods would be the ankle control strategy
[5, 17], which controls only the ankle torque to bring the ZMP toward the desired
position inside the foot base; dorsiflexion of the ankle moves the ZMP backwards
and plantar flexion moves it forward.

Fig. 8.4 Distributions of the pressure and the corresponding locations of ZMP
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Fig. 8.5 Various reduced models for the dynamics of humanoid balance [14]

More advanced ZMP-based controllers operate to move the humanoid to follow
the desired CoM position, which is appropriately set to achieve the desired ZMP
position. For this, the relation between the CoM and the ZMP needs to be defined,
and there are various models describing the core dynamics of the humanoid in terms
of CoM and ZMP. Figure8.5 shows some examples of such models. Note how-
ever that these reduced models only capture the important features of the humanoid
dynamics, and there are always errors from the true dynamics of a humanoid
caused by the simplification. For example, the 3D linear inverted pendulum model
(LIPM) [9] relates the motion of CoM on a horizontal plane with respect to ZMP as
follows:

ÿ = g

zc
y, ẍ = g

zc
x, (8.21)

where (x, y, zc) is the position of CoM, and g denotes the acceleration of gravity.
Therefore, the desired ZMP position is obtained by controlling the movement of the
CoM. Different models provide different relations between the CoM and the ZMP.

Some methods [2, 6] take the strategies where the ground projection of the CoM
moves to the support polygon. First, the desired acceleration of theCoMis determined
from the desired CoM position.

c̈d = ks(cd − c) − kd ċ, (8.22)

where cd is the desired CoM position. ks and kd are positional and damping gains,
respectively, which control the influences of the positional and derivative terms on
the desired acceleration. There are many choices on the desired CoM position for a
stable configuration, but most opt for the center of the support polygon because in
that case the humanoid can cope with perturbations from various directions.

Given the desired motion of the CoM, we need to determine the control input
to achieve the goal. One method for this is the virtual force method [4, 6, 15]. The
virtual force fv is calculated from the desired acceleration of the CoM c̈d

fv = mc̈d , (8.23)
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Fig. 8.6 Left Virtual forces applied to the CoM [4]. Right Reaching to the point while maintaining
balance [2]

where m is mass of the humanoid. The virtual force is the imaginary force that
would generate c̈d . Then the virtual force is substituted by the joint torques τ from
the relation:

τ = J (p)T fv, (8.24)

where J (p) is the Jacobianmatrix thatmaps the derivatives of the generalized coordi-
nates to the velocity of the point p, the point on the foot that coincides with the ZMP.
Equation (8.24) is a form of Jacobian transpose control that enables the operation
space control by computing the corresponding joint torques (Fig. 8.6).

8.3 Data-Driven Approaches

Until now we have discussed ZMP-based approaches for maintaining balance of
humanoids. They have shown good performance for maintaining balance, but the
resulting motions may look rather robotic and do not closely look like human move-
ments. This is a common downside of physics-based approaches that capture the
physical aspect of human motions well but cannot account for other various fac-
tors related to human motion, such as aesthetic qualities and personal styles. These
features are implicitly contained in motion capture data and thus the data-driven
approaches that use recorded human motion data have great potential to generate
natural looking motions. Thus, researchers have developed various methods that use
recorded human motion data as a human motion prior to create humanoids motions.

Many data-driven approaches concern modifying recorded motion data to match
different human figures and environments to increase reusability of the data through
interpolating, blending, and rearranging motion clips. Some methods are effective
for offline animation while others are good for interactive animation. Some pursue
physical plausibility while others ignore it. Here we discuss only those data-driven
approaches that generate physically plausible, interactive animation in real-time.
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Naturallymanymethods of this kind employ physical controllers to generatemotions
or at least use physical principles to create movement kinematically.

A common framework of data-driven approaches for physical interaction is to
generate reference motions using motion database and have a physical controller to
track the reference motion. A basic tool for tracking is a PD controller, which is
modeled as follows:

τ = kp(θm − θc) + kd(θ̇m − θ̇c), (8.25)

where θm and θ̇m denote the joint angles and velocities of the reference motion, and
θc and θ̇c are the current joint angles and velocities of the humanoid. kp and kd are
the proportional and derivative gains, respectively, which determine the magnitude
of control force τ given the position and velocity differences.

The tracking controller is effective enough to follow simple motions such as
upper body movement. Sometimes offline procedure for gain tuning achieves good
tracking quality [4]. For more complex motions, simple tracking control may fail to
achieve the goal. This is mainly because the human model (body dimensions and
physical properties) and the environment (shape and contact configurations) at hand
are different from those at the motion capture session. In this case motion data should
also bemodified. In order to createmulti-contactmotions such aswalking and rolling,
[11] developed a sampling-based optimization method, in which optimal reference
motion is created through sampling so as to maximize the similarity to the original
motion and the quality of balance. The latter is measured regardless of whether the
CoM-ground projection is located inside the support polygon.

Nam et al. [13] divided the human model into dynamic and kinematic parts.
Physical simulation is applied only to the dynamic parts, and the rest are moved
kinematically. This approach eases the burden of physical controller while still being
able to create responsivemotions to user inputs interactively. To determinewhich part
should be simulated, they compare each joint torque resisting the user disturbance
with the predefined threshold value. If a joint torque exceeds the threshold, a chain
of body parts from the joint to the terminal part that the user interacts with are
treated as dynamic and a PD controller is applied to follow the reference motion.
This approach provides rather simple means to creating responsive behaviors, but the
resulting motions are generally limited to those not deviating much from the original
motion.

Some methods create motions kinematically, but employ dynamic analysis or
simulation as a tool to select suitable motion data to generate responsive motions
against external perturbations. In general, motion data expresses humanmotionswith
high realism yet the range of expressible motion is limited by the size and content
of the motion database. Therefore, motion data are usually interpolated and blended
to make new motions. Yin et al. [19] (Fig. 8.7, left) used a set of motion data that
captures responsive behaviors of humans under external push to create humanoid
motions. By analyzing offline the momentum rate change of the motion data after
push, the magnitude and direction of the external push are estimated and stored per
each sample motion clip. Online, when a new external force is applied, the closest
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Fig. 8.7 Left Parameterization of push response. Color represents the type of balancing strategy
and the vector represents the direction and the magnitude of the push [19]. Right An example of
making falling motion due to kicking. Before being hit, the character moves by motion data. Falling
motion (red) is created by a PD controller that creates smooth transition to a suitable lying motion
(green) [21]

sample to the given external force is found and the corresponding sample motion is
scaled to account for the difference (magnitude and direction) in the input force and
the force in the closest sample. The final motion is generated kinematically rather
than created by a physics-based controller.

Data-driven approaches have the advantages that they provide rather straightfor-
ward methods to create complex motions, albeit of limited scope, which are often
difficult to obtain through physics-based approaches. Zordan et al. [21] proposed a
method to create natural falling motion using motion data (Fig. 8.7, right). In this
method, when a humanoid starts to fall given a high impact, a falling motion is simu-
lated first to approximate plausible falling motion. Then a motion clip that is mostly
like to occur after falling is searched from a database. Specifically, a motion clip
that has the least difference from the simulated motion for a certain time window
is selected. After finding this target motion clip that should occur after falling, the
humanoid is re-simulated with a PD-controller activated to make a smooth transition
to the target motion.

Wehave reviewed several data-driven approaches for creating responsivemotions.
Thanks to the motion capture data, the resulting motions of these approaches are
highly natural. By employing physics-based techniques, data-driven approaches can
achieve responsiveness to the external inputs. However, the output motions are gen-
erally limited to the scope of the recorded motion data.

8.4 Momentum Control Approaches

In Sect. 8.2, we have seen that the GRF and CoP (or ZMP) are important features
regarding balance. In fact, GRF and CoP are closely related with the linear and
angular momenta of a human. Newton–Euler equations of motion state that the total
external force and torque equal the rate of change of the linear and angular momenta,
respectively. Consider a standing human with total mass of m, who gets external
forces only from the ground f and the gravitational force mg. If we compute a
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torque generated by the external forces about the CoM rg of the human, the rate of
change of linear momentum l̇ and angular momentum k̇ is as follows:

l̇ = mg + f (8.26)

k̇ = (p − rg) × f + τn, (8.27)

where p denotes the location of CoP and τn is the torque about the vertical axis
generated by the tangential forces from the ground. The position of the CoP can be
calculated by substituting (8.26) into (8.27) and using the conditions pz = 0 and
τnx = τny = 0.

px = rgx − 1

l̇z − mg
( fxrgz − k̇y) (8.28)

py = rgy − 1

l̇z − mg
( fyrgz − k̇x ) (8.29)

From the equations, one can easily verify that GRF and CoP are uniquely determined
by the linear and angular momentum rate change. In particular, GRF has a one-to-one
relation with the linear momentum rate change, and CoP is determined by both linear
and angular momentum rate changes.

Since a human body can be modeled as an articulated system that consists of a
set of rigid bodies connected by joints, the momentum of a human is calculated as
the total sum of momentum of individual rigid bodies, i.e.,

hg(q, q̇) =
n∑
i

X T
i hi , (8.30)

where h = (kT , lT )T is the spatial momentum, a combination of angular and linear
momentum, and X T

i transforms hi (spatial momentum of part i, expressed in its
local frame) to the CoM frame (a reference frame located at CoMwith its orientation
aligned to the world frame). Note that the momentum is uniquely defined by the
generalized coordinates q and their time derivatives q̇ , which means the GRF and
CoP are completely controlled by the joint motions of the humanoid.

The idea of momentum control approaches is that by controlling both the angular
and linear momentum of a human, one can control the GRF and CoP. Comparing
with the ZMP-based control that usually controls only the CoM motion (hence the
linear momentum), the momentum control approaches take angular momentum into
account for designing the controller; hence they have higher potential to control the
position of the CoP more precisely.

For postural balance control problem, [8] introduced angular momentum control
for the whole body control problem. Abdallah and Goswami [1] developed a postural
balance controller that controls the rate of change of linear and angular momenta of
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Fig. 8.8 Left The character responds to a disturbance [12]. Right A planar rimless wheel model
(GFPE) [20]

a humanoid robot. More recently, [12] proposed a whole body postural balance
controller that identifies the desired CoP as the high level input. (Figure8.8, left)
while [10] extended their method to present a balance controller for a nonlevel and
nonstationary ground.

Recently, researchers have applied momentum control approaches to reactive
stepping. Wu and Zordan [18] introduced a momentum-based stepping controller
that generates parameterized curves for the swing foot and center of mass (CoM)
trajectories according to the step position and duration. Themethod subsequently cre-
ates whole body motions to realize the trajectories via joint accelerations optimally
calculated from the multiobjective function and joint torques computed by inverse
dynamics. Yun and Goswami [20] presented a novel reactive stepping method based
on a rimless wheel model. Specifically, they developed the generalized foot place-
ment estimator (GFPE) to define the target stepping point. The proposed method is
applicable to nonlevel ground (Fig. 8.8, right).

Here, we review a case of momentum control approach proposed in [10] for
postural balance. In thework, the behavior of themomentum controller is determined
by the set of inputs, the desired linear and angular momentum rate change (l̇d and
k̇d ), as well as additional inputs such as the desired joint accelerations for the upper
body (θu

d ), and the desired position and velocity of the swing foot (Td , vd ). Output
is the appropriate joint torques for postural balance. Figure8.9 shows the overall
framework.

Fig. 8.9 Momentum control module [10]
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The desired rate of change of the momenta is determined as

l̇d = Γ lp m(rGd − rG) + Γ ld m(ld − l) (8.31)

k̇d = Γ kd(kd − k), (8.32)

where Γ lp and Γ ld are proportional and derivative gains, respectively. Subscript d

denotes the desired value of each property. Postural balance can be maintained if we
set ld = 0 and kd = 0 to stabilize the momentum generated by the perturbation.
rGd can be set such that the ground projection of CoM is located at the center of the
support polygon.

Given the desired linear and angular momentum rate changes (which are not nec-
essarily physically realizable by a humanoid), the admissible (physically realizable)
GRF and CoP are determined such that they can create admissible momentum rate
change that is as close as possible to its desired value. If both the desired linear and
angular momentum rate changes are not admissible, one should choose either linear
or angular momentum to satisfy and sacrifice the other. Here wewill consider an easy
case where both the desired momenta are admissible. This means that the admissible
GRF and CoP can be calculated from (8.26) and (8.28)–(8.29) by substituting l̇ and
k̇ with the desired values computed in (8.31) and (8.32).

After determining the admissibleGRF,CoP, andmomentum rate changes, the joint
accelerations are determined to satisfy the desired values. As there are infinitelymany
solutions for the joint accelerations given the admissible momentum rate change,
we can impose the preferred motion for the upper body and the swing foot as the
secondary objective, so that the resulting joint accelerations will satisfy the given
momentum rate change while generating the desired motion as close as possible.
This is achieved by solving the following optimization problem:

θ̈a = argminθ̈ wb‖ḣa − Aq̈ − Ȧq̇‖ + (1 − wb)‖θ̈u
d − θ̈u‖

s.t. J q̈ + J̇ q̇ = ad and θ̈l ≤ θ̈ ≤ θ̈u,

(8.33)

where the first term on the RHS concerns satisfying the admissible momentum rate
change ḣa , which is related to the second derivative of the generalized coordinates
from the differentiation of the momentum–velocity relation:

h(q, q̇) = A(q)q̇, (8.34)

where A(q) maps the derivative of the generalized coordinates to the momentum.
Refer to [14] for calculation of the matrix. Note that the generalized coordinates
include joint angles, i.e., θ ⊂ q. θ̈u

d denotes the desired joint accelerations for the
upper body. The first constraint term enforces the support foot to be stationary. The
Jacobian matrix J maps the derivative of generalized coordinates to the velocity of
the foot. The inequality constraints bound the joint accelerations to a feasible region.



188 S. Lee and S.-H. Lee

Fig. 8.10 Postural balancing using a momentum-control approach [10]

Given the admissible joint angles, one can use a PD-controller (8.22) to compute
the necessary joint torques. Amore advanced method is the inverse dynamics [3] that
considers the physical properties of the humanoid model to compute the necessary
joint torques. Figure8.10 shows the balancing behavior of a standing humanoidwhen
it is affected by external perturbation from the side and the back.

8.5 Conclusion

In this chapter, we discussed state-of-the-art technologies for generating responsive
motions of humanoids in three categories: ZMP-based, data-driven, and momentum-
based techniques.

The ZMP-based approach targets to control the position of ZMP by moving a
subset of body parts or thewhole body. To confront the complex humanoid dynamics,
simplified reduced models that capture only the core dynamics of humanoids are
used to determine suitable control inputs. Hence, ZMP-based methods are relatively
simple and good for real-time applications that have a limited computational budget.

By referring to the motion capture data of real humans, the data-driven approach
has great potential to create natural looking motions, which is particularly important
for the visual quality of the virtual human characters. By combining with physics-
based approaches, one can develop interactive humanoid animation. However, many
factors related to the styles of human motions, such as gender, body dimensions,
environment conditions, and personal styles, are all implicitly melted into the motion
data, so it is challenging to extract such factors and control them at user’s will. In
general, the resultingmotion is heavily dependent on themotion database.Generating
diverse motions from a limited size of motion database remains an important future
work.

Finally, the momentum-based approach attempts to control both the linear and
angular momentum of the humanoids, thus it can control the movement of CoM and
CoPmore precisely. Postural controller and stepping controllers have been developed
in this approach where it is rather straightforward to determine the desired linear
and angular momenta. However, it remains an unsolved question as to how the
desired momenta should be set for a wider range of human motions, e.g., running;
an important topic for future work.
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