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Imitation of Dynamic Walking with BSN for a
Humanoid Robot

Krittameth Teachasrisaksakul, Zhigiang Zhang, Benny Lo, and Guang-Zhong Yang

Abstract— Humanoid robots have been used in a wide range of
applications including entertainment, healthcare, and assistive
living. In these applications, the robots are expected to perform a
range of natural body motions, which can be either pre
programmed or learnt from human demonstration. This paper
proposes a strategy for imitating dynamic walking gait for a
humanoid robot by formulating the problem as an optimization
process. The human motion data is recorded with an inertial
sensor based motion tracking system (Biomotion+). Joint angle
trajectories are obtained from the transformation of the
estimated posture. Key locomotion frames corresponding to gait
events are chosen from the trajectories. Due to differences in
joint structures of the human and robot, the joint angles at these
frames need to be optimized to satisfy the physical constraints of
the robot whilst preserving robot stability. Interpolation among
the optimized angles is needed to generate continuous angle
trajectories. The method is validated using a NAO humanoid
robot, with results demonstrating the effectiveness of the
proposed strategy for dynamic walking.

Index Terms—Balance Control, Body Sensor Network,

Dynamic Walking, Human Motion I mitation, Humanoid Robot,
Wear able Sensors.

. INTRODUCTION

example, Gouaillier et @ generated an omni-directional
walking motion for NAO robot based on a preview controller.
Massah et a]l1[3] introduced a method for planning the robot’s
walking on slopes. Czarnetski et controlled NAO
robot’s walking by using the preview controller and closed

loop control with sensor feedback. Li et[&f] generated
walking patterns for COMAN, a compliant humanoid rqbot
by controlling the center of masklowever, these methods
involve computation of joint trajectories for robot’s motion by
imposing stability constraints, but the resulting movement
may not be naturabr human-like because not all degrees of
freedom (DOFs) are used. Furthermore, generating
sophisticated motion sequences is challenging due to the large
number of DOFs involved.

To overcome these problemsnotion imitation, which
employs human motion capture to acquire motion data and
joint angle trajectories directly, has been explored recently.
However, onde-one direct mapping of joint angle ahuman
to a humanoid robot is not practical because of significant
differencesin joint configurations between human and a
humanoid robot. Moreover, instability and motion beyond the
physical capability of the robot need to be considered when a
humanoid performs the mapped motion. Desirable robot
motion must have intrinsic resemblance to human movement

UMANOID robots have been used in a wide range oWhile maintaining the balance of the robot and respecting its

applications that require human-robot

interactiomechanical constraints. To this end, several solutions have

including entertainment [12] [3], healthcare[#[5), and been proposedror instance, gesture replication by Gaertner et

assistive living[[§]. They have also been used for assistiad.[16]

employed non-linear optimization to satisfy

children with learning difficulties[ [7] to encourage sociamechanical limits of the robot and desired hand positions and
interaction [[§ [9) and provide verbal and/or physicalmaximize angular similarity between human and a robot.
encouragement|1D]. One of the challenges for suchPollard et a@ scaled each joint’s angular trajectory locally
applications is how to make the humanoid robots perforin order to satisfy joint limits of the robot. Ott et

different human movements naturally. In practice,

thachieved motion imitation by using Cartesian tracking. In this

imitation of upper limb movement is relatively simple, sincénethod, a set of control points on the humanoid robot were
robot stability is easy to control if light weight arms are usedrtually linked to measured marker positions a subject’s

. For whole body movements, however, motion imitatiofpody via springs Dariush et a@ enabled uppebody

is more challenging. Dynamic walking, for example, ignotion replication by a humanoid robot by tracking motion

difficult for the humanoids to imitate, as existing robots lack gescriptors defined in Cartesian space while fulfilling the

human’s complex set of autonomic sensorimotor balance andequired

control.

constraints. Suleiman et [20] represented
mechanical limits by minimizing differences in joint angles of

Thus far, huma walking reproduction on humanoid robotshuman and robot based on recursive dynamics. Jingru et
has been mainly conducted through motion generation. Fak[21] converted human motion into a robot’s motion through

minimization of time and angular differences between
trajectories of a human subject and a robot. All of the above

The authors are with the Hamlyn Centre, Imperial @elldondon, : ;
London, SW7 2AZ United Kingdonfe-mail: {kt1312, z.zhang, benny.lo, methods dealt with Only upper bOdy movements, and they did

g.z.yang}@imperial.ac.uk). Preliminary results of thipgrawere presented at NOt consider robot stability due to the exclusion of lower body
BSN 2014, Zurich, Switzerland.
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movements. systems to acquire human motion, which can offer a similar

For imitation of full body human motion, the main focus ofracking accuracy of optical system, but overcomes the
existing methods is on balance maintenance. Two stabilifynitation on cost and usability. We further extends our initial
criteria which are used in these studies include Zero Momemsults reported i@, and focus on dynamic walking motion
Point (ZMP) and Center of Mass (CoM). The generabproduction by performing optimization and interpolation to
pipeline of balance maintenance involves designing ZMBwer body joint angle The main contribution of this paper
trajectory for a humanoid robot, computing reference Colhcludes: 1) the task of dynamic walking imitation is deemed
trajectory from the ZMP trajectory, and constraining @n optimization process that seeks for joint configurations
humanoid robot to follow the reference CoM trajectory. KinDwing to inconsistencies in the joint structures of human and
et aI proposed a method for imitaty full body dance a humanoid robot, a cost function for minimizing angular
movements. The ZMP trajectory of the robot was generatdifferences between human trajectories and robot trajectories
based on the support region and used to compute refereieproposed; 2) To maintain the robot balance during dynamic
CoM trajectory by recursive equations. Under this scheme, theking, the centre of mass (CoM) can be outside the support
robot’s pelvis was forced to follow the reference CoM to area for a short duration rather than keeping its projection
maintain balance. Hu et used human walking data to inside the foot support area throughout the motion. A novel
allow walking replication by a humanoid robot. The robot’s and simple CoM trajectory scheme is thus designed to make
ZMP trajectory was designed by projecting pelvis positiothe robot walking imitation dynamically stable; 3) To simplify
according to support area then reference CoM trajectory waaplication of walking, key motion frames in a gait cycle are
obtained by a preview controller. Closed loop inverseselected and the proposed optimization approach is applied to
kinematics was applied to follow human end-effectothese key frames only. Interpolation among the key frames is
positions. Koenemann and Bennew@[ performed whole then employed to generate continuous angle trajectories. The
body motion imitation by finding valid foot positions and method is validated using a NAO humanoid robot, with results
applying inverse kinematics to compute lower body jointlemonstrating the effectiveness of the proposed strategy for
angles. However, the method was validated by using resultalking imitation.
from standing on one leg motion, not walking motion. It
considered only static stability, not dynamic stability. Boutin Right Left
et al@ imitated human walking. The ZMP trajectory of the head
robot was derived based on foot trajectories; and the CoM shoulder
trajectory was also generated bypreview controller. The ) z, {0} —

e . . . . . elbow ; Joint axis name
optimization algorithm for inverse kinematics was employed S X)—“‘

to find the joint angles that satisfy constraints on the swing wrist — Y‘f‘“’
foot and the reference CoM. However, these methods are al mm=  Pitch
== Roll

based on optical motion tracking, such as E}E and Vicon
[28). Despite the highly accurate results they can provide, the
use of optical tracking involves expensive cost and complex

{6147} S - 152

installation, limiting them to laboratory environment only. In {8} mm knee mmm o 13}
addition, the use of optical motion data complicates the
process of motion imitation because marker locations acquirec {9} {10} ankle 4@ . {4}.{5}

from the. optlcal motion tracker has to.be S.C"?"ed to fit to I‘—'jllg. 1. Kinematic representation of the jointsadfumanoid robot NAO H25
humanoid robot before transformed into joint angles by

inverse kinematics[2P] [30]. Furthermore, all of these "
approaches require complex computations of the stability '
criteria and consideration of all motion frames in order t4- Biomotion+ and NAO Robot
generate robot motion, which involves extensive computation For motion capture, the Biomotion+ platform developed by
load in practice. To this end, several methods whictne Hamlyn Centre has been used. It is an inertial sensor based
performed optimization to minimize error between movementsotion tracking system involving sensor calibration, sensor to
of human and a humanoid robot and interpolation betwe@&ody segment alignment and body segment orientation
discrete time points have been propofg|[L9][20][2]. For  estimation [33. Capturing full body movement
example, Kim et a@ optimized joint angle trajectories to requires the placement of nine sensor nodes on the sternum,
minimize error between movements of human and a humanaigper arms, forearms, thighs, and shanks of the subject. Each
robot; then applied spline interpolation to smooth angiwearable node includes a tri-axis magnetometdraxis
trajectories of upper body. Boutin et formulated inverse accelerometer and gyroscope. The locations and the
kinematics as an optimization problem to find joint angles faneasurements of each node enable the estimation of
walking that satisfy motion constraints. However, thessegmental orientation. The orientations of all segments allow
methods applied optimization and interpolation to upper bodiie reconstruction of full body motion. The humanoid robot
joint angles only. used for this study is a NAO H25 robot. The NAO robot has a
In this paper, we applied wearable inertial sensor-basadight of 58 cm and the kinematic representation of the joints

DYNAMIC WALKING IMITATION METHOD
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of NAO H25 is illustrated i1. More specifically, therespectively. Several constraintsincluding mechanical
neck of the robot has 2 DOFs. Each arm has 5 DOFs: 2 DOEgpstraint and stability constraints should be satisfied as well
2 DOFs, and 1 DOF at the shoulder, elbow, and wrisduring the optimization process. The required constraints are
respectively. Each leg has 5 DOFs: 2 DOFs, 1 DOF, andshown il Fig. ? In the rest of this section, we will explain
DOFs at the hip, knee, and ankle, respectively. The NAthese constraints in detail.

robot contains a total of 23 DOFs and the kinematic model
the robot, however, contains 22 DOFs due to the exclusion
Hip Yaw Pitch joint axig34].

B. Generation of Joint Angle Trajectory

For the Biomotion+ platform, quaternion with respect to th sw

-, ax,t
global reference frame is used to represent orientations of N,
segments, which are converted into joint angles. Tt Emsmdil pY
conversion of the orientations into joint angles require I elen o~ corccceccoccrcec ol
. . . . - c
orientation difference between any two adjacent boc X L. v Pyi B
segments. Fig. 2. The constraints of the humanoid robot reguire the proposed

Given any two quaterniory,, and g,, the orientation framework for human walking imitation.
differenceq’ from q,, to q,, is defined as:

q'=d, ® '
where® is the quaternion muItipIicatio. The conversion
of orientation difference’ into the rotational angles requires
the Direction Cosine Matrix (DCM) representatiéfg’):

C(q") = (g5 — e"e)l3xs + 2ee™ — 2q4le x|  (2)
wheree andgq, are the vector and the scalar component of the
quaterniong’, and|e x] is an operator for cross product. The R
transformation of the rotation matrix into Euler angles is
specific to each joint. The angles of shoulder, elbow, hip, and
knee joints can be computed from the motion capture data 'kr1 kr2 kr3 'krs
The rotation sequence for computing the angles of should€iy. 3. The development of reference CoM positioly-axis. The four dots
hip, and knee is XZY. The sequence XZY defines rotations ofigpresent reference CoM positions in y-axis at ther fazy locomotion

. . . . frames. L is left foot and R is right foot.
rotating reference frame about its Z-axis, Y-axis, and X-axis,
respectively. Shoulder Pitch and Shoulder Roll, axes of 8 Balance Constraint

shoulder joint, are set to align with the X and Z axes of theTo maintain the robot balance during static walking - a topic
reference frame. Hip Pitch and Hip Roll, axes of a hip jointocused by our previous Wor@ - the projection of centre
align with the X and Z axes. Knee Pitch of a knee joint alignsf mass (CoM) on the ground should be inside the foot support
with the X axis. Additionally,YZX and YZY are the rotation area. However, for dynamic walking robots, the CoM can be
sequences for computing elbow angles. To acquire the angtegside the support area, which mainly happens when the
of Elbow Yaw and Elbow Roll joint axes, Y-axis angle of YZXsupport leg changes from left to right or from right to left.
and Z-axis angle of YZY are computed. Therefore, a simple CoM y-axis trajectory scheme for a gait
cycle is designed as showr{in Fid. 3.this figure, each gait
cycle is segmented into 4 phases: teftight transition, right

1) y-position

Time

C. Walking Motion Imitation foot support, righte-left transition, and left foot support. The
1) Formulation of Walking Imitation Task as an Optimizationgait segment is based on four key locomotion framgs,,
Problem txras trrs, tkra, detected from human hip flexion angle and

The task of motion imitation is deemed an optimizatioshank angular velocity. To take the walking dynamics into
process that seeks for joint configurations. Maintainingonsideration, the righb-left (or leftto-right) transition
resemblance between robot motion and human motion is tfeould start before the left (or right) heel touches the ground.
key objective of motion imitation. Therefore, the estimationtn our implementationtyr, andtyr; are taken as the time

of robot joint angles vectd, at timet should satisfy: points when maximum right and left hip flexion angles exist,
s . as shown if_Fig. 4. Meanwhile, the rightleft (or leftto-
e = ar%r?lnL(Bt) (3) right) transition should end before the right (or left) toe leaves

the ground. Here, we choose the left and right toe off points as

the key frametyr, andtgp,, respectively. As opposed to the
L(B) = 1B — acll® (4)  point when a foot is flat, toe off point is selected as a frame

and B, and @, are the humanoid robot’s and a human boundary because it represents the actual ending of left foot

demonstrator’s joint angle configurations at time ¢, Support or right foot support and it allows more time for the

where
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transition of the CoM.Heel strike is selected as a frame

boundary because it represents the beginning of the left foo t t t t

support or right foot support. The derivation of the y-axis of 4q. I,CF] ,KF2 K,F3 {<F4

reference CoM poiny"*/ is shown |h Becausetyy, 30! - S '
- \

andtgy5 are the moment prior to right heel strike and left heel
strike, respectivelyy ™ is transferred from the left to the

right foot during the period betweeny, andtgy,; and vice

1
1
I
I
:
axis of reference CoM point can be written as: 10! | | ~', ol
1

versa during the period betweeg.; andtgp,. Thus, the y- 0
—
cref ! ! !
_20 I 1 Il H 1 1 L 3
Y T — Y 1 21 41 61 E|31 101 121 141 161
- } } }
v+ T ity <t <t L | |
t - tKFI 5 1 } I [}
v, if tipy <t < tirs (5) A AN T
= If rf 3+ s " 1 1 1 1
rf o Yo — W . ol K4 v 1 1 1
Yot T r— if tgps <t <typg ] !.’ b ¢ : ! !
H| » | 1
y;f' if tKF4 <t< tI,(Fl _(1) ! ‘\ .i"‘: _____ A L 4
i Ve .
wherey” andy/” are the y-coordinates of the center of the -2 ! VY
left foot and the right foot, respectively, at timety, is the B ‘ ! 1 I ]

first key frame of the next gait cycle. Accordind to Filyt,4-+ '41 51 41 61 81 101 121 141 161

andtgp; are taken as the time points when maximum right arry. 4. Criteria for selection of four key locomatiramestr1, txrz, txrs.
left hip flexion angles exist. These are the time points after thes. Left/Right hip flexion angles in degrees derived frdne wearable

mid-swing phase and before a heel-strike event. The miiagrtial motion capture system (upper) and left/righarghangular velocity
round x-axis in radians/second (lower) measured dirbgtthe gyroscope in

swing phase is characterized by positive peak of shank anguiaﬁait cycle. The angles and angular velocity df &nd right leg are
velocity . txro andtgy, are detected from shank angularrepresented by the normal lines and the dashed liespedtively. The
velocity. Terminal contact (TC) or toe-off event ishorizontal axes of both plots represent the frame irfemotion. Heel strikes
characterized by a negative peak of shank angular welocf 'eft and right feet are represented by diamond ethgoints.

:

The reference CoM position of the x-axis is also chosen y
based on the four phasér the left foot support or the right ! ! :
foot support phase, the reference CoM x-axis positipif’ : | '
can be taken as tepport foot’s center: L ' i :
1
ref 1 : k : i i
g o ~
k=1 | | i
. e 1 1
where xf”’k is the k™ corner position of the support foot at R ! i
time ¢t. As shown i, during the transition periads;*’ | I |
. 1 1
can be writtenas: p — X
xC'Tef th tKFz’ IKF3 tKF4’ th
‘ rfc _  lfc Fig. 5. The development of x-axis reference CoM pasifitne dots represent
xlfc + Xt Xt if t <t<t the reference CoM positions at the key locomotion frainésleft foot and R
t t —typ KF1 KF2 7y  is right foot.
= xlfc _ xrfc
Lx: fey e Tt if typs <t <tgpa In our implementation, we use the trunk or torso position as
t —tkrs the CoM since it contains the majority of the robot’s mass.

where the center position of the left f@ql{ ¢ ard the center The actual torso position is computed by forward kinematics

position of the right foox;” are defineds: of the robot
4 pi = Trans(Fr(,b’t, 0,0)) 9)
xéf €= Z xif " where Trans(-) is an operator for obtaining the translational
u:l ®) part of a transformation matrix anf.(-) is the forward

kinematics function, which can be written as:
rfc _ rfv
X = Z X W2
v=1 E(a,wy,wy) = 1—[ T (o) (10)
where x/* is theu™ corner position of the left foot and”* j=wa
is thev'™ corner position of the right foot.
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wherew, is the index of a base frame, is the index of an stumbling of the robot. Thus, the swing foot’s real orientation
end-effector frame ’,_1Tj’ is a transformation matrix from the a¢" must satisfy:

j" link frame to the (j — 1)™ link frame of the robot’s laz” |l < 3" (18)
kinematic model, andy; is the angle of thg™ joint. The \wherees" is a threshold for orientation deviation of the swing
stability constraint can thus be written as: foot. Real orientation of the swing foot can be computed b
||Prc _ ptc,ref" <& (11) forward kinematics:
where & is a small threshold a2’ = Rot(F. (B, b1, by))- (19
Finally, the Sequential Quadratic Programming (SQP) can be
3) Foot Constraints applied to solve the formulated optimization problem with

To make the robot walk more staptjie swing foot should non-linear cost function and constraints for each frame
not be lower than the ground or lifted too high. Therefore, treeparately{38|[39]. For the ease computatioanly the four

height of the swing foqt;} (B;) must satisfy: key frames are sent to the proposed optimization framework to
0 < pW(B,) < pSwmax (12) obtain the .robot’s optimal jgint cqnﬁgurati_ons at th_ese frames. .

=Pzt Wr) = Ps Interpolation based on Piecewise Cubic Hermite Interpolating
wherep;”™** is the maximum swing foot height which is anpolynomial (PCHIP{4Q] is applied to the joint configurations

empirically chosen parameter. It is based on the default valige order to obtain intermediate joint angles among these
of the parameter used in the walking controller of the NAGames and to complete a gait cycle of the tobo
robot [B7. Actual swing foot height can be computed by

forward kinematics of a kinematic model of the robot: TABLE |

THE SPECIFIEDV ALUES OF THE CONSTRAINTS

p" (Be) = Trans(Fr(.Bt' b, bz)) (13 Threshold The values of the constraints

wherep; is the robot’s joint angle configuration at time t, and &% (m) [5x10° 5x10% 5x107"
b, andb, are the base frame index and the swing foot frame &5V (degree) [2 05 4T
index of the robot’s model. According tb_1 andb, are £ (m) [1x10? 1x10° 3x107"
1 and 5 for the left foot; and 6 and 10 for the right foot. - -

&& (degree) [13 3 10]
4) Mechanical Constraints TABLE Il

The j(_)int .ar!gles Qf the rObO.t _have .tp be within itS pean aND STANDARD DEVIATION OF ANGULAR ERRORS(IN DEGREES OF
mechanical limits particularly the limits of joint angles. Thus, HuMAN JOINT ANGLES AND OPTIMIZED ANGLES OF THEROBOT'S JOINTS IN

B must satisfy WALKING MOTION
) Joints Mean SD
min max

B <P <P (14 Left hip ol 4.0682 7.4602
where ™" and g™ are minimal and maximal angle Left hip pitch 6.1685 3.6835
configurationsof the robot’s joint. Left knee pitch 13.3663 | 6.9338
Right hip roll 3.6242 4.4084
- . Right hip pitch 7.8396 5.7270
5) Artificial Constraints Right knee pitch 7.1109 2.1900

In addition to mechanical constraintseveral artificial
constraints can also be considetedmake the robot walk
more naturally and improve balance maintenance. Since m
significant changes in KneePitch angles between two motion '
frames can pose an abrupt change in torso height and thusExperimental Setup
instability; therefore, KneePitch anglg, . must satisfy: Human walking was used for validating the proposed
||[;prt — pr|| < exp (15) framework for motion imitation. To produce robot motion, the

proposed framework was employed to adapt the captured

where denote a desired KneePitch angle apgd denote a . . . )
threshlgfg for Knee Pitch angle er?or k:’ﬂ the reafiuiman motion data by using the constralisted if TABLE ||

implementationyyp, andeg, are set to 0.95 and 0.05 radiansB. Experimental Results

empirically. Furthermore, to limit the robot’s body sway To examine whether the humanoid robot is able to perform
motion, the torso_ is co_ntrolled to align with the_ global framel;he generated movement, the optimized joint angles were
thus an actual orientatiarf of the torso must satisfy: transmitted to NAO robot for joint rotations. The successful
llagll < &g (18)  imitation of human gait by the robot is illustrated in Fipj. 6(b).
wheree§ is a threshold for orientation error of the torso afid The robot was able to perform similar postures compared to
is an actual torso orientation that can be computed by forwandman and follow three gait cycles in the sagittal plane by

EXPERIMENTAL RESULTS ANDDISCUSSIONS

kinematics: executing repetitions of the generated movement. Moreover,
al = Rot(pr(ﬁt’ 0,0)) (17 the balance of the robot was maintained throughout the period
. . . f motion.
whereRot(+) is an operator for obtaining the rotational part o? otio

The proposed dynamic walking imitation framework can be

a transformation matrix. Forcing the alignment of the swin . . : .
adily generalized to any generic motion capture systems.

foot with the ground plane is also considered to preve
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b) shows the imitation results of walking data capturdtie corresponding trend to human angles of the same joints.
with Vicon, the optical motion capture platform, which is the Despite the similarity observed through visual inspection,

'S U R S O

Fig. 6. (a) Human walking gait ac
(b) the robot walking reproduced from the Biomotioratad (b) the robot walking reproduced from the opticabdat

dataset of subject 7 (trial 2) from Carnegie Mellon Universitguantification of the similarity between human and robot
(CMU) motion capture database. It is evident that the dynamialking requires inspection of mean angle errors as listed in
walking can also be imitated by the Nao robot. The propod@@BLE 1] These values are the errors between human and
framework was also applied to other nine walking datasets @ftimized angles at the key frames. The errors of both Knee
different subjects and similar results were obtained. The meRiich joints are, however, less thad® due to the artificial
and standard deviation of CoM velocity of 10 CMU datasetonstraint which maintains Knee Pitch angles at specific
were 1.1212 £+ 0.3295 m/s. The CoM velocity was estimatedvalues in order to avoid immediate change in the robot’s torso
from the displacement of the centroid of four hip markers ovéeight. The errors of both Hip Roll joints are relatively small
time. as these errors are less than®4The errors of left and right
In|Fig. 6 and Fig. |7, it can be observed that the left knédip Pitch joints are lower than°8which is acceptable
angles of the robot did not appear to match to those of tAthough the differences in Knee Pitch joints are relatively
reference skeleton, e.g., during toe off. There are two causesaige, Hip Pitch joints have a greater effect on foot positions
this difference: 1) the constraint on KneePitch anglel8),( than Knee Pitch joints because positions of the former joints
and 2) the constraint on swing foot positions, 12)( The are higher than those of the latter joints. Moreover, the mean
former limits the change of KneePitch angle within a@rror of all Hip Pitch, Hip Roll and Knee Pitch joints is
predefined range while the latter limits a swing foot height t6.0296. Therefore, the optimization framework is able to
be between the ground level and maximum swing foot heighlieproduce robot walking that is similar to human walking.
These constraints are imposed so that the robot can detach thEhe mean values of joint angle errors of human and the
foot from the ground without considerable changes in angle afbot for each of the ten datasets from the CMU database are
knee joint of the swing foot. The considerable changes showbown iff TABLEIIT] The overall mean errors of all joints are
be prevented because the robot’s actuator speed will not be  similar to the mean errors of the dataset 10 of which imitation
able to return to the angle that creates a stepping stance. result is shown i7. Moreover, the trend of the mean
C. Quantitative Assessment errors of the optical data is corresponding to the trend of mean
' ) ) errors of the inertial sensor data. The errors of Knee Pitch
Three requirements selected to assess the effectivenes§ypiis are larger than the errors of Hip Pitch joints due to the
the proposed strategy for motion imitation include: similarity,se of the constraint limiting Knee Pitch angles. The mean
between movements of human_and ro_bot, motion feasibilitY .o s of Knee Pitch angles are lower tharf 45d the mean
and the balance of the robot during motion. _ errors of Hip Pitch angles are lower thahThe relative low
1) Similarity between Human Motion and Robot Motion mean errors in Hip Pitch and Knee Pitch angles also

hThi magl |nd|c§itor for agcomphslhlng mot|0tr)1| |m|tat|orr1] 'Sdemonstrate the similarity between human motions and robot
that the robot motion must bear a close resemblance to hu ions. The mean values of the left and right Ankle Pitch

motion. In this work, similarity between the two movements iangle error are 10.643@nd 9.576% respectively, which are
enforced by the cost function of the proposed framework thr%n ' ' ’

o S . ) latively large. he trend of human and the robot’s angles of
maximizes smylanty betweep hur_nan angle trajectories a ee Pitch and Ankle Pitch joints are also not similar due to
r(_)bpt _trajectorles as descnbe_d n .(3) and (4). Thus, ﬂﬂﬁe use of two artificial constraints on Knee Pitch angles and
similarity between the angle trajectories of human and robot

. . L §§ving foot orientation. The former maintains Knee Pitch
examined in order to assess the similarity between tlé

. . - A %gles at the constant desired vajudsrefore, the robot’s
mot:ons_. ?S STOtWQ |8(at)_ ' 8f(b)’ the H'Ip Plrt]c nee during toe off is not flexed backwards as much aothat
angies Interpolated among optimized key frame angles NaYGman. The latter constrains swing foot orientation to align
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with the ground therefore, during toe off, the robot’s foot is 3) Robot Balance during Walking Imitation

not tilted downwards and its ankle is not extended as much aghe condition that determines the success of walking and

that of human. other whole body movements is the robot balance. The static
The main metric for motion similarity in this paper is mean

0.4

joint angle error. The mean values of the hip pitch angle error ’Q
can indicate similarity between the movements of a human % 0.2
subject and the robot because the knee pitch angles were g
constrained to be within a predefined range by one of the 5 o
artificial constraints in X5). Therefore, without significant T 02
changes in the knee pitch angles, leg movements were mainly fQ
affected by the changes in the hip pitch angles. As shown in = 04
the mean values of the hip pitch joint angle errors ]
were lower than 2 degrees. This demonstrated similar trends 0% os 1 15 2 25
of hip pitch joint angles of both human and the robot and thus () Time (s)
the similar movements. — 04:

The criteria used in motion imitation other than motion %
similarity in terms of joint angled1p| include minimum 5 0.2
consumed energy (MCE[4]] 43], minimum torque g
change (MTC)[44], maximum motion velocity (MMV)[45] s 9
and minimum joint velocities (MJV. The advantages of a 02
MCE criterion are that the generated motion was relatively %‘ /
similar to that of human; and battery life or operation time is £ -0.4f
long. The advantage of MTC criterion is that smooth variation -DC—:”
in link acceleration and torque results in more stable generated 08095 1 15 2 25
motion [44]. MMV criterion was reported to produce gaits (b) Time (s)

with increased speed but also required an additional constratiy 8. The joint angle trajectories of (a) left Hip Pitdirjt and (b) right Hip

on foot impacts; and MJV criterion was reported to producﬁémh joint during awalkmg cyclg. The trajectoriaslude the trajec.torles‘ of
| and th gait ith back d tilti f pel uman (green) and the trajectories of the robotk)larhe robot trajectories

unnatura and non-smooth gaits with backward titing Of PVigere interpolated among the optimized angles at théraeyes.

and fluctuation in pelvis heiglfé§]. In the proposed method,

motion similarity (MS) in terms of joint angles is used as thequilibrium can be maintained if actual CoM position is inside
only criterion in the cost function because the implementatiahe support area. However, for dynamic stability, CoM
of the MS criterion is straightforward due to availability ofposition can be outside the support region for a short duration
joint angle trajectories; and it does not require derivation oluring walking. Since the robot’s torso position is used to
forces acted on joints and joint torques as in MCE criterioapproximate the CoM position, actual torso positions were
The proposed method considers only single motion criterioBomputed by using angle trajectories and forward kinematics.
However, human motion is resulted from a weightedngle trajectories were derived by cubic polynomial
combination of several motion criteria. The effect of using th@terpolation among optimal angle configurations at the key
combination as a cost function could be investigated, and tiggomotion frames. The robot’s torso trajectories in x-axis and
combinations that generate motion with desirabl¥@XiS are shown ih_Fig.]9. The x-axis torso positions are

characteristics could be found in the future within support region for the whole period of walking. The
' majority of y-axis torso positions are within support region.

However, the parts of y-axis torso positions which account for

) o ) ) .
It is feasible for the robot to imitate human motion only happrommatel_y 9.8039% of a gait cycle time are outsrmhe
support region. This occurred during transferring the

thejoint angle is within the robot’s joint limits because motion S . - X
o . : rojection of mass between two fe€his gait was considered
can be produced through joint actuation. Therefore, in order’io . o .
namically balanced because, by definition, dynamically

satisfy this requirement, the proposed approach includes tba anced gait occurs even if the floor projection of the CoM is

mechanical constraint defined inl4. To evaluate the utside the support region while the ZMP is within the support
feasibility of motion, optimized joint trajectories are tested s PP 9 . . PR
L . L Tegion [A7]. Moreover, torso trajectories in both axes are in
whether they are within the mechanical limits. As shown in 2"~ : g .
roximity to the middle positions of the support region

the trajectories of left Hip Pitch and right Hip Pitch ar{ecause the reference torso positions are set to be the center of

within the robot’s joint limits. Particularly during the period : : ;
from 1 to 1.5 seconds, angles of right Hip Pitch do not tge foot during _Ieft fO.Ot support and r_|ght fO_Ot support. This
. L ... Arend of the trajectories indicatesrelatively high degree of
beyond the lower limits of the joint due to the optimization,_, ;. : . . o
. . . stability. If there is any error in controlling the torso position,
framework and interpolation method which preserves the o . . I
. : ..o . aclal torso position close to the middle position will still be
shape of the trajectory. Thereby, motion feasibility is: . . . .
achieved within the support region compared to the position that is

close to the boundary of the support region. Accordingly, the
torso trajectories exhibit the effectiveness of the proposed

2) Feasibility of Motion
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scheme in maintaining torso position inside the support arfamework: with and without mechanical constraints on Ankle
and preserving the robot balance. Roll angles and Hip Roll angles. These constraints were those
The threshold on stability criterion, as defined 11)( was imposed within the optimization framework. Then, the Euler
selected for evaluation because the threshold controls the eangles of torso orientation around x-axis and y-axis of the
or displacement between reference and actual CoM positioglebal reference frame were computed by using the robot’s
which relates to the stability of the robot. Since the referenematic model and shown ifi_Figll] In actual
positions are set to the center of support region, an increaseniplementation, the specified minimal and maximal limits of
this error increases the chance of the actual position beiHip Roll joints are 12° and 8, respectively. The specified
outside the support region; and increases degree of instabilityinimal and maximal limits of Ankle Roll joints aré2 and
In order to investigate the effect of the threshold on stability2°, respectively. The ranges of these limits are narrower than
criterion on the robot’s stability, the threshold was set to  those of the real joints. Constraining Hip Roll and Ankle Roll
different values and the resulting torso positions duringint angles directly affect the x-torso rotation, which
walking were inspected. Two groups of parameter settings @&presents rotation of the body towards the left or right
reported irf_Fig.10] were used in this investigation. [In_Flg.direction. As shown ifi_Figddlb), the variation of x-torso
[10ta), as the x-axis value of the threshold was increased, thetation angles during a period from 0.75 to 1.25 seconds and
torso positions in x-axis deviated from the reference positiomsperiod from 1.75 to 2.25 seconds is greater than the variation
by larger extent, particularly during the period between 0&f the angles ifi Figiila) during the same periods. The
and 1 second and the period between 1.5 and 2 secondsgriater variation in x-rotation angles signifies more intense
[Fig. 10tb), as the y-axis value of the threshold was increasesbdy sway, which can adversely affeht robot’s stability.
the deviation of the torso positions in y-axis from the referendeherefore, the mechanical constraints on Hip Roll and Ankle
positions was larger, especially during the period from 1.5 toRoll angles can reduce variation in body sway around x-axis
seconds. Therefore, increasing the threshold on stability cand thus improve stability.
introduce larger errors between torso positions and referencgrtificial constraints including the constraints on Knee Pitch
positions which may lead to higher degree of instability. angles, torso orientation and swing foot orientation were also
Generating dynamically stable gait is one of theequired in our methodConstraining Knee Pitch angle of the
contributions of this papeDynamically stable walk is defined robot, as described iri%), is needed because human walking
as walking motion with the ZMP residing within the supportequires considerable variation in knee angles in order to tilt a
region while the projection of the CoM on the floor beindoot in a toe-off posture and detach the swing foot from the
outside the support regiol#7]. The experimental results asground while the robot walking requires a foot to be flat, i.e.
illustrated in[ Fig. $demonstrated that the robot’s gait was aligned with the ground, but does not require toe-off.
dynamically stable and the robot does not experience a fatherefore, for the robot walking, the changes in Knee Pitch
even though the projection of CoM was outside of the suppamgle should be kept to be within a predefined range. Forcing
region for approximate 9.8% of the entire walking period. Thithe torso orientation to be within a predefined range, as
supports the contribution that the gait is dynamically stable. described in 16), reduces the chance of falling because
leaning the body too much in any direction would cause the
4) Importance of Mechanical Constraints and ArtificialCoM to be moved further from the centre of the support
Constraints polygon. Constraining the orientation of swing foot to be
In order to investigate the importance of the mechanicaligned with the ground, as described i8)( is necessary
constraints on the stability of robot motion, a detailedince tilted swing foot would lead to undesirable contact
experiment was further conducted. The motion data capturedtween a swing foot and the ground, stumbling, and lbss o
with the Biomotion+ was processed twice by the proposdshlance.

0.3 0.15(
—~ 0.2 frmrm———— —~ 0.1
E E
X >
o & 005/
7 7
o o
= o,
Ol 05 1 15 2 25 00% %55 1 15 2 25
@) Time (s) (b) Time (s)

Fig. 9. Torso positions in (a) x-axis and (b) y-axigabot walking. The lower and upper borderstlaf robot’s support region are represented by the two
external dashed lines. Reference torso trajectoriagpresented by the middle dashed lines.
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Fig. 10. Torso positions of robot walking: (a) in x-axis whére tx-axis value of the threshold ihlf is altered; and (b) in y-axis when the y-axis eafif the
threshold in 11) is altered. The values of the threshold on stalifitgrion in (L1) are shown in the legends. The lower and upper boafeherobot’s support
region are represented by the two external dashed.|IReference torso trajectories are represented hyiddée dashed lines.
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Fig. 11. Torso rotation angles (in degrees) during robokinglgenerated from optimization of the Biomotion+adgg) with mechanical constraints on Hip
Roll and Ankle Roll angles and (b) without the mechahconstraints. Torso rotation angles around x-axis endsyare represented by normal lines and dashed
lines, respectively.

TABLE 1lI
MEAN OF ANGULAR ERRORS(IN DEGREEY OF HUMAN JOINT ANGLES AND OPTIMIZED ANGLES OF THEROBOT’S JOINTS IN WALKING MOTION. THE ANGLES
WERE OBTAINED FROM CMU MOTION CAPTURE DATABASE.

Dataset

Joints 1 2 3 4 5 6 7 8 9 10 Mean
Left Hip Roll 4.1611 5.1575 | 4.5865 3.594 5.837 3.0465 6.2117 3.047 5.5377 4.3447 4.5524
Left Hip Pitch 1.5959 1.5872 1.7722 1.3432 1.7823 1.9397 1.6997 1.6819 1.6182 2.2668 1.7287

Left Knee Pitch 3.7369 3.9863 | 4.7411 3.4713 2.622 4.0583 2.6859 4.7924 | 4.4905 8.4944 4.3079
Left Ankle Pitch 9.9745 | 11.1923 | 9.9930 8.2771 | 13.2369 | 11.7410 | 13.5317 | 12.1934 | 7.3589 8.9315 | 10.6430
Right Hip Roll 6.3022 6.0538 8.6326 4.4643 6.0969 3.7428 5.9031 4.9911 8.0758 4.805 5.9068
Right Hip Pitch 1.5426 1.4943 1.6904 1.3282 1.7506 1.8633 1.6756 1.5786 1.5728 2.3458 1.6842
Right Knee Pitch 3.1551 2.7022 3.7172 3.2598 2.4389 3.7519 2.3983 2.7052 2.9958 6.6544 3.3779
Right Ankle Pitch | 10.2651 | 9.7917 8.6809 6.2328 9.9994 9.6142 | 10.1827 | 9.2248 | 10.1855| 11.5855| 9.5763

motion data and optical motion data. The experimental results
IV. CONCLUSION AND FUTURE WORK have demonstratl the effectiveness of the proposed strategy

In this paper, we have presented a method for imitation & dynamic walking motion imitation. .
dynamic human gait by a humanoid robot. We modelled the The future work could involve extending the current
task of dynamic motion imitation as an optimization procedgethod to deal with fast dynamic matwincluding running
which minimizes differences between joint angle trajectori¢dd full body movements with an intense angular momentum
of human and robot. Constraints to the minimization were al§eated by arm motion. This could be solved by considering
considered to maintain the feasibility of the robot imitationZMP s a stability criterion. The future work could also relate
To maintain the robot balanceve presented a novel CoM 0 improvement on the speed of walking and consideration of
trajectory strategy, which did not restrict the projection of th_g.elf—cqlllsmn avoidance gnd higher d¢r|vat|ves of joint limits
CoM within the foot support arego make the robot imitation including angular velocity, acceleration and torque. Future
dynamically stable. Key motion frames in any gait cycle wer@0rk could involve considering energy minimization in the
also extracted. Only the angular data of key motion fram&8St function of the optimization framework; and working on
were optimized and continuous angle trajectories among théé_@blhzatlon s_trategy without _the artificial copstralnt on knee
key frames were generated by interpolation. The method wRich angles in order to obtain more humanlike motion for a
verified by using both the wearable inertial sensor basétmanoid robot.
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