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Abstract This work presents a walking pattern generator
based on the control of the center of mass (COM) states and
its experimental validations on the compliant humanoid robot
COMAN powered by intrinsically compliant joints. To cope
with the inaccuracies of the joint position tracking resulted
by the physical compliance, the proposed pattern generator
uses the feedback states of the COM and on-line computes
the updated COM references. The position and velocity of
the COM are the state variables, and the constrained ground
reaction force (GRF) limited by the support polygon is the
control effort to drive the real COM states to track the desired
references. The frequency analysis of the COM demonstrates
its low frequency spectrum that indicates the demand of a low
control bandwidth which is suitable for a robot system with
compliant joints. The effectiveness of the proposed gait gen-
eration method was demonstrated by the experiments per-
formed on the COMAN robot. The experimental data such
as the COM position and velocity tracking, the GRF applied
on feet, the measured step length and the walking velocity
are analyzed. The effect of the passive compliance is also
discussed.
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1 Introduction

The first modern walking robot was developed over 40
years ago (Takanishi et al. 1985) and today most powered
humanoids still follow the same design philosophy of using
rigid actuated joints, coupled to controllers that regulate the
zero moment point (ZMP) (Vukobratovi¢ et al. 2004). This
design and control paradigm has formed the basis for the
development of a variety of highly successful humanoids
powered by electric motors, including the WL-10RD robot
(Takanishi et al. 1985) which was an early example of a suc-
cessful dynamic walker and later designs such as the series
of Honda robots P2 (Hirai et al. 1998) and Asimo (Hirose et
al. 2001), HRP2 to HRP4 (Kajita et al. 2010) developed by
AIST, and the Wabian (Ogura et al. 2006) humanoid from
Waseda University.

The ZMP based gait generation techniques developed in
the past are mostly dedicated to bipeds with stiff joints.
The ZMP concept can be used in different ways to gen-
erate dynamically stable gaits. Here we classify the uti-
lization of ZMP criterion into two categories. In the first
approach, which is particularly suited to use with traditional
non-compliant robots, the ZMP is considered as a target refer-
ence. Starting from these target references, different numeri-
cal methods can be used to solve the ZMP equations to obtain
the center of mass (COM) trajectory which satisfies the pre-
set ZMP trajectory (Kagami et al. 2002). Alternatively, the
‘Preview Control’, which is a Linear Quadratic Integral (LQI)
controller, can be used to solve the bipedal walking as a ZMP
tracking problem (Kajita et al. 2003). Each of these walking
pattern generators relies on ZMP trajectory planning, which
can be created either off-line or on-line, together with a real-
time stabilizer to counteract external disturbances (Kajita
et al. 2010). However, when the disturbances are large, a
high level controller is required to re-plan both the footholds
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and the ZMP trajectory (Morisawa et al. 2007). In the first
approach mentioned above, the ZMP trajectory is typically
designed to move from one foot center to another, thus the
ZMP trajectory is predefined. The second approach consid-
ers the ZMP as an actuation signal. Using this principle,
Sugihara (2009) and Mitobe et al. (2000) manipulated the
ZMP to control the reaction force acting on the COM for
generating the bipedal gaits. In this method, the ZMP tra-
jectory has a wide variety and doesn’t necessarily stay in the
foot center. Our method developed in this paper builds on the
latter concept in which the ZMP is regarded as the control
effort rather than a target reference, and combines with the
extension of capture point which will be mentioned later.

ZMP tracking schemes require precise joint position track-
ing which is guaranteed in robots with stiff actuation and rigid
links. However, the stiff actuation does make the system more
susceptible to physical damage arising from the high impact
forces generated during the ground contact. For some exist-
ing non-compliant humanoids, these high impact forces are
reduced by introducing foot compliance. The Honda robots
have rubber bushes/soles on feet as the passive compliance
(Hirai et al. 1998; Takenaka et al. 2009). The WL-12 biped
is equipped with a special foot mechanism for shock absorp-
tion (Yamaguchi et al. 1995). The new Petman robot has
prosthetic feet made of carbon fibers. This work solves this
issue at the actuation level by using the compliant actuators
developed in Tsagarakis et al. (2009), Jafari et al. (2010), and
Laffranchi et al. (2010).

Moreover, recent studies indicate the necessity to intrin-
sically include compliance in the robot system. The energy
storage and reuse from the elastic element in ChobinolD
robot improved the performance of hopping height, and
moreover its stiffness profile resembled the leg stiffness sim-
ilar to that found in human running and hopping (Vander-
borght et al. 2009). The compliant legs can also demonstrate
dynamic characteristics similar to those observed in human
gait (Geyer et al. 2006). The work on passive dynamic walk-
ers demonstrated that the exploitation of passivity and com-
pliance of tendons can adapt to environmental discrepancies
(Vaughan et al. 2004). The Pneumat-BS robot powered by
pneumatic muscles showed that a compliant humanoid could
perform successful dynamic walking (Narioka et al. 2009).
In this paper, we emphasize the significance of the physi-
cal compliance in dynamic walking because the compliant
components inherently provide protection against impacts
or accidental collisions. Hence, intrinsically compliant legs
are proposed for improving the performance in terms of
impact absorption compared to the stiff leg systems devel-
oped in the past (Tsagarakis et al. 2007). For this purpose,
the COmpliant huMANoid COMAN was developed in IIT
(Tsagarakis et al. 2011) as an experimental platform. The
compliant actuators at the knee and ankle sagittal joints of
COMAN have a measured torsional stiffness of 120 Nm/rad.
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However, although intrinsic elasticity can bring benefits to
the robot performance, it introduces oscillations and vibra-
tion modes that limit the control bandwidth and reduce the
joint tracking precision.

Our previous work on generating a variety of gaits using
ZMP tracking schemes (similar to those developed for stiff
humanoids) had demonstrated the difficulty of applying the
same ZMP tracking principle for the case of an intrinsically
compliant humanoid (Li et al. 2010). This motivated our
work on the development of new trajectory generation strate-
gies. Inspired by the work in (Pratt and Tedrake 2006) which
revealed that the COM position and velocity are suitable state
variables, and the work in (Mitobe et al. 2000; Sugihara 2009)
where the ZMP is the actuation signal, we extend the concept
of capture point (Pratt et al. 2006) to formulate a new gait
generation approach in which the horizontal components of
the GRF are used to control the desired COM states. The
deterioration of the COM motion caused by imprecise joint
tracking is regarded as the disturbance to the COM states,
which can be corrected by using the COM state feedback.
Hence, the proposed method can generate effective walking
while retaining the feature of impact reduction arising from
the intrinsic compliance in the joints.

This paper is organized as follows. Section 2 presents
the modeling and the methodology that consider the bipedal
walking as the COM state tracking problem. Section 3
presents the principle of the lateral gait control. Section 4
describes the synchronization control used for generating the
sagittal gait. In Sect. 5, the experimental results of different
walking experiments from the real robot are analyzed. The
discussion and conclusion are finally presented in Sect. 6.

2 Methodology of gait control based on com states
tracking

The lower body of the COMAN robot has series elastic actu-
ators in the knee and ankle flexion joints in each leg, as shown
in Fig. 1. The details of the mechanical design and specifi-
cations of the robot can be found in Tsagarakis et al. (2011).
This configuration of the compliant joints mainly introduces
oscillation in the sagittal plane and with a smaller influence
in the lateral plane through a coupling effect when the knees
are bent (because compliance in two knees could create a dif-
ferential leg force that results in a torque in the lateral plane).
Based on the theory of small vibrations, we found that in the
sagittal plane the lowest resonance frequency is 1.18 Hz in the
single support phase and 1.57 Hz in the double support phase.

The capture point technique answers the question of where
the robot should place its next foothold to completely come
to a stop (Pratt et al. 2006). In other words, zero velocity
above the new foothold. This approach is typically used for
push recovery or restoring balance. However, we have dis-
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Fig. 1 Kinematic and actuator configuration of COMAN

covered that this concept can be further extended by using
a more general formula based on the linear inverted pendu-
lum model (LIPM) to determine what the current velocity
the robot should have if it needs to come to a stop at a tar-
get position other than the foothold center. In this case, the
general formula could enable a gait transition for walking.
Denote by Ay, Ay Az, and Ay the step length, step width,
step height, and the amplitude of lateral sway, respectively.
The LIPM (Kajita et al. 2001) is chosen for its analytical
ability to predict a desired COM state in order to achieve a
bounded cyclic motion in the lateral plane. Figure 2 illus-
trates our concept for obtaining lateral gait control. The sup-
port leg is assumed to switch instantaneously when the COM
crosses the zero position in the y direction. Given the nom-
inal foot support point A, and the magnitude of the sway
motion A; where the COM has zero velocity, the LIPM pro-
vides an analytical solution to the desired COM velocity at
the current position. Therefore, the GRF within the current
support polygon can be used as the control effort to drive the
COM velocity to the desired velocity reference so that the
COM comes to a rest exactly at A;. For bipedal walking, the
change of the support leg forms two discrete potential apexes
(Pratt and Drakunov 2007) as shown by the bottom graphs in
Fig. 2. Consequently, the ZMP is the point where the resul-
tant GRF intersects the polygon during the control process,
and does not need to be tracked as a predefined reference.
The above concept is a general methodology for abounded
cyclic motion control. By setting Ay = A, the period of the
cyclic motion becomes infinite thus it evolves to the capture
point used for push recovery (Pratt et al. 2006), in which
the COM stops exactly above the support point (the apex
of potential energy). In Fig. 3, the red lines are the bound-
ary states of the COM state, position and velocity, given the
nominal support point A, as the capture point. So the state
on the red line will eventually stops at the capture point A .
The set of the COM states within these red lines in Fig. 3

Fig. 2 LIPM predicts the desired velocity of a bounded cyclic motion
given Ay < Ay
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Fig. 3 The COM states (y, y) with respect to the red boundary indi-
cates the stability margin

are the bounded states which are controllable because the
horizontal components of the GRF can be used to prevent
the COM states from diverging. The distance between the
COM state (y,y) and the red boundary indicates the stability
margin similar to the concept proposed in Pratt and Tedrake
(2006).

To effectively execute walking on a compliant humanoid,
a trajectory generation control scheme must counteract the
reduction in the joint tracking accuracy that is caused by the
compliance in the joints. As the proposed method uses closed
loop control of the COM states, any COM state error caused
by the deterioration in the joint tracking can be minimized by
the feedback controller. When the real COM state is disturbed
from the desired one, the controller generates an on-line con-
trol output, which is the desired horizontal ground reaction
force to drive the COM state back to the reference. Mean-
while, this reduced tracking performance has an advantage
because it makes the robot more tolerant to external distur-
bances such as the terrain irregularity. To our understanding,
to use the COM state of the robot for controlling balancing
and walking is one of the correct approaches that combines
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the tolerance of the passive compliance together with a higher
level control of the COM state.

ZMP is the point where the resultant GRF acts on the
robot feet (Popovic 2005). It is strongly related to the foot-
ground contact and the COM acceleration. Therefore, the
feedback signal of the ZMP is usually noisy and has the
characteristics of high frequency. Hence, the ZMP tracking
scheme requires a high control bandwidth from the position
controllers. In contrast, the COM velocity and position are
the resultant state variables of applied forces thus they are
the low frequency signals. Since most humanoid robots use
position control of their actuators, the control bandwidth is
typically limited, especially for compliant actuators since the
elastic elements act as mechanical low-pass filters which fur-
ther reduce the control bandwidth. Hence, the use of ZMP
tracking is challenging for most position controlled robots
especially for compliant robots. On the other hand, the band-
width of the position controllers better matches the frequency
characteristics of the COM states. Based on this knowl-
edge, the proposed work might provide an insight into the
control of bipedal gaits using the low-bandwidth compliant
actuators.

3 Control of lateral motion

The robot is represented by a concentrated mass model. The
LIPM is used for formulating the control references given
the nominal center of pressure (COP) which is a constant
point, while the real instantaneous COP varies within the
support foot for applying the control effort. The vertical
position of the COM is constant. The horizontal motion of
the COM is subject to the resultant force and computed by
numerical integration. As the translational dynamics of the
COM are more dominant in normal walking gaits (Popovic
2005), this single mass model is considered as a reasonable
approximation for a moderate walking speed in our gener-
ated gaits. We also assume that the GRF instantaneously
shifts to the new support foot when the COM passes the
zero position in the lateral plane. Denote by Qo and Q
the transition phases of start and stop. To formulate the con-
trol, the cyclic phase portrait of the lateral motion (y, y) is
divided into four phases, as shown in Fig.3, and defined as
follows:

1. The Ist quadrant (Q1): COM is on the left of the lateral
plane and approaching the left foothold (yT, y1);

2. The 4th quadrant (Q4): COM is on the left of the lateral
plane and leaving the left foothold Ot y7);

3. The 3rd quadrant (Q3): COM is on the right of the lateral
plane and approaching the right foothold (y~, y7);

4. The 2nd quadrant (Q2): COM is on the right of the lateral
plane and departing the right foothold (y~, y™).
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3.1 Formulation of velocity references

Lateral gait control aims to regulates the kinetic energy of
the COM by controlling the COM velocity, so the robot
could perform a cyclic motion between two footholds with-
out falling. In Fig. 3, the blue line shows a desired stable
COM state trajectory. The step width A, is the lateral dis-
tance of the foothold center, which is also the nominal COP
of the current foothold. The nominal COM height is set as
constant z.. The desired maximum sway distance A; is the
position where the COM comes to a stop which indicates the
stability level with respect to A,. We set A; < A, to guar-
antee a stability margin such that the COM wouldn’t pass
over the foothold and further diverge. LIPM is exploited to
obtain an analytical solution for the on-line generation of the
COM velocity reference. In the following cases, we consider
only four different scenarios in the Q1 and Q4 phases, and
the similar formulation can be derived for the Q> and Q3
phases.

In the Q1 phase, when y < Ay, the GRF does the negative
mechanical work and decelerates the COM, thus the kinetic
energy is converted to the mechanical work. Therefore, given
Ay and z, there exists a desired velocity V;ef with which the
COM would stop exactly at Ay. The desired kinetic energy
E¢ determined by V;/ is totally converted to the mechanical
work at A during this deceleration period.

E{+W =0, (1)
_ 8 2 2 g
W= =05 =) = Sy =), )
ZC Zc
1 Ayg
S Bp2 oy S REG =0, ()
2 27 c

g g
Vil = 250,05 — )+ (02—, y <A (@)
Zc ZC

Note that all the mechanical work and energy terms are nor-
malized by the mass of the robot. In Q4 phase, when y < A
and y < 0, the desired motion is a reversed trajectory com-
pared to that in O, and a symmetrical negative velocity ref-
erence can thus be obtained.

vrel = —\/2§Ay<xs 0+ f(y2 —32). )

C c

Substitute y = 0 into (4) and (5), the desired velocities

/Z%(Z)\ykx —22) and — /Z%(Z)Lyks — 22) are obtained for
the COM to stop exactly at A; and —A; respectively while
swicthing to the Q1 and Q3 phases.

Note that the real kinetic energy Ej; may be larger or
smaller than the ideal Ef. In Qy, if E; > E,f, the case
where Ay, < y < A, is possible. In this case, the velocity
needs to be reduced to prevent the COM from overshooting
the support foot and diverging from the foothold as this can
eventually cause the robot to topple. To address this issue, a
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Fig. 4 Desired velocity reference of each phase for lateral gait control

negative desired velocity Vyr /s computed to force the COM

to return to the desired sway point Ag.

8 8

E* =20, — k) + =02 =yH,y > Ay, (6)
Ze 2z¢

Vi = —V2E*. (7

Similarly in the Q4 phase, when Ay < y < Ay and y < 0,
a positive reference velocity is formed to reduce the mag-
nitude of the velocity in order to dissipate the excessive
kinetic energy so as to avoid overshooting the desired veloc-

ity — /£ Q2hy2s — 22,
Vi = V2E*, (8)

The formulation of the velocity control can now be defined
for all phases. In the Q1 and Q4 phases,

sign(3) /12 £5, O =)+ £02 =22,
Y < As;

—sign(),/12£ 4, s =)+ £ (2 =321,
y > Ags

V;ef — (9)

and in the Q3 and Q> phases.

sign(3) J1£ 02—y =252, G+,
yZ_)\s;

—sign() /102 =y =2£5, G+,
y < —Ag.

(10)

vy =

Based on this approach, the kinetic energy can be regulated
by controlling the velocity to maintain the stability. As shown
in Fig. 4, the four velocity references form a closed basin in
the phase portrait, which is the desired cyclic state of the
lateral COM motion. In the Q| phase when y < A, if the
state (y, y) is inside or outside of the desired phase trajectory
(case I and Il in Fig. 4), the control effort drives the state back

to the desired one. When y > g, the negative reference
velocity is used to generate a control force to pull the state
to the next phase Q4 (case III in Fig. 4). In the Q4 phase,
where the COM is leaving the supporting leg, the motion is
still controlled rather than falling passively due to gravity.
In the phase Q4 (case IV in Fig. 4), if y > A, the velocity
should be reduced, otherwise the kinetic energy would be
larger than the ideal value 2‘% [AyAs — )»?| while entering the
next phase which results in an overshoot in the Q3 phase
and an asymmetric shape for the phase portrait. Therefore,
the positive reference velocity represented by the blue line
in Fig. 4 (case IV), generates a control effort to decrease the
velocity y. Theses control actions continuously attract the
state of the COM to the desired state trajectory.

3.2 Control of lateral COM states

The reference velocity Vyr s regenerated at every control
loop based on the COM state feedback (y, y) according to
(9) and (10). The control effort u is defined as the horizontal
acceleration produced by the GRF. The kinetic energy is con-
trolled by regulating the velocity given an updated reference
er °f By defining the velocity error as ey, = Vyr of _ y, the
control effort u is hereby computed by a velocity controller,

uy = Ky ey + Ky éy. (11)
In the stop phase Q 7, instead a position control is applied
Uy = K;z()’ref -y - ng)'}v (12)

where K Iy)l , K ;2 are the proportional gains and K 5 . K 52 are
the derivative gains for the velocity and position controllers
respectively. In this paper we set y,.; = 0 in the stop phase.

The possible range of accelerations is not arbitrary but
limited by the GRF which is constrained by the current sup-
port polygon since the robot cannot obtain unlimited force
from the ground due to the finite size of the feet. Consider-
ing these physical constraints such as the step width A, the
COP variation limits AT < 0 and A;“ > 0, and the nom-
inal COM height z., the desired output u;l constrained by
the upper and lower acceleration limits can be determined
as shown in Fig. 5. The deviations A} and A;‘ are within
the support feet. Given the initial condition (y(0), y(0)) and

Z,V ﬂ'w + A;>+

Fig. 5 The acceleration limit constrained by the support foot
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sampling time T, the next state of the COM is computed by
the numerical integration based on the acceleration term u;l
in (13) and (14).

For the Q1 and Q4 phases, namely the left leg single sup-
port phase, the desired output is

4
min _ YOy tAY) min
uy = —Zc 8, My < My .
u‘; = 1 uy, otherwise (13)
max _ Y~—(y+AY) max
uy ot = g uy > Ut

For the Q5 and Q3 phases, namely the right leg single support
phase, the desired output is

+
min _ Y—(=A+AY) min
P L et A
uy =\ uy, otherwise (14)
max __ y—(—%.-i—A;) max
Uyt = ————g, uy > uy.

4 Control of sagittal motion

The synchronization of the sagittal and the lateral motion
is not an issue for the conventional ZMP tracking method,
because x;;p and y,;,, are predefined according to the same
time-line, sharing the same transition instant. Since the veloc-
ity reference in our method is generated on-line using the
COM state feedback, and the lateral COM position is mod-
ulated by the controllers, the timing of different walking
phases is not predefined thus the gait cycle is not strictly
a constant. Therefore, the sagittal walking needs to be spe-
cially controlled and synchronized with the lateral motion.

4.1 Formulation of sagittal walking parameters

Given the step length A, for the sagittal walking, the desired
walking velocity can be calculated accordingly. Firstly the
gait cycle is calculated from the lateral motion. Set t as
the transition time from the middle position (0, yg) to the
maximum sway position (Ags, 0) in the lateral plane. The
LIPM model provides an analytical solution to calculate the
time interval between these two transition states (Kajita et al.
2005). By substituting the lateral middle position y = 0 into
(4), the initial velocity yo can be derived. Thus, the elapsed
time from state (0, yg) to (Ay, 0) can be calculated.

o= 2500, — 252, (15)
Zc ZC

T3

v = Tun 20t Ied0 (16)
yi+Ten

where T, = \/z./8.

Teyele = 4z, (17

o 21

vl = 2 (18)

Tcycle
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The detailed derivation of (16) can be found in Kajita et al.
(2005). Note that T is one quarter of one complete gait, so
the gait cycle Tey, is calculated as 4. The average walking
velocity can be computed according to (18).

4.2 Control of sagittal COM states

Figure 6 illustrates the concept of the synchronization control
of the lateral and the sagittal motion. The real COM position
(black) is placed far from the desired trajectory to present a
clearer visualization. The control law of the sagittal motion
is explicitly described in (19). For the synchronization con-
trol, the lateral COM position y is firstly normalized by the
desired sway A then scaled by the step length A, and finally
projected into the sagittal plane. This provides a phase map-
ping between the sagittal and the lateral COM position (red),
as shown in Fig. 6. This mapping corresponds to the position
control term in (19), where the desired position reference is
a triangular trajectory. A low gain position control is used to
prevents drifting of the sagittal motion. To track the desired
velocity, a velocity controller is used. In (19), x is the COM
position and x ¢ is the current support foot center. To initiate
the entry into the first Q1 phase, a horizontal acceleration of
approximately V o /7 is produced by the horizontal compo-
nent of the GRF to move the COM forward.

position control
+ Kl’fl(eref — %), whenx < xy;
—

velocity control
Uy = )\-x

(19)

position control
+ Kffl(eref — %), whenx > xy,
—_—

velocity control

where K ;1 and K}, are the proportional gains for the position
and velocity control.
In the stop phase Q ¢, a position controller is used,

Uy = K;z(xref —Xx)+ K;szv (20)

where K ;2 and K, are the proportional and derivative gains,
and x,.¢ is the mid point between two support feet. As with
the lateral acceleration limit shown in Fig. 5, given the nomi-
nal COP x  in the x coordinate, which is the current foothold
center, and the boundary limits A} > 0 and Ay < 0, the
desired output uff can be determined,

. + .
min _ X—(xs+A7) min
u," = T*g, uy < uy'",
uf = 1 u,, otherwise 20
max _ X—(xr+A7) max
Ut = ———=g, uy > uy.
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Fig. 6 Sagittal gait control

4.3 Foot trajectory planning

The foot position of the stance leg (x 7 (i), y (i), z¢(i)) at the
time i 7 remain the same as (x (i —1), yr(i — 1), zp (@ — 1)).
The 5th order polynomial function is used to generate smooth
foot trajectories with continuous boundary conditions for the
acceleration, velocity, and position. Let F : N° — R! be the
polynomial function with nine inputs and one output. For the
swing foot,

xp=F(X%,iT); yy = Ayor — Ay 2y = F(Z8,iT), (22)

where X8 and Z?8 contains 8 variables for the position, veloc-
ity, acceleration and time at the beginning and the end of the
interpolation.
X9 =0,% =0,x0 =x}_j.f0 =1;_,
5ff = O,J.Cf =0,xy =x;71 + 2XAy,
Teycle

= —<2=¢ for 5
x8= )l =hot 5 fordn Ox (23)
xO =xj’-x0 =xj’x0 =xj7t0 = t"
Xp=0,xyp=0,xr =xj + Ay,

4S8 S _ 48
tf—tj-i-(tj tj—l)’ for Q;, Q4.

20 =0,20 =0, 20 = Zankte: 10 = 1;_y,
Zf :O’Z.f ZO’Zf = Zankle + Az,
Tcycle

ty =ty + —5—,for Q1, Q3;
A A S (24)
‘Z.O—Zj,‘ZO—ijz()—st 0= js
if = 0, f = 0, Zf = Zankle

__ 48 S 48
‘tf—tj-i-(lj tj_l), for Q», Qg4.

A; is the maximum swing foot height of the ankle. For each
leg, the controller stores the previous and the current foot
position, x;_ | and x; respectively when the phase Q switches
at the time instants ’;—1 and tf In the Q| and Q3 phases, the
controller uses the half gait cycle Teye./2 to estimate the

Foot Trajectory planning

xfr’yf'r’zfr-"xfl7yf1’zll

X . X %4 COM State q
S ¥ Estimation
A2
. Eq. 21
$ Ve l

.
"« Y ¥=ul []X
‘ Eq.18 }—>{ Eq.19,20 i

T, T B
cycle
com
Eq.13.14 0

/1 Vv f u =y based
. R\?{j::\r:;e y Velocity y y N Inverse

y
Generator Controller H Kinematics
z

c

COM State q
)

A

el

Fig. 7 Overall control scheme of trajectory generation

Approaching
right leg

left leg

Start —>
Steady —>
Stop —>

Departing
left leg

Fig. 8 Finite state machine

first half of swing duration. In the Q> and Q4 phases, the
controller records the first half of the real swing duration
(t; — tj_l) to estimate the second half.

Based on the position trajectories of the COM and feet,
the orientation of the pelvis and feet was set to be parallel to
the level ground. Conventional inverse kinematics based on
the pelvis and feet positions and the forward kinematics are
used iteratively as a numerical solution to obtain the COM
based inverse kinematics (Li et al. 2012). The hip position
is iteratively modified in proportion to the COM error cal-
culated by the forward kinematics. The final updated joint
angles are sent to the PID position controllers on the joints.
Fig. 7 shows the overall control scheme. For the on-line tra-
jectory generator, the estimate of COM position was com-
puted by the forward kinematics with respect to the stance
foot based on the absolute link position (after the compliant
elements), assuming that the support foot conforms to the
ground surface. The COM velocity was computed from the
filtered COM position estimations.

4.4 Finite state machine

Figure 8 shows the finite state machine used for monitor-
ing the COM phases and coordinating the control actions. Its
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(b)

Fig. 9 Experimental setup of COMAN and the display of motion track-
ing markers

functionality is similar to that in Raibert and Hodgins (1991).
Starting from the equilibrium, the control law is applied
according to (9), (10), (11), and (19). During the Q¢ phase,
the gait is initiated and the COM starts to enter the desired
cyclic gait. The controller switches to Q1 once the real COM
velocity is equal or greater than the desired reference V;ef .
The switching between phases Q1_4 depends on the state
(y, y) as defined in Sect. 3. When the stop command is trig-
gered, the state machine starts to check the upcoming state.
Once y =~ 0 is detected, the robot starts to slow down in two
stages. Initially, the robot starts to slow down in one step by
shortening the step length to a half of the previous value, thus
the reference velocity is reduced to a half according to (18).
Finally, it enters the double support phase and further decel-
erates until it stops completely using the position control (12)
and (20).

5 Experimental results

To validate the proposed walking pattern generator, the
following experiments were carried out with sensory data
acquisition for quantitative analysis using the COMAN robot
as a testbed.

1. Walking with a constant gait frequency and step length
to verify the feasibility of the trajectory generator.

2. Walking with a time-varying gait frequency and step
length to examine the flexibility of the trajectory gen-
erator.

3. Walking in the presence of an unexpected load to evaluate
the robustness.

To obtain a precise measurement of the walking motion,
the ‘Vicon Nexus’ motion capture system was used to record
the waist, hip and feet positions with respect to a fixed world
coordinate. Figure 9 shows the setup where four markers
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located at the waist joint were used to compute the torso
orientation, two markers located at left and right hip were
used to calculate the global position of pelvis center. Mark-
ers on the left and right ankles tracked the feet trajectories
during walking. The global position and orientation of the
waist were combined with the absolute link position mea-
surement to compute the global COM position of COMAN.
Hence the performance of the COM state tracking can be
evaluated.

5.1 Walking experiments

In the first experiment, the gait frequency was 0.79Hz
(Teyete = 1.275) and the robot performed 10 normal walk-
ing steps. Figure 10 shows the desired COM and foot tra-
jectories from the trajectory generator, and Fig. 11 shows
the real trajectories from the experimental data. In Fig. 11,
it can be seen that the real trajectories of the sagittal COM
Xcom and hip xp;, had certain fluctuation during walking and
especially during the stop phase. These passive oscillations
were caused by the intrinsic physical compliance. The lat-
eral (hip/ankle roll) joints have no springs and only the knee
compliance has insignificant coupling on the lateral motion,
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Fig. 13 The measured ground reaction force at the gait frequency
0.79Hz

so less oscillation is observed as in the stop phase since 8s
in Fig. 11. In Fig. 12, the step length exhibits variations due
to the joint position errors caused by the physical elastici-
ties. Thereby, the measured walking velocity has oscillations
compared with the desired one.

Figure 13 shows the GRF measured in the right foot dur-
ing a number of walking cycles. The convention of local
axes of the F/T sensor are parallel to the global coordinate.
No impulsive collision forces were observed during foot-
ground interaction. The vertical GRF measured in left foot is
also included in order to show the transition of foot-ground
contact. Figure 14 shows no impulsive torque measurement
in each joint. It is believed that this is due to the inherent
compliance in the robot.

In the second experiment, both the gait frequency and
the step length were modified on-line. Figure 15 shows the
modification of the lateral sway amplitude A and its corre-
sponding gait frequency. A larger amplitude corresponds to
a lower gait frequency. The sway distance A increased from
0.04 to 0.042m (frequency 0.78 Hz) during 14-17s, then
decreased to 0.03 m (frequency 1.06 Hz) during 71-86 s, and
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Fig. 14 The joint torque measured from the right leg with the gait
frequency 0.79 Hz
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Fig. 15 Variable sway amplitude A; and gait frequency

finally remained constant at 0.039 m. The gait frequency 1.06
is the highest frequency that allows an arbitrary modification
of both gait frequency and step length before reaching the
resonance frequency. For a higher gait frequency, the stiff-
ness of the elastic elements need to be increased in order
to minimize the discrepancy between the real robot and the
simplified model.

Figure 16 shows the desired and measured lateral COM
position during the whole gait period and the enlarged time
scale figures show details at different gait frequencies within
5s time window. In Fig. 16, the top graphs show the COM
position tracking at the low (top left) and the high (top
right) gait frequency (refer to the corresponding frequencies
in Fig. 15). It shows that the lateral COM position track-
ing at low frequencies is reasonable, and as the gait fre-
quency increases the tracking performance decreases. The
average position tracking errors were calculated with respect
to time during the whole gait period. To have a better aver-
age precision, a walking experiment lasting 110 s was carried
out.
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Figure 17 shows the desired and measured lateral COM
velocity with respect to the data in Fig.16. The enlarged time
scale graphs on the top show the COM velocity tracking
performance at the low and the high gait frequency respec-
tively. The velocity spikes around the peaks and valleys were
caused by the ground impacts of the swing foot. When the
robot was entering a double support phase, the landing foot
collided with the ground and rapidly reduced the velocity.
If the collision were inelastic, this would cause the loss of
velocity thus the gait would be terminated. However, due
to the elasticity in both legs, the collision caused an oscil-
latory motion and the weight transfer between two legs.
The energy stored in the springs of the support leg was
released in the post-collision phase, hence there was a fast
boost-up after the velocity reduction in the top graphs in
Fig.17. This feature is also observed in the GRF measure-
ment which will be explained more explicitly in the following
subsection.

Figure 18 shows both the desired and the measured step
length and the walking velocity during the on-line modifica-
tion of gait parameters. Despite the overall envelope of mea-
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sured step length matches the desired one, it doesn’t coincide
perfectly at each step. The observed variation is the direct
consequence of the presence of compliance. The robot has
certain oscillations during walking in the sagittal plane due
to the compliant joints in ankles and knees, which decrease
the precision of foothold placement. The oscillation is also
observed from the fluctuation in the COM velocity X, -

To sum up, given fixed control gains, the second exper-
iment validates that the proposed pattern generator allows
an arbitrary gait frequency within [0.78, 1.06]Hz and the
step length within [0, 0.05] m to be modified on-line while
still maintaining a stable walk. To increase the range of gait
parameters, an on-line gain scheduling algorithm needs to be
investigated in the future study. Further improvement in the
performance will also require the real-time feedback of the
COM state estimation based on the link position combined
with the orientation measurement from an inertia measure-
ment unit (IMU).

The third experiment examines the robustness of the tra-
jectory generator in response to external disturbances. In
order to quantify in a simpler manner, loading an extra weight
during walking was chosen as the disturbance. The robot
was able to continue walking in the presence of a maximum
load of 1.7kg, which corresponds to approximately 9.4 % of
the robot weight (18.1)kg. Snapshots of the experiment are
shown in Fig. 19, and the action of disturbance is highlighted
by red circles. Fig. 20 shows the vertical GRF before and after
loading the weight from a number of stable walking cycles,
starting from the touch-down of the right foot.

Figure 21 shows the experiment of COMAN’s stepping on
an obstacle with 1 cm thickness, placing under the front and
rear foot of the robot respectively. The obstacle is highlighted
by a red rectangle in order to be distinguished clearly. Fig.
21a, b show the snapshots of adapting to the obstacle, and Fig.
21c, d show the close view of the detailed motion. To a cer-
tain extent, the intrinsic compliance could contribute to the
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Fig. 21 Stepping on an obstacle with 1 cm thickness

adaptation to the small irregularity of the ground. Undoubt-
edly, when the size of the obstacle increases more, additional
controller needs to be used.

Figure 22 illustrates real applications of the proposed algo-
rithm in controlling the walking of the full body COMAN
robot in addition to the presented experiments. Figure 22a
shows COMAN’s walking with a step length of 12c¢m . The
turning function can be realized by superimpose the yaw
motion of the support foot during single support phase, as
shown in Fig. 22b.

(b) Turning while walking in place

Fig. 22 Implementation of the COM state based pattern generator on
full body COMAN

5.2 Effect of compliance

The main resonance exists in the sagittal plane where the
compliant joints are configured. The main resonance frequen-
cies are 1.18 Hz in the single support phase and 1.57Hz in
the double support phase. It is found that when the walk-
ing frequency is close to the resonance, the oscillation in the
sagittal plane augments and makes the gait unstable. There-
fore, the highest walking frequency achieved with a stable
gait is 1.06 Hz in this paper.

Apart from the resonance, the passive compliance in leg
also introduces the foot clearance issue. By comparing the
desired and the measured vertical feet trajectories in Fig. 10
and 11, it can be seen that the real height of the swing foot
was lower than expected. This can also be detected from the
contact force measurement from swing foot that a reduction
of vertical GRF appeared during 1.15-1.41s in Fig. 20 and
during 1.05-1.28s in Fig. 13, which indicates an early foot
landing.

During the early landing collision, the weight of the robot
was temporarily transferred to the new contact leg so the GRF
of the old stance leg reduces, as seen from 0.4 to 0.62s in
Fig. 13 aswell as from 0.43 to 0.66 s in Fig. 20. By comparing
the vertical GRF from both feet from 0.4 to 0.62 s in Fig. 13,
it can be understood that the compliance in both legs created
an oscillatory behavior during the collision. The new landing
leg firstly stored the elastic energy then released this back,
and the weight of the robot was transferred back to the old
stance leg.

This issue is caused by two reasons. One reason is that
there is compliance at the COM level which results in a lower
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hip and COM height in single support phase, and the real
height of the swing foot also becomes lower. The worsened
foot clearance is shown from experimental data. Hence, the
swing foot lifts not as high as it should be and touches the
ground earlier, which consequently causes an earlier landing
problem. This can be resolved by modeling the compliance
at the COM level, the “Internal Model Control” reported in
Colasanto et al. (2012) can be adopted for compensating the
COM error for improving gait performance. Or alternatively,
develop a low level joint controller that uses the link states
to regulate the effect of intrinsic compliance.

The other reason is that a flat-footed swing trajectory is
fundamentally sensitive to small discrepancies between the
ideal planning and the real situation. In the proposed gait
generator, the foot trajectory planning designs the orientation
of the stance and swing feet to be parallel to the ground.
As the displacement between the COM and ankle becomes
larger, the torque exerted by the gravity increases. In our case,
the compliance in ankle particularly leads the whole body to
rotate around the stance foot during the post-swing phase
when the step length increases. With soft springs, as shown
inFig. 23, the compliant ankle will ultimately cause the swing
foot to land by its toe, which produces a large and undesired
ground reaction force that makes the walking gait unstable.
Even for a stiff humanoid, as reported in Buschmann (2010),
a flat-footed trajectory has this unavoidable disadvantage of
toe landing issue at the initial contact by the swing foot. This
limitation coming from foot trajectory planning could occur
in both stiff and compliant robots because the discrepancy can
be either the joint tracking error or the unknown unevenness
of the ground. Therefore, to achieve a larger step length using
the proposed gait generator, new effort should be made in
developing a robust foot trajectory planning as suggested in
Buschmann (2010).

Despite all that, the compliance does introduce important
benefits to stability through the ability to reject unmodelled
impacts and unexpected collisions. This is shown by the lack
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Fig. 23 Foot clearance issue introduced by the compliance
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of large impacts forces during the collision between the land-
ing foot and the ground, as shown in Fig. 13 and 20. The joint
torque measurement starting from the touch-down of the right
foot also shows no torque saturation nor large torque spikes,
as depicted in Fig. 14.

5.3 Analysis of COM and ZMP Signals

The control bandwidth of the ankle flexion, knee and hip
flexion joints are 1.98, 1.89 and 1.53 Hz respectively in the
double support phase, and 1.15, 0.95 and 1.58 Hz respec-
tively for the support leg in the single support phase. In order
to verify our hypothesis regarding the different character-
istics in the frequency domain, we conducted a frequency
analysis of the ZMP and COM signal. The ZMP position was
calculated from the measurements of the 6 DOF F/T sensor
mounted underneath the ankle. Without losing the general-
ity regarding other walking gaits performed by the proposed
method, the data from the second experiment were analyzed
as an example. Figure 24 plots the power spectrum normal-
ized by the peak magnitude. The dominant power spectrum
center of the COM is 0.78 Hz. In contrast, the dominant power
spectrum center of the ZMP is 2.4 Hz, which is around 3 times
higher than that in the COM spectrum.

The analysis of the power spectrum suggests that the track-
ing control of the ZMP and the COM methods place different
requirements on the control bandwidth. Since the intrinsic
compliance in the joints of a robot such as those in COMAN
limits the bandwidth of actuation, it is advisable to choose the
COM tracking scheme as a more suitable approach for effec-
tively performing bipedal walking for a humanoid equipped
with compliant actuation.

6 Discussions and conclusions

We proposed a walking pattern generation method for the
humanoid with intrinsic joint compliance. The purpose was
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to use the benefits of compliance in terms of impact reduction
and to combine this with a suitable trajectory generation to
permit effective walking.

The proposed pattern generator computes the desired ref-
erences for the lateral gait and the synchronized sagittal
gait based on COM states feedback. The performance of
the trajectory generator was experimentally validated on
the COMAN robot. It was demonstrated that the proposed
method allows the intrinsically compliant humanoid to per-
form stable gaits with variable step length and gait frequency,
and provides adequate tolerance to aload variation of 9.4 % of
the total weight. The force data measured from feet exhibits
no large force spikes confirming the achieved walking robust-
ness. The examination of the frequency analysis of the ZMP
and COM on the performed gaits suggests a better suitability
of the COM based generator and the control methodology
for the systems with low actuation bandwidth such as those
created by using inherently elastic joints.

The benefits of compliance were shown by the experimen-
tal data. Figure 21 demonstrated an adaptation to an uneven
terrain surface by stepping on a plate of 1cm thickness.
Figure 13 and 14 illustrated the gradual transitions of GRF
and joint torque during walking. The trade-off is that the
inclusion of the physical elasticity makes the modeling and
control more complex. A negative effect is the low bandwidth
and the reduced joint tracking performance at high frequen-
cies. As a result, conventional gait generators developed for
stiff humanoids with high precision tracking are not sufficient
for this new generation of compliant humanoids.

The effect of compliance in walking is also analyzed in
Sect. 5. Both the advantages and drawbacks are discussed.
The essential aspect needs to be concerned is the resonance
introduced by elastic elements, which strongly suggests a
future study of a systematic selection of spring stiffness for
different joints in order to identify the resonance frequencies
of the robot, especially in different walking phases. Only
in this way could the compliance be altered and better uti-
lized according to the purpose of the task such as reducing
impact and avoiding resonance at the same time. The the-
oretical and experimental investigation in this paper may
shed some light on the future development of compliant
humanoids.
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