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ABSTRACT

The mathematical foundation to describe the dynamics of a humanoid mechanism is reviewed. The
discussion begins with the kinematics of an anthropomorphic mechanism, followed by the equation
of motion of the system and the contact mechanics that accompanies with the motions. Some com-
pact representations of both the robot dynamics and the contact mechanics are summarized. The
former is referred to as the centroidal dynamics derived from the total momenta of the system, while
the latter includes the contact wrench sum and the zero-moment point. They are naturally joined as
a reduced-order dynamics model derived from an approximate relationship between the center of
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mass and the zero-moment point. Finally, some techniques to synthesize the intended motion into
the joint actuation torques under limitations of contact forces are shown. This is basically a translation
of a Japanese version with some modifications and reorganizations.

1. Introduction

The goal of the humanoid robotics is to realize machines
that behave as if they were humans, or more boldly
expressing, machines with human-like intelligence. While
the authors are fully aware of a risk to refer to the intel-
ligence in the context of engineering, which is mathe-
matically ill-defined, they are sure it is nothing but the
intelligence that orchestrates the whole-body behavior
under severe physical constraints. The body is not pup-
peteered by the almighty intelligence but is ruled by the
strict laws of physics. In this sense, the body rather guides
the intelligence. Hence, it is necessary to understand the
dynamics of humanoids and model it appropriately in
order to bring the human-like intelligence into engineer-
ing discussions.

This paper is basically a translation of a Japanese ver-
sion [1] with some modifications and reorganizations,
in which the mathematical foundation to describe the
dynamics of a humanoid mechanism is reviewed. The
discussion begins with the kinematics of an anthropo-
morphic mechanism, followed by the equation of motion
of the system and the contact mechanics that necessarily
accompanies with the motions. Some compact repre-
sentations of both the robot dynamics and the contact
mechanics are summarized. The former is referred to as
the centroidal dynamics derived from the total momenta
of the system, while the latter includes the contact wrench
sum and the zero-moment point. They are naturally

joined as a reduced-order dynamics model derived from
an approximate relationship between the center of mass
and the zero-moment point. Finally, some techniques
to synthesize the intended motion described by a set of
requirements on it with priorities into the joint actuation
torques under limitations of contact forces are shown.

2. Mathematical description of the humanoid
dynamics

2.1. Kinematics of an anthropomorphic mechanism

It is probably a common agreement to represent an
anthropomorphic mechanism with a trunk, a pair of
arms, a pair of legs and a head. The trunk is usually com-
posed of some segments. The other parts also comprise
some segments and branched from any segment of the
trunk. Those parts do not form closed loops with each
other though they might have inner loops. Hence, it is
basically modeled as a tree-like open kinematic chain.
In the modern manner of kinematics one of the seg-
ments (usually of the trunk) is regarded as a floating-base
link, which can freely translate and rotate in the inertial
frame. A convenient representation is to connect the base
link with the inertial frame via 6-DOF virtual joints as
depicted in Figure 1. This idea was proposed by Vuko-
bratovi¢ and Stepanenko [2] in the early days of the field,
although it had not been broadly employed for more than
a decade. It was refound for satellite-type manipulators in
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Figure 1. Kinematic structure of a humanoid with a floating-base
link.

the latter half of the 1980s [3,4] and also for biped robots
by Fujimoto and Kawamura [5]. Nakamura and Yamane
[6] named the anthropomorphic kinematic structure the
human figure, which can represent humanoid robots,
human-formed characters in CG animations as well as
real humans.

Suppose the branches do not have inner loops and all
(actual) joints are actuated. The generalized coordinate
to represent the robot configuration can be defined as

def T
1< (45 4f] (1)
where

95 o [‘IOT

a 4 4 a4 4] @
qp denotes the displacement of the virtual joints of the
floating-base link, and gy, . . ., g5 the joint displacements
of the trunk, the left arm, the right arm, the left leg, the
rightleg and the head, respectively. If the number of joints
that independently move is #, the total degree of free-
dom of the mechanism with respect to the inertial frame

isn+6.

2.2. Equation of motion of the robot

The robot motion is produced from the actuation force
(joint torque), the gravitational force and the contact
forces from the environment based on the following
equation of motion [5,7]:

f 5L o
|:HE] Hjy || g * b T * g ]’ G)

where
def

Hg; = [Hpy Hp Hps | (4)
HoTo Hy -+ Hgs
H H (0]
def 01 11
Hy = : . (5)

HL o0 Hss

b ]" (6)

def T
= L (7)

T = [ToT T?

H, are the inertial matrices, b, are generalized bias forces
due to the centrifugal, Coriolis and gravitational forces,
and 7, are the joint actuation torques corresponding to
q,.. As common natures of mechanical systems, the iner-
tial matrix of the whole system is positive-definite and
symmetric. An additional property that is particular for
the human figure is that it is doubly-bordered block-
diagonal due to the branched structure, and accordingly,
sparse. An efficient way to compute H, and b, [8] is
acknowledged in the field. The number of actuation
forces is n while the total DOF is n + 6, and thus, the sys-
tem is necessarily underactuated no matter how large n is.
Tcp and Ty are the generalized forces due to the contact
forces, which are represented as

[TCBFi [ [t mepe o
Tq — Jpes; o) P9 ’

where S; (i =0,...,5) is the contact region of the ith
branch and the environment, o (p) is a contact stress
exerted at a point p, ds is a infinitesimally small area at
P> and Jcp(p, q) and Jj(p, @) are Jacobian matrices that
map 4 to p (of the robot-side) as

Jes (0 D4z + Iy (p 9 g5 = p- )

The above equation holds with respect to the countless
number of all contact points p in the contact region. An
efficient way to compute the Jacobian matrices [9,10] is
also acknowledged. Jcj(p,q) is also sparse due to the
branched structure of the mechanism as well as the iner-
tia matrix. More concretely, let us decompose the matrix
as

Jo@a =[Jco Ja Jos|. (10)

When peS; (i=0,...,5) and i#j (j=1,...,5),
Jci=0.

As qp denotes the 6-DOF movement of the base link,
there is an equivalent mapping from qg to a combina-
tion of the linear and angular velocities of the base link
[ps wE]T. In this sense, gy is substitutable with the
latter, and in this case, Jcg(p, q) is written as

Jgp.9 =[1 — (P —pp)x], (11)

where 1 is an identity matrix of the corresponding size,
and vx for an arbitrary three-dimensional vector v
means the outer product matrix.



2.3. Contact mechanics

The contact stress o (p) in Equation (8) is produced
from an interaction of the robot and the environ-
ment; when the actuation force 7 is propagated in
the robot body and acts to the environment at the
contact point p, the robot gains o (p) as the reaction.
It means that the behavior of the robot is not com-
pletely described only by the equation of motion of
the robot but also depends on the dynamics of the
environment.

While the robot body is commonly modeled as a
kinematic chain, a terrain can be regarded as a huge
deformable object that has almost infinite degrees of free-
dom. The deformation occurs in submillimeter scale in
many situations, and some models for the process are
available [11-14]. However, it is not necessarily a good
idea to track such a tiny-scale process along with move-
ments of the robot from the viewpoint of computation. A
pragmatic way is to regard the environment as a mono-
lithic rigid body and ignore its deformation. The follow-
ing part of this section introduces techniques based on
this assumption - obviously, largely deformable terrains
comprising piled rocks, soils, or sands, for instance, are
outside the scope of this.

Although it is assumed in Equation (8) that the contact
points are distributed over contact regions, an approx-
imation to represent them by vertices of the convex
hull of the regions is often employed. This is accept-
able because the set of net contact wrenches of pos-
sible contact stresses in the contact region is identical
with the set of net contact wrenches of possible contact
forces concentrated at the vertices under an assump-
tion of Coulomb friction [15]. Suppose all the contact
regions {S;} (i=0,...,5) are polygonal convexes and
their vertices are {pc.} (k = 1,...,Nc, where Nc is the
total number of the vertices). Equation (8) is rewritten
as

[TCB] _ %C: [IéBk}f (12)
Q) — o o

where Jcpr and Jcji are matrices that map q to pcy
as

Jekgs + Jedy = Pcpo (13)

and f ;. is the contact force acting at pc;.

Note that the contact point p is not permanent, which
makes it still difficult to predict the time evolution of the
overall system even with the above assumption. From
Equations (3), (12) and (13), the following equation is
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obtained:
Hgp Hy —IEBl _](T:BNC o - 0
T T T
H BJ Hy; -J CJ1 =J CJNc o o
ICBl ]C]l 0 P (0] —1 o
CBNG IC]NC 0 c. (0] (0] —1
_ s _
9
fa ~bs
. b
2| Jemds —Jengy | (14)
fone -
Pci . L .
) —JcBNcs — JoNC 4y
_I.iCNc_

The above Equation (14) has n+ 3Nc + 6 equations
and n + 6N + 6 unknown variables; 3N¢ equations are
missing to be solved. If the Coulomb friction is assumed,
only the following conditions are accepted for Vk:

(I: stationary contact)

Pck =0
vfor =0 (15)
ek — f Vil < mskvf e
; 0, vip,=0
(IL:sliding) {27 0 Vi . (16)
Ck X ("k ~ MKk upcul) =0
T 0
(III: separation) PkPck > , (17)
p for=0
Ck —

where vy is the outward unit normal vector of the ter-
rain, and ugr and uxy are the static and kinetic friction
coefficients at p, respectively. The above conditions
represent the unilaterality and the friction limit of con-
tact forces. Penetration ij)Ck < 0is not acceptable. Any
of Equations (15), (16) and (17) includes three indepen-
dent equalities. Hence, the total number of equations
balances with the number of variables when combined
with Equation (14). A difficulty is that it is hard to know
which condition fits the state to be evolved over time in
advance. This is a typical non-smooth mechanics [16]
and has been mainly studied in the context of dynamics
simulations [17-25].

Equations (15), (16) and (17) define a set of acceptable
combinations of f -, and p;.. On the other hand, the vari-
able in Equation (14) includes f; and pc. This gap of
physical dimension causes several problems in both the-
oretical and practical aspects. The time evolution is not
described by a differential equation but by a differential
inclusion [26], where the time derivative of the state is
included in a set-valued function. The conditions (I) and
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(II) are not exclusive if wgr > uxx, which holds in many
cases, and thus, the uniqueness of solution is not guar-
anteed. This is known as Painlevé’s paradox [27,28]. The
differential inclusion can be converted to a complemen-
tarity problem by assuming pgx = uxx and applying an
implicit discretization, and efficiently solved by off-the-
shelf techniques [18]. Another issue to be addressed in
practice is the numerical ill-posedness, which often leads
to chatterings of the solution. Some methods to resolve
this based on the regularization have been proposed
[25,29-31].

As the state evolves according to the above differen-
tial inclusion, the kinematic structure of the total system
collocating with the environment changes. Nakamura
and Yamane [6] named it the structure-varying kinematic
chain.

3. Centroidal dynamics
3.1. Centroidal momentum matrix

Although the equation of motion of a humanoid robot
derived in the previous section is complex with many
degrees-of-freedom, Miyazaki and Arimoto [32] pointed
out a simple fact that the inertial movement of a biped
system is decomposed into angular momenta that the
center of mass produces about the supporting point and
that the whole-body produces about the center of mass.
Furusho and Masubuchi [33] showed a control architec-
ture to abstract the principal mode originated from the
above angular momenta. Orin et al. [34] named them
the centroidal dynamics. Let us review a direct deriva-
tion of the centroidal dynamics from the upper part of
Equation (3), which is equivalent with

FR K PN R
ha 0 nc —pg % fc

where hy, is the total linear momentum, hp is the total
angular momentum about the center of mass (COM),
m is the total mass, p is the position of COM, f is
the net contact force, nc is the net contact torque about
the origin, and g is the acceleration due to the gravity.
This matches with a well-known fact that the rate of the
total linear/angular momentum of a system is equal to
the net external force/torque. The following equation is
immediately derived:

pe x (hy + mg) + hs = nc. (19)

hy, and hp are related with g by certain matrices Hy, and
H 4, respectively, as

h;, = Hiq (20)

ha = Hagq. (21)

Hence, the following identities obviously hold:

_[Hy
[Hee Hpj| = |:HA:| (22)
. HLq + mg

Namely, Hy, and Hy are nothing but a part of the inertial
matrix of the system.

AsKajita etal. [35] pointed out, Hy, divided by m coin-
cides with the COM Jacobian matrix [36]. On the other
hand, Hy was named the angular momentum Jacobian
matrix in some papers [37,38], which is not appropriate
since the angular momentum is not obtained by differ-
entiating a certain quantity, while the Jacobian matrix is
a derivative of a multivalued function. Orin et al. [34]
called them the centroidal momentum matrices. Several
algorithms to compute them was proposed; Tamiya et al.
[39,40] applied numerical differentiation with O(#?). The
original Bouli¢ et al’s method [36] was with o(n?). Sugi-
hara’s method [37] was also with O(n?), though it halved
the computation amount of Bouli¢ et al’s. Kajita et al. [35]
proposed a recursive O(n) algorithm, which was refined
by Orin et al. [34].

3.2. Reaction-null space

Yoshida and Nenchev [41] showed some important prop-
erties of Hgp and Hpj as reviewed here. Let us consider a
fictitious situation where the robot is floating in a gravity-
free space and no external forces are applied. The robot’s
motion is ruled by the momentum conservation law as

Hgpqy + Hpjq; = hgo : const,, (24)

where hpy is the initial value of linear and angular
momenta. Since Hpp is always regular,

gy = Hyghpo — Hyy Hyjg. (25)

Namely, the reaction of g; contributes to g5 in addition to
the effect of the initial momenta. The larger the singular
value of H EéH By is, the larger reaction to gy with respect
to the same magnitude of ¢; is gained. In this sense,
—Hyg Hp; represents the degree of mutual interference
of g5 and ¢ regarding the momenta.

On the other side, Equation (24) is also transformed
as

q; = Hy;(hgo — Hppgy) + (1 — HyHep)n,  (26)

where A* for an arbitrary matrix A means the Moore-
Penrose’s inverse matrix, and # is an arbitrary vector



of the corresponding size. 1 — Hy;Hpj forms the ker-
nel space of the map from ¢j to g, which is called the
reaction-null space. This helps, for instance, to control the

robot’s hands without affecting the movement of the base
link.

4. Dealing with contact mechanics
4.1. Contact wrench cone and contact wrench sum

Let us get back to the contact mechanics. Although
Section 2.3 provided a mathematical formulation to deal
with the structure-varying nature of the system due to the
unilaterality and friction limit of contact forces, it is still
difficult to synthesize the robot motion based on it. On
the other hand, preferable locations and movements of
the contact points are often designed in advance in the
context of motion planning and control. If it is desired
that the robot keeps the current contact points to be sta-
tionary, for example, the condition (15) is posed on all
combinations of {(pcr.f i)} (k= 1,...,N¢). The set F¢
of possible net wrenches t¢ of the contact forces {f;}
that satisfy the condition is defined as

Nc f
— —|JC| = Ck
Fe= {TC e [”C] a g |:PCk Xfck]
Ver— (vhfci) well < msoolfee}. @)

Hirukawa et al. [42] called the above Tt and F¢ the
contact wrench sum (CWS) and the contact wrench cone
(CWCQ), respectively.

Suppose a certain set of (q,q,q) = (9%, q*,q*) that
kinematically keeps all the contact points to be stationary
is given through the inverse kinematics, and the upper
limit of joint actuation torques is sufficiently large so that
a constraint on 7j can be omitted. A necessary condi-
tion for this motion to be dynamically consistent is that
the equivalent inertial wrench 7 to it is included in
CWC. { can be obtained from Equation (18) through
the inverse dynamics. Hirukawa et al. [43] also proposed
the following method to judge if a wrench is included in
CWC. A set of an individual contact force f -, within the
static friction limit forms an open cone, which is named
friction cone, as depicted in Figure 2(a). An approxima-
tion of this by an open regular L-gonal pyramid, where
L is a larger integer than 2, as Figure 2 (b) enables the
following representation:

L
Jex € {f P =Y ek + psktu), Ve = 0} ., (28)

I=1

where t; (I=1,...,L) is a unit vector that points the
Ith vertex of a regular L-gon on an orthogonal plane to
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Figure 2. Friction cone and pyramidal approximation. (a) Friction
cone and (b) pyramidal approximation of friction cone.

vi. This is named span form by Hirai [44]. A wrench
T is included in CWC if and only if & that satisfies the
following conditions exists:

L ... L
r:[ ! Ne ]e, e>0, (29)
pPc1 x Ly Pcne < Ing
where
def
LS [l ke - Il (30)
def

la = vy + sktu (31)

def T
e=[e] - ex] (32)

def T
ek = [en exr] - (33)

An existence of such & can be checked by solving a lin-
. .. . NC L .

ear programming to minimize ), <, > &k subject to

Equation (29), for example.

4.2. Zero-Moment point

The relationship between the contact force and motion
is comprehensive in a particular case that all the contact
points {pcr} (k=1,...,Nc) are on an identical plane
(the supporting plane) over which the static friction coef-
ficient pg is uniform. The CWS 7 in this case satisfies
the following conditions:

vife>0 (34)

Ifc = 0 fvll < usv'fe (35)
pz € S=CH({pc))  (36)

vi(nc —py x fo)| < msrev'fe, (37)

where v is the outward unit normal vector of the sup-
porting plane, CH(-) means the planar convex hull of
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a specified set of points, rc is a finite constant value
depending on S, and p;, is the center of pressure (COP)
defined as

N

def Dpmy (W fodPok

7= N :
PINERD o

Equation (34) means that the net normal force never
attracts the robot to the supporting plane. This is derived
by summing up the unilaterality conditions of the indi-
vidual normal forces. When the equality holds, the robot
floats in the air and free-falls. Equation (36) also comes
from the unilaterality of the normal forces, and simply
means that COP never goes out of the supporting region.
Equations (35) and (37) come from the limitation of fric-
tion forces. If the total force applied to the robot exceeds
the limitation, the robot slips.

S in Equation (36) is often called the supporting
region or the base of support. The condition (36) equiv-
alently represents the limitation of the reaction torque
acting within the supporting region, which is directly
related with tipping of the robot, and thus, is even
more severe than the others. It is beneficial from sev-
eral viewpoint that the condition can be geometrically
interpreted based on a relationship between a point and
a convex region. More importantly, the following identity
holds:

(38)

by = "TPO v X ng
7 = >
"ch "ch

where pg, is an arbitrary point on the supporting plane.
The net contact force/torque is related with the centroidal
momentum as Equations (18) and (19). The definition
Equation (38) tells that COP is determined from dis-
tribution of the reaction forces resulted from motion.
Equation (39) means that the same point can be related
with the motion. Namely, COP p corresponding to an
intended motion (q*, q*, §*) can be predicted from the
equivalent inertial wrench 7. This leads to an intuitive
idea to plan or control motion such that p} is located
within the planned transition of the supporting region in
order to avoid tipping as Vukobratovi¢ and Juric¢i¢ [45]
pointed out.

It is confirmed that the tangential component of the
torque about p, on the supporting plane (tipping torque)
becomes zero, which made Vukobratovi¢ et al. [46] come
up with the Zero-moment point (ZMP) as an alias of COP.
Although it has been already acknowledged in the field,
it is not an appropriate name in the authors’ opinion
because the normal component of the torque about the
point is not necessarily zero. Caron et al. [47] more suit-
ably renamed it for the Zero-tilting Moment Point, which
is still abbreviated as ZMP.

(39)

fc+

Even in the cases where the contact points are ranged
three dimensionally, the idea of ZMP is still available
provided an appropriate projection of the actual con-
tact points onto a virtual supporting plane. An arbitrary
choice of this plane adds one more degree of freedom to
ZMP on a spatial line that is parallel to f- as meant by
Equation (39). In other words, ZMP is actually not a point
but a line, and accordingly, the condition Equation (36)
should read

p}NS #4, (40)

where S in this case is the convex hull of the projected
contact points. Sugihara et al. [48] defined the virtual
horizontal plane and presented a method to compute an
approximate supporting region on it. Caron et al. [47]
generalized the idea more to be applicable to motions
with non-coplanar distributions of contact points.

It is stated in many publications that the robot is
dynamically stable if ZMP is within the supporting
region. The authors would like to present a notion that
the above is totally wrong; it is not a condition about the
stability but a natural constraint on the motion. Also, note
that the stability is discussed based on the time evolution
of the system, whereas ZMP is an instantaneous quantity.

5. COM-ZMP model

The reduced-order dynamics based on the centroidal
dynamics and the aggregated contact mechanics by ZMP
are reasonably associated with each other. Let us trans-
form nc in Equation (19) to the net contact torque about
ZMP ny as

(PG — Py) * (hy + mg) = nz — ha. (41)

The following equation is derived from the above
Equation (41), two facts v x nz = 0 and hy, = mpg, and
an assumption v X hp =~ 0:

pc+8="22(pg — P (42)
where

2 def V(PG +Q)

vi(pg —pz)

Equation (42) means that the acceleration of COM
including that due to the gravity becomes parallel to
a line that passes COM and ZMP. The definition of
¢ Equation (43) is available if vT(pG — pz) > 0, which
holds in many situations. This is called the COM-ZMP
model, which was derived by Mitobe et al. [49]. If the
coordinate frame is defined such that z-axis is aligned

(43)

with the direction of gravity,ie.g = [0 0 g]T, where



g = 9.8m/s? is the acceleration due to the gravity, a com-
ponentwise representation of Equation (42) with ps =

[xG VG ZG]T andp, = [xz ¥z Zz]T is obtained as

g = ¢ (xg — x7) (44)
jo = ¢*(vG — yz) (45)
36 +g = (26 — z2). (46)

Note that Equation (46) is an identity. p, employed
in Equation (42) is different from ZMP if v x hp # 0.
Popovic et al. [50] distinguished this point from ZMP
and named the Centroidal Moment Pivot (CMP). The oft-
set of ZMP from CMP produces the inertial torque about
COM.

Figure 3 illustrates geometric relationships between
COM, ZMP and CMP, which is naturally associated
with an inverted pendulum. Actually, the resemblance
of dynamics between a walking mechanism and an
inverted pendulum was focused on by many researchers
[32,51-60] since the early stage of the field of biped
robots based on an intuition that a heavy upper body
is carried by alternating light support legs with narrow
footprints. In those studies, ZMP was supposed to be
constraint at a point foot as a pivot, and a step meant dis-
continuous relocation of ZMP. Namely, the system only
accepted intermittent manipulations of the input like a
bang-bang control. The unforced system of Equation (42)
that appears when supported by a single point foot has
been deeply studied.

Let us conduct the mode analysis of the linearized
system, i.e. with { = const. The state equation form of
Equation (44) is

d [xg 10 1f|xg 0
L L

which is diagonalized as

d[xp]| [¢ 0][x —¢
ale)=[o SR [F ] w

Figure 3. Geometric relationships of COM, ZMP and CMP.
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where
def .
xp = xG +XG/§

xG
def . < i
xXc = xXG — XG/¢

o[ ] ”

The above shows that the system has an unstable mode
xp and a stable mode xc with respectively correspond-
ing eigenvectors [1 g]T and [1 —¢ ]T. They were
given another aliases the convergent component of motion
(CCM) and the divergent component of motion (DCM),
respectively, by Takenaka et al. [61], and collectively
referred as Linear Inverted Pendulum Mode (LIPM) by
Kajita et al. [58]. Figure 4 shows the phase portrait of
the system. Imanishi and Sugihara [62] found that the
dimensionless system of the above was regarded as a
scalar potential field, and named the function that defines
the field the LIPM potential.

Kajita et al. [58] showed another aspect of the system.
Equation (44) with the both sides multiplied by xg and
integrated over time turns to

1o, 1, 2

ExG — z; (xg — x7)° = E: const. (50)
E is called the orbital energy. It led to a control strategy to
engage the COM motion and foot-placements, namely,
how to decide the timing to switch the pivot foot in order
to continue walking with predetermined foot placements.
Pratt et al. [63] dealt with the flip side of the problem in a
particular case, namely, how to decide the foot placement
xcp in order to zero the orbital energy and stop walking.
The answer is

def .
xcp = xG + x6/¢, (51)

which was named the (Instantaneous) Capture Point. It
is in fact identical with the Extrapolated COM (XCOM)

el D
Unstable mode (DCM)

L
7

/ xs(fabfcinTc (e

N

e

Figure 4. LIPM
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proposed by Hof et al. [64]. The discussion has been
deployed to the concept of capturability [65] for robots
with non-zero-area soles and non-zero inertial torque
about COM. Sugihara [66] studied how the stability of
COM can be maximized with a feedback control, which
covered the discussion about the Capture Point.

xp defined by Equation (49) and xcp by Equation (51)
are apparently the same, and hence, some may think that
DCM is identical with the Capture Point. However, it is
actually a misunderstand. As depicted in Figure 5, the
state (xg,xg) is projected to xp- and xc-axes, respec-
tively. DCM and CCM are obtained by doubling those
components, which is not relevant for the mode anal-
ysis since the modes are scale-invariant. On the other
hand, the idea of the capture point is to shift the sys-
tem such that xc-axis passes the current state (xg, XG)
by instantaneously relocating xz to xcp. DCM vanishes
as the result; in other words, the Capture Point captures
DCM. In conclusion, DCM and the Capture Point are
essentially different from each other, though they have
the same mathematical form due to the symmetry of xp-
and xc-axes with respect to xg-axis.

Kajita et al. [58] also found that the system dynamics is
strictly linearized if the movement of COM is artificially
constrained on a spatial line. If the line passes a point
above the pivot foot at a constant height 4, Equation (44)
turns to

kG = £ (xG — x2), (52)

LC

Figure 5. DCM and capture point.

where

c def \/%: const. (53)

Interestingly, the gradient of the line does not appear in
the dynamics, meaning that the vertical position of COM
can vary on the line while linearity of the system is pre-
served. The two-dimensional version was found by Sadao
et al. [67,68], where the COM draws a hyperbolic curve
on a spatial plane. A further study by Englsberger et al.
[69] has revealed that it is a particular case of the sys-
tem that the COM is constrained on a line, and it actually
converges to the line. They also generalized the model
to a three-dimensional version by replacing ZMP with
another point with a vertical offset as

P = L (pg — pr) (54)

pr & p, + /7% (55)

Pr is called the Virtual Repellent Point (VRP).

The point-foot model works for simplifying the con-
trol problem but reduces the potential mobility of robots.
Raibert [56] proposed an idea of virtual support point
in his theory for controlling legged machines in a uni-
fied way and made an interesting statement that it might
enhance the mobility if the point would be variable with
a non-zero-area supporting region. Currently, we can
understand that the virtual support point is identical with
ZMP and he seemed to predict the COM-ZMP model.
Actually, the idea to manipulate ZMP has greatly helped
many followers to devise motion planning and con-
trol schemes. Refer another survey paper [70]. It should
be noticed, however, that the COM-ZMP model does
not always represent the system dynamics appropriately.
Some typical cases that the model does not fit are illus-
trated in Figure 6. If the contact points are distributed
three-dimensionally, ZMP does not represent them in a
comprehensive manner as Caron et al. [47] studied. If the
robot is in the air, ZMP does not exist. If ZMP is close to

ird

Figure 6. Cases that the COM-ZMP model does not fit.




COM, the inertial torque about COM is more dominant
than that COM produces about ZMP.

6. Control frameworks to synthesize the
whole-body motion

Fundamental mathematics to describe the dynamics of
humanoid robots has been reviewed so far. This section
gets one step further into a problem to synthesize the
whole-body motion of the robot to the intended behav-
ior based on the mathematics. The intention is repre-
sented by a set of requirements on the motion including a
preferable time evolution of COM derived in the previous
section and some other task-oriented partial movements
of the body. A difficulty is that the number of require-
ments dynamically changes during motions due to the
structure-varying nature. In addition, the requirements
are not necessarily satisfiable mainly because of the limi-
tation of contact forces. If there is no solution that satisfies
all the requirements, they have to be compromised by
a dynamically feasible motion with the priority of each
requirement taken into account. A stack of the require-
ments in the order of priority from lowest to highest is
called the Stack of Tasks (SoT)[94,95], and a computa-
tion of joint actuation torques from SoT is called the
prioritized motion resolution. Though various control
frameworks for this problem have been developed, in the
authors’ thought, they are classified into some groups.

Figure 7(a) shows the first group. The desired accelera-
tions of COM p¢; and other body parts p; are determined
from the motion references Yps and Ypyg, respectively,
supposing quadratically convergent time evolutions in
many cases, and then, converted to dynamically feasible
ones. The desired joint actuation torques 7} and contact
force T are obtained during the process, whereas the
latter is discarded. This is an enhancement of the opera-
tional space control [71] based on a natural idea to use the
equation of motion. Yamane and Nakamura [6] named
this concept the dynamics filter and proposed a method
to utilize the null space in order to deal with the different
priority. Sentis and Khatib [72] showed a more general-
ized form of computation using the null-space projectors.
Nagasaka et al. [73] renamed this the generalized inverse
dynamics, where they derived a sophisticated method to
deal with the priority with slack variables. Further exten-
sions have been made in order to solve multiple priorities
in a hierarchical manner and increase the computational
efficiency and robustness [74-77].

Figure 7(b) shows the second group, in which the
desired contact force 7, is determined first according
to the style of force allocation [78], and then, converted
to the desired joint actuation torques 77 together with
a virtual tracting force T} for contact-free body parts.
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This two-staged approach is based on the idea that the
contact force works as an indirect input to the sys-
tem, more specifically, to the centroidal momentum via
Equation (18) as Fujimoto and Kawamura [79] pointed
out. (a) and (b) are not clearly distinguished only from
this viewpoint since some methods [74,76] in the group
(a) also take this process internally. The essential differ-
ence between them is whether the conversion from the
desired contact forces to the joint actuation torques is
done based on the equation of motion, where the non-
linear effects are compensated, or on the virtual work
principle as well as Pratt et al. [80], where the nonlinear
effects are left. Hyon [81] presented the first implemen-
tation of this approach and explained that the passivity
of the system is guaranteed with some assumptions. Ott
et al. [82] proposed a more generalized method. Con-
cerning with the mapping matrix for the force allocation,
Hosokawa et al. [83] proposed the DCM generalized
inverse, in which an effect for natural stabilization of the
system is embedded, though it was used with the inverse
dynamics framework (a) rather than (b).

While the ideas of (a) and (b) are convincing, they
have a drawback that torque-controllable actuators are
required in them, which are not easily available today.
Figure 7(c) shows another approach where the desired
time evolutions of COM p{; with the limitation of con-
tact forces taken into account is determined first based
on the COM-ZMP model. It is resolved into the refer-
ential motion of joints gj together with the desired time
evolutions of the other body parts pi. The desired joint
actuation torques 7} are determined as to track it. If the
desired motions of body parts are given in the dimen-
sion of velocity, it is an extension of the resolved motion
rate control [84]. Or, if they are given as the referential
positions and attitudes, it is done via the inverse kine-
matics. In whichever cases, the centroidal momentum
matrices are exploited. Boulic et al. [36] called this class
of motion resolution that figures in the mass distribution
the Inverse Kinetics. Tamiya et al. [39,40] proposed a con-
cept of Auto-balancer, which is similar to the dynamics
filter but outputs the desired motions of joints. Sugihara
et al. [37,48] proposed a more compact implementation
based on the COM-ZMP model. Kajita et al. [35] pro-
posed the resolved momentum control as an analogy
of the resolved motion rate control. Kanoun et al. [85]
proposed a method to deal with hierarchical multiple
priorities. Efficient and robust solvers of the inverse kine-
matics have also been developed [86-88]. As described
in the above, this approach has a longer history than
(a) and (b) since it is applicable to robots with widely
available low-backdrivable position-controlled actuators.
Instead, a coupled effect of the movements of COM and
extremities in contact with the environment has to be
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Figure 7. Different motion resolution control frameworks. (a) Generalized inverse dynamics. (b) Force-torque conversion (based on the
virtual work principle). (c) Inverse kinetics and (d) Inverse kinematics with virtual attractor.

considered in this framework since the contact forces are
gained via the latter, and the admittance control should
be conducted on them, meaning that force sensors are
required to be mounted on the extremities. Fujimoto and
Kawamura [79] presented the first implementation con-
forming to this framework. Kajita et al. [89] proposed a

method to decompose the tracking error of ZMP to the
desired individual contact wrenches to be given to the
admittance controller with a feedforward technique to
compensate the delay of ZMP. Caron et al. [90] directly
employed the net contact wrench that is equivalent with
the desired centroidal dynamics including the desired



ZMP as the reference. Yamamoto [91] discussed this issue
from another side by focusing on the motor controller.
A preferable mechanical impedance of body parts in
the task space that would be presented by the admit-
tance controller can be equivalently converted to that in
the joint space and implemented as a variable PD com-
pensator for tracking q;. This idea was named Resolved
Multiple-Viscoelasticity Control.

A concern about solvability may arise in (c); note again
that the desired motions of body parts are not necessar-
ily achievable simultaneously. Although the prioritized
motion resolution techniques [86,87] work for one-shot
computations even in unsolvable cases, the supposed
time evolution of the body parts might diverge due to the
accumulation of error. Sato and Sugihara [92] discussed
this point and proposed a framework to provide the sys-
tem with more flexibility by introducing virtual attrac-
tors as shown in Figure 7(d). The referential motions of
each body part are described as dynamical systems and
connected with the actual body via the virtual attractor,
which counteracts the referential motions and prevents
growth of the gap between them.

The last part of this section is devoted to discuss an
issue of how to set priorities. The requirements on the
robot motion are classified as follows.

(A) Conserved linear/angular momentum

(B) Mechanical constraint (e.g. closed kinematic
structure)

(C) Desired contact with the environment

(D) Desired (non-conserved) linear/angular momen-
tum

(E) Desired motions of effectors in free-space

(A) is validated when the robot is in the air or sup-
ported only by a point or an edge. This is the strongest
natural constraint since the robot behavior is ruled by
this regardless of control. (B) is also a natural constraint
but has a certain degree of tolerance due to backlashes
or elastic deformations of body parts. Regarding (C),
the contact points are not strictly constrained but might
accept slight sliding on and detaching from the envi-
ronment, though it is not desirable. (D) is an artificial
constraint and is associated with the net force/torque that
has to be consistent with the contact condition. It also has
a tolerance depending on the supporting region. Alloca-
tion of contact points and manipulation of the net contact
force are mutually dependent as seen in Section 4, and
thus, their priorities are occasionally turned over. Nev-
ertheless, they are less prioritized than (A) and (B). The
remaining (E) is artificially given based on the task to be
achieved and affects the performance of task executions.
Though it is less prioritized than the physical security of
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the robot in many cases, there can be extreme situations
where the robot has to accomplish tasks even by losing its
balance, e.g. to catch a falling object by diving to it. Hence,
the priority (E) compared to (C) and (D) depends on the
context.

7. Conclusion

This paper reviewed how to describe kinematics and
dynamics of a humanoid mechanism, how to represent
contact mechanics, and how to synthesize the whole-
body motion. Although the dynamics of humanoid
robots is complex, many works have carefully built a
mathematical foundation to discuss it.

The authors stated in the introduction that it is nec-
essary to model the dynamics of humanoids in order to
bring the human-like intelligence into engineering dis-
cussions. They believe that humans’ intelligent behaviors
are not so simple that they can be reproduced without
any model. On the other hand, they are also aware that a
controller that depends on a too much elaborated model
rather reduces flexibility to disturbances of the robot,
which is also another aspect of intelligence. While the
efficacy of modeling the robot body as rigid kinematic
chain has been acknowledged through countless studies,
how to model the environment as a counterpart of the
robot has not been thoroughly discussed, which might be
a focus in future developments.

CWS and ZMP present convenient ways to check the
consistency between a supposed contact condition and
a supposed motion. They have been utilized in many
sophisticated methods for motion planning, in which a
preferable transition of the supporting points is given
a priori. The transition of contact state, however, is the
most dynamic aspect of the humanoid robots and is
determined according to the time evolution of the sys-
tem in the real world. It is also a concern that contact
and non-contact are not clearly discriminated based on
analog sensory information. A real-time controller that
directly handles the transition of contact state is always
demanded. Some stochastic techniques [93] to deal with
the contact might help it.

It is still controversial which is advantageous to do the
motion resolution based on the inverse dynamics or the
inverse kinematics. The authors predict that it will take
more time to conclude this. A key is the availability of
torque-controlled actuators.

Highly advanced computers have encouraged com-
putationally expensive optimizations to be embedded in
a real-time control loop as a common technique. The
authors personally worry that it has rather discouraged
researchers to pay attention to the dynamics of humanoid
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robots. They would like to note that it is always impor-
tant to figure out the essence of system dynamics in order
to understand humans’ motion skill and implement it on
robots.
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