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Abstract— This paper introduces a very efficient, modified
resolved acceleration control algorithm for dynamic filtering
and control of whole-body humanoid motion in response to
upper-body task specifications. The dynamic filter is applicable
for general upper-body motions when standing in place. It
is characterized by modification of the commanded torso
acceleration based on a geometric solution to produce a ZMP
which is inside the support. The resulting feasible modified
motion is synchronized to the reference motion when the
computed ZMP for the reference motion again falls within the
support. Contact forces at each foot are controlled through a
dedicated force distribution module which optimizes the ankle
roll and pitch torques. The proposed approach uses time-local
information and is therefore targeted for online control. The
effectiveness of the algorithm is demonstrated by means of
simulated experiments on a model of the Honda humanoid
robot ASIMO using a highly dynamic upper-body reference
motion.

I. INTRODUCTION

The emergence of the field of humanoid robotics in

the last decade is largely attributed to the expectation that

humanoid robots will eventually become an integral part

of our everyday lives, serving as caretakers for the elderly

and disabled, providing assistance in homes and offices, and

assisting in surgery and physical therapy. From a control per-

spective, much effort has been aimed at addressing various

aspects of humanoid robot control, such as motion execution,

safety, constraint handling, multi-contact control, balance

control, and obstacle avoidance [1]. Although the utility of

robots operating in human environments rests, to a large

extent, on execution of upper-body motion and manipulation

tasks, the ability to sustain dynamic balance in response to

upper-body motion is an important problem that is unique

to humanoid robotics research.

Whole-body motion from upper-body task specifications

has been examined by several research groups and signifi-

cant advances have been reported. Given that the hardware

platform of many humanoid robots is designed for position

control, the majority of past and present developments

in whole-body motion control have been centered around

kinematic and inverse kinematic control techniques. Naksuk

et al. [2] considered the problem of off-line motion editing

when transferring pre-recorded motion from a human to a

humanoid robot under the assumption of a single support

stance. The proposed scheme yielded a balanced humanoid
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Fig. 1. Honda’s ASIMO.

motion with minimal angular momentum at the center of

mass. Ott et al. [3] proposed whole-body motion generation

from upper-body human motion capture using a marker

system; however, their approach does not handle highly

dynamic motion since they use a constant center of gravity

position centered inside the support polygon in their balance

controller. More recently, Dariush et al. [4] demonstrated

real time replication of complex upper-body human motion

on Honda’s ASIMO platform (Fig. 1). The robot imitated

human motion while satisfying kinematic constraints such

as joint limits, velocity limits, and self collision avoidance.

Balance control was handled using ASIMO’S zero moment

point (ZMP) controller which accommodated potential loss

of balance due to upper-body motion by effectively translat-

ing the trunk. Balance control formulations based on such

methods have been effective in handling quasi-static, and

periodic movements (such as walking or running). However,

there are limits to how well kinematic control can perform

in handling highly dynamic and/or non-periodic movements.

Although dynamic control at the acceleration or force

level is not possible on a majority of humanoid platforms

which operate in a position command mode, new theoret-

ical formulations for whole-body motion control based on

force/torque commands have been demonstrated in simulated

environments [5]. Sentis and Khatib [6] developed a unified

framework for whole-body task control in the context of

multi-point multi-link contacts, constraints, and obstacles in

the extended operational space framework. However, control

of dynamic balance was not rigorously treated. Yamane

and Nakamura [7] developed a full-body dynamic filter

that converts a physically infeasible reference motion into

a feasible one. However, their approach alters all input

motion, including the specified upper-body motion, and is

not applicable where upper-body task specifications must
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Fig. 2. System block diagram with modified resolved acceleration control (MRAC).

be preserved. Furthermore, their approach requires careful

parameter tuning (feedback gains and weights for pseudo-

inverses) for each behavior.

This paper introduces a very efficient, modified resolved

acceleration control algorithm for dynamic filtering and

control of whole-body humanoid motion in response to

upper-body task specifications. The key contribution is the

development of a novel method for online control of the

ZMP position by modifying the torso acceleration under

both single and double support stance. In order to arrive

at an effective solution to this problem, we introduce four

key components: 1) a modification of the commanded torso

acceleration based on a geometric solution to produce a ZMP

which is inside the support, 2) an algorithm to synchro-

nize the feasible modified motion to the reference motion

when the computed ZMP for the reference motion again

falls within the support, 3) an algorithm to determine the

computed ZMP based on a very efficient recursive Newton-

Euler algorithm [8], and 4) an algorithm to distribute the

resultant ground reaction force between the two feet by

minimizing the ankle roll and pitch torques. We demonstrate

the effectiveness of the algorithm by means of simulated

experiments on a model of the Honda humanoid robot

ASIMO (Figure 1) using a highly dynamic upper-body

reference motion.

II. OVERVIEW

We assume a humanoid robot is in double support stance

and commanded to execute an upper-body motion expressed

by Cartesian (or task) variables. The objective is to realize

the specified upper-body task motion while ensuring that

the robot is balanced through appropriate modification of

the desired torso acceleration. The block diagram of the

overall system is illustrated in Figure 2. The inputs in-

clude Cartesian variables representing the desired upper-

body orientation and position task descriptors, (ψ, p)UB .

The first step involves kinematic inversion of the specified

task motion to joint motion commands subject to kinematic

constraints, including joint limit constraints, joint velocity

constraints, and self collision constraints. This procedure is

performed using an online constrained closed loop inverse

kinematics (CCLIK) algorithm that is described in detail

elsewhere [4]. The output of this module includes the upper-

body joint acceleration vector, q̈UB , and the desired torso

acceleration vector, at,d.

The next step is to assess the feasibility of the upper-body

joint motion by analyzing the computed ZMP and making

adjustments to the torso acceleration when necessary. This

procedure is performed in the Acceleration Modification

module. The modified torso, and upper-body, accelerations

are then applied to a Resolved Acceleration module which

uses position and velocity feedback to compute the resolved

acceleration vector α in terms of joint variables. The Inverse

Dynamics module produces the torque commands, denoted

by τ , to realize the desired motion. The tracking control

based on acceleration modification is referred to as modified

resolved acceleration control (MRAC). For the case that

the robot is in double support stance, the inverse dynamics

procedure requires the distribution of the net ground reaction

forces and moments fnet between the two feet, denoted

by fR and fL. These computations are performed in the

Computed ZMP and Force Distribution modules.

III. HUMANOID DYNAMIC MODEL

In order to develop the dynamic model of a humanoid

robot, the approach taken in [8] for rigid-body systems is

used. Spatial notation [8], [9] is a concise vector notation for

describing rigid-body velocity, acceleration, force, inertia,

etc., using 6D vectors and tensors, and is an integral part of

the approach.

A humanoid can be modeled as a set of N + 1 links

interconnected by N joints, of up to six degrees of freedom

each, forming a tree-structure topology. The motion of the

links are referenced to a fixed base (inertial frame) which is

labeled 0 while the links are labeled from 1 through N . In

our model, the inertial frame is attached to the ground. The
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spatial velocity and acceleration of link i are represented as:

vi =

[

ωi

vi

]

, (1)

ai =

[

ω̇i

v̇i

]

, (2)

where ωi, vi, ω̇i, and v̇i are the angular, and linear

velocities, the angular, and linear accelerations of link i,
respectively, as referenced to the link coordinate frame.

In order to model a humanoid when in flight, one of the

links is modeled as a floating base (typically the torso) and

numbered as link 1. A fictitious six degree-of-freedom (DoF)

joint is inserted between the floating base and fixed base.

The total number of degrees of freedom in the humanoid

is n where n =
∑

ni, and ni is the number of degrees of

freedom for joint i which connects link i to its predecessor.

Note that n includes the six DoFs for the floating base.

The spatial force acting on link i from its predecessor is

represented as:

fi =

[

ni

fi

]

, (3)

where ni is the moment about the origin of the link

coordinate frame, and fi is the translational force referenced

to the link coordinate frame.

The spatial coordinate transformation matrix iXj may be

composed from the position vector jpi from the origin of

coordinate frame j to the origin of i, and the 3× 3 rotation

matrix iRj which transforms 3D vectors from coordinate

frame j to i:

iXj =

[

iRj 03×3

iRj S(
jpi)

T iRj

]

. (4)

The quantity S(p) is the skew-symmetric matrix that satis-

fies S(p)ω = p×ω for any 3D vector ω. This transforma-

tion matrix can be used to transform spatial quantities from

one frame to another as follows:

vj =
jXi vi, (5)

aj =
jXi ai, (6)

fj =
jX−T

i fi . (7)

The equations of motion of a robotic mechanism in joint-

space can be written as:

τ = H (q) q̈ + C (q, q̇) q̇ + τg (q) + JT
fe , (8)

where q , q̇, q̈, and τ denote n-dimensional generalized

vectors of joint position, velocity, acceleration and force

variables, respectively. H(q) is an (n × n) joint-space inertia

matrix. C is an (n × n) matrix such that C q̇ is the vector

of Coriolis and centrifugal terms. τg is the vector of gravity

terms. J is a Jacobian matrix, and fe is the external spatial

force acting on the system. When the feet are the only

contacts for the system with the environment, the external

force includes the foot spatial contact forces (ground reaction

force/moment),

fe =

[

fR

fL

]

, (9)

where fR, and fL are the right and left foot spatial contact

forces, respectively. Friction and disturbance inputs can

easily be added to these equations as well.

In the Inverse Dynamics (ID) problem, given the desired

joint accelerations, the joint torques τ are computed,

τ = ID (q, q̇, q̈, fR, fL) , (10)

and

τ =
[

τT
UB f

T
t τTR τTL

]T
, (11)

where τUB , τR, and τL are the joint torques for the upper

body, right leg, and left leg, respectively. ft is the force

on the torso (the floating-base link), and it will be zero

if the external (foot) forces are consistent with the given

system acceleration since the torso is not actuated. In this

paper we use the very efficient O(n) Recursive Newton-

Euler Algorithm (RNEA) for kinematic trees [8]. The RNEA

is efficient because it calculates most of the quantities in

local link coordinates and it includes the effects of gravity

in an efficient manner.

IV. COMPUTED ZMP ALGORITHM

Whole-body humanoid control requires information about

the feasibility of the motion to be performed according to the

upper-body task specifications. Computing the Zero-Moment

Point (ZMP) for a given motion can predict its feasibility and

the balance of the humanoid. In this section, we propose a

very efficient, yet simple algorithm to compute the ZMP for

a given whole-body motion.

The ZMP is defined as the point on the support

base at which the resulting reaction forces are act-

ing [10], [11]. Therefore, if the resultant (net) spatial force

fnet =
[

nT
net f

T
net

]T
is known as in Fig. 3b, then the ZMP

position may be computed as 0p x
zmp = −ny

net/f
z
net , and

0p y
zmp = nx

net/f
z
net .

The algorithm developed here to compute the ZMP is

based on determining the resultant foot force (force and

moment) for a given system acceleration. By solving the

inverse dynamics problem using the RNEA for a given

system acceleration while applying zero foot forces (free-

space inverse dynamics), the resultant spatial force on the

system (the torso in the case of RNEA) can be computed

as in Fig. 3a. According to Newton’s laws of motion, this

spatial force can be applied to any body of the system;

therefore, if it is transformed into the inertial frame (ground),

the resultant ground reaction force (resultant foot force)

will be obtained (Fig. 3b) and then the ZMP position is

computed. Algorithm 1 summarizes the proposed algorithm.

Note that the resulting algorithm is quite efficient because

the main computation is the RNEA for inverse dynamics for

kinematic trees.

V. MODIFIED RESOLVED ACCELERATION

In this section, we present the tracking control method

used in this paper. For the lower-body motion including the

torso motion, we introduce Resolved Acceleration Control

(RAC) for a humanoid in Section V-A. RAC has been
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Algorithm 1: An efficient algorithm to compute the ZMP

for a given whole-body motion.

Input: model, q, q̇, q̈

Output: 0pzmp

begin
τ = ID (q, q̇, q̈,0,0)

fnet = 0X−T
t ft

0pzzmp = 0

0pxzmp = −ny
net /f

z
net

0pyzmp = nx
net /f

z
net

end

ft

(a)

fnet

(b)

Fig. 3. Force transformation to compute the ZMP. (a) Net force on the
system (torso). (b) Net force on the feet.

used as a control for robot manipulators [12], [13], [14].

However, to the best of our knowledge it has yet to be

developed to control the motion of the lower-body in a

humanoid, especially in double support. Our approach allows

coordination of the legs to give the desired motion of the

torso, and coupled with the force distribution method given

in the next section, provides for control of the individual

foot forces.

The RAC requires feasible motion to track; therefore, a

mechanism for motion modification is necessary for RAC

motion tracking when the motion is infeasible (not bal-

anced). In Section V-B a method is developed to modify the

system acceleration so that the motion is feasible. In order

to track the desired motion of the torso from the upper-

body task specifications, the modified motion needs to be

quickly and smoothly moved to the desired motion when

it is again feasible. A method to get the modified motion

in synchronization with the desired motion is proposed in

Section V-C.

A. Resolved Acceleration Control

The equations for RAC for a humanoid are developed in

this section. The output of RAC plus the foot forces from the

force distribution module described in Section VI are used

to compute the lower-body joint torques required to produce

the modified motion of the torso, using Inverse Dynamics

as in Eq. 10.

Let ψt andpt describe the torso orientation (described by

Euler angles) and position, respectively. The task-descriptor

vector xt =
[

ψT
t p

T
t

]T
is related to the spatial velocity of

the torso vt via an equation of the form

ẋt = E(xt) vt , (12)

where E is a 6 × 6 transformation matrix that depends on

the Euler sequence used. The resolved acceleration is set by

α = q̈ where

q̈ =
[

q̈TUB a
T
t q̈

T
R q̈

T
L

]T
(13)

is the commanded whole-body acceleration (system accel-

eration) which includes compensation for feedback errors.

The torso acceleration at is computed as

at = at,m + Kv,t (vt,m −vt) + Kp,t et , (14)

where

at,m = at,d +∆at . (15)

vt,m and at,m are the modified torso spatial velocity and

acceleration, respectively, and will be discussed in Section V-

B. vt is the current torso spatial velocity and at,d is the

desired torso spatial acceleration from the original motion.

et is the position and orientation error and it is given by [12]:

et =

[

0.5
(

∑

3

j=1
cj × cj,m

)

0pt,m − 0pt

]

, (16)

where 0pt,m and 0pt are the modified and current torso

positions, and cj , and cj,m are jth columns of the current

orientation 0Rt, and the modified orientation 0Rt,m matrices,

respectively. Kp,t and Kv,t are matrices of proportional and

derivative gains for torso control.

For a tree-structure the right and left foot velocities

(vR, vL) can be computed from

vR = JR q̇R + RXtvt , (17)

vL = JL q̇L + LXtvt , (18)

where JR, JL, q̇R, q̇L denote the right and left leg Jacobian

matrices, and the right and left leg velocities, respectively.

Note that RXtvt represents the velocity of the torso at a

point which instantaneously coincides with the right foot

position, etc.. By taking the derivative of Eqs. 17 and 18

and then re-ordering the resulting equations, the right and

left leg accelerations (q̈R and q̈L) can be computed as:

q̈R = J
†
R

(

aR − RXtat − J̇R q̇R

)

, (19)

q̈L = J
†
L

(

aL − LXtat − J̇L q̇L

)

, (20)

where J† denotes the pseudo-inverse of J . For the case

when each leg has 6 DoFs, as in many humanoids including

Honda’s ASIMO, the pseudo-inverse J† can simply be

replaced by the inverse J−1. For the case of constrained feet
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(as in single or double support cases), aR and/or aL = 0.

The control law is the same as Eq. 8 after replacing q̈ with α.

The upper-body accelerations for the arms are set by using

computed-torque control [15]

q̈UB = q̈UB,d +Kv,UB ėUB +Kp,UB eUB , (21)

where

eUB = qUB,d − qUB , (22)

ėUB = q̇UB,d − q̇UB . (23)

B. Acceleration Modification

The RAC tracks a feasible motion; therefore, when the

computed ZMP is outside the support base, the humanoid

can become dynamically unstable and the RAC will fail. We

implement a method to modify the torso (task-descriptor)

acceleration so that the motion is feasible, balanced, and

controllable. This method filters the dynamic effects of the

motion that cause the ZMP to leave the support base. This

is accomplished through the following steps:

1) Modify the computed ZMP: the computed ZMP

should be brought back inside the area of support.

The computed ZMP is projected inside the support

area with an appropriate safety margin. The new ZMP

is designated as the modified ZMP 0pzmp,m.

2) Compute the modified net force fnet,m and moment

nz
net,m: the net force at 0pzmp,m is derived from the

net force fnet so that the modified force has the same

normal component as the net force, and the same

moment about the torso origin. In particular,

f z
net,m = f z

net , (24)

tpzmp,m×fnet,m+





0
0

nz
net,m



= tpzmp×fnet+





0
0

nz
net



 .

(25)

3) Compute the bias torso force: the bias force on the

torso due to the net force change is computed as

∆ft = tX−T
0

(fnet,m − fnet) . (26)

The force is chosen to be applied to the torso since it is

the most massive link of the system; hence its dynamic

effect is significant. Fig. 4 illustrates Steps 1-3 of this

method.

4) Compute the bias torso acceleration (change in accel-

eration): the acceleration change caused by ∆ft may

be computed with the dynamic equation for the torso

∆ft = I(q) ∆at (27)

where I(q) is the operational-space inertia matrix as

seen at the torso which is approximated here by the

articulated-body inertia for the tree-structure system

at the torso [8]. The torso acceleration is modified by

∆at.

Torso origin

fnet
fnet,m

pzmp pzmp,m

ûft

Safety margin

Support

Fig. 4. Force change ∆ft associated with change of ZMP for motion
modification.

5) Compute the new modified motion: based on the

change of torso acceleration, the torso motion is up-

dated as follows

ẍt,m(t) = ẍt,d(t) + ∆ẍt(t) , (28)

where

∆ ẍt(t) = Ė(x) vt(t) +E(x) ∆at(t) . (29)

Note that whenever the computed ZMP for the motion

is outside the support area, the motion controller does

not track the desired motion; instead it tracks the

modified motion that brings the ZMP back to inside

the support.

C. Synchronization of Modified Trajectory

Once the computed ZMP is inside the support area

after the motion has been modified, the modified and the

desired original motion states may be significantly different.

Therefore, trying to track the desired motion immediately

might cause instability to the RAC controller due to the

large acceleration injected into the system. Even worse, this

might cause the computed ZMP to be outside the support

area. Note that in this case the ZMP is outside the support

area due to the large feedback error (see Eq. 14).

We synchronize the modified motion using a bang-bang

solution which results in the minimum acceleration required

over the synchronization period [16]. The synchronization

period is chosen so that the synchronization acceleration ẍs

does not introduce additional significant dynamic effects that

might cause the ZMP to go outside the support area. The

original motion is modified as follows:

ẍt,m(t) = ẍt,d(t)± ẍs . (30)

The switching point for this bang-bang solution (tsw) is

found from tsw = t when

∆ẋj(t) = −sgn(∆ẋj(t))
√

2 |ẍj
s| |∆xj(t)| ,

where xj(t) is the jth component of x at time t.
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VI. FORCE DISTRIBUTION

When the feet are in double support, in order to compute

the joint torques that are required to track the commanded

motion, the right and left foot spatial contact forces (fR and

fL) need to be computed (see Eq. 10), in addition to the

desired joint accelerations (α). The computed ZMP algo-

rithm computes the net force fnet but not the individual foot

forces (or ZMPs); therefore, this force should be distributed

between the two feet to set the individual foot forces. This

is an under-specified problem; therefore, we introduce extra

constraints to solve it.

First, in order to minimize the interaction forces between

the feet that might cause slippage, we assume that the foot

forces are parallel to the net force [17]. That is, each foot

force is set to a percentage η of the net force. This percentage

is based on the distance from the foot ZMP (local ZMP) to

the computed ZMP:

0fzmp,k = ηkfnet , (31)

0nz
zmp,k = ηk n

z
net, for k ∈ {R,L} (32)

and

ηR =

(

dL
dR + dL

)

, (33)

ηL =

(

dR
dR + dL

)

= 1 − ηR , (34)

where

dk = || 0pzmp,k − 0pzmp || . (35)

Note that nx
net and ny

net are zero at the ZMP. This force, as

represented in the ankle’s frame, is computed as:

A,kfzmp,k = A,kR 0
0fzmp,k , (36)

where (A, k) is a coordinate system that is aligned with

ankle k’s joint axes and its origin is at the ankle joint origin.

This local force has the following moment about the ankle’s

center:

nA,k = A,kpzmp,k × A,kfzmp,k + A,kR0
0nzmp,k , (37)

where A,kpzmp,k is the position of the ZMP for foot k as

represented in the ankle’s frame, and it can be computed as:

A,kpzmp,k = A,kR0 ( 0pzmp,k − 0pA,k ) . (38)

Second, we search for a solution that minimizes the roll

and pitch ankle torques, to minimize ankle energy. This

problem can be formulated as an optimization problem in

which minimizing the roll (nx
A,k) and pitch (ny

A,k) ankle

torques is the objective criteria (function). The first con-

straints are the foot boundaries. Satisfaction of the moment

balance equations in the support plane about the line con-

necting the foot ZMPs, enforces an additional constraint that

the foot ZMPs and overall ZMP must be on a line [17].
(

0pzmp,R − 0pzmp

)

×
(

0pzmp,L − 0pzmp

)

= 0 . (39)

The following summarizes this solution:

minimize
(

norm
[

nx
A,R ny

A,R

]

+ norm
[

nx
A,L ny

A,L

])

subject to :

1) 0pzmp,R is within the right foot boundaries ,

2) 0pzmp,L is within the left foot boundaries , and

3) 0pzmp,R and 0pzmp,L satisfy the ZMP line constraint.

The above formulation provides a general solution for the

force distribution problem. A simple geometric solution for

the common case in which the feet are side by side can

be computed by eliminating the roll ankle torque only. The

solution is based on having each foot force vector intersect

with its roll axis. Further, the line that connects the foot

ZMPs and the overall ZMP is set parallel to the line between

the ankle centers. The resulting equations are:

0p x
zmp,k = 0p x

zmp , (40)

0p y
zmp,k =

−0p z
A,k f

y
net

f z
net

+ 0p y
A,k . (41)

VII. RESULTS

The proposed control is applied to an ASIMO model [18]

(see Fig. 1). It is simulated using RobotBuilder, which

is a 3D graphical dynamics simulation package based on the

DynaMechs library [19]. An approximately 45-second upper-

body “reaching” motion from the CMU motion database is

chosen as an input to the proposed control algorithm [20].

This motion is chosen because it is non-periodic, complex,

and a somewhat fast motion. For this motion, we assume

the feet are always in double support and their positions

are chosen to be side by side with a hip-width distance

between them.

First, we compute the lower-body joint positions by

solving the inverse kinematics for the double support case.

Figure 5 shows the computed ZMP for the entire motion for

different speeds. The original speed of the motion (Fig. 5b)

shows that the ZMP is outside the support for certain

periods; thus the motion was infeasible and the RAC failed

to track it. With a speed of 1.5 times faster than the original

speed (Fig. 5a), the ZMP is outside the support for a longer

period, and greater distance, due to the increase of the

dynamic effects. On the other hand, with a speed of 1.5

times slower (Fig. 5c), the ZMP comes completely inside

the support which shows that dynamic effects are what cause

this motion to be infeasible. With 10 times slower speed

(Fig. 5d), all the dynamic effects were eliminated; thus the

projection of the CoM coincides with the ZMP.

Figure 6 shows how MRAC modified the fore/aft and

lateral torso position, as an example. The motion has been

modified just after the 26th second when the computed

ZMP was outside the support and the synchronization starts

as soon as the computed ZMP returned to the support at

t=26.5 sec. Snapshots of this portion of the motion are

shown in Fig. 7. Note that similar results were obtained for

faster speeds.

Figure 8 plots the actual and desired motion ZMPs while

Fig 9 plots the actual and modified ZMPs. Using the MRAC,

the motion was tractable and balanced. Note that the actual

ZMP never leaves the support. The foot ZMPs for a portion

of the motion are shown in Fig. 10. Each foot ZMP is
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(a) t = 26 sec (b) t = 26.25 sec (c) t = 26.5 sec (d) t = 26.75 sec (e) t = 27 sec (f) t = 28 sec (g) t = 29 sec (h) t = 29.5 sec

Fig. 7. Snapshots from the modified motion (t = 26 sec to t = 29.5 sec).
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(b) Original speed.
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(c) 1.5 times slower.
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CoM projection).

Fig. 5. Computed ZMP for different motion speeds of an upper-body
“reaching” motion [20] that has been investigated in this paper.

located near the roll axis of the ankle. This is because the

vertical (normal) component f z
net of the net force fnet is the

dominant force as shown in Fig. 11.

VIII. SUMMARY AND CONCLUSION

We implement a very efficient and effective dynamics fil-

ter which is applicable for general upper-body motion when

standing in place. The dynamics filter is based on efficient

inverse dynamics calculations. It involves modification of the

motion of the torso so as to constrain the commanded motion

to produce a ZMP which is inside the support. The feasible,

commanded motion is synchronized to the desired reference

motion when the computed ZMP for the reference motion

again falls within the support. Resolved Acceleration Control

is developed for a humanoid to track the desired/modified

motion.

This algorithm produces a feasible motion that satisfies

the foot constraints for highly dynamic upper-body task

specifications. It may be extended to handle the situations

when the projection of the CoM drifts outside the support

due to the desired upper-body motion. This can be achieved

by adding the CoM as a task-descriptor and constraining its
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Fig. 6. Desired (solid) vs. modified (dashed) motion for a portion of the
torso motion.
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Fig. 8. Actual ZMP (solid) vs. desired motion ZMP (dotted) for a segment
of the motion that has been modified.

projection to be inside the support. If the task is unreachable

or cannot be executed, a step can be triggered.

Based on a desired upper-body task specification, com-

putations of the upper-body and torso motion is currently

achieved using a constrained closed loop inverse kinematics

procedure. In the current implementation, the dynamic filter

is decoupled from the upper-body motion generator and can

potentially modify the desired torso trajectory, introducing

upper-body task errors. In future implementations, dynamic

filtering will be integrated with upper-body inverse kine-

matics in order to simultaneously satisfy upper-body task

specifications as well as dynamic balance.
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Fig. 9. Actual (solid) vs. modified (dotted) ZMP for a segment of the
motion that has been modified.
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Fig. 10. Actual (solid) vs. modified (dotted) foot ZMPs for a segment of
the motion that has been modified.
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