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Abstract

The concept of “passive dynamic walking robot” refers to the robot that can walk down a shallow slope stably without
any actuation and control which shows a limit cycle during walking. By adding actuation at some joints, the passive
dynamic walking robot can walk stably on level ground and exhibit more versatile gaits than fully passive robot, namely,
the “limit cycle walker” In this article, we present the mechanical structures and control system design for a passive
dynamic walking robot with series elastic actuators at hip joint and ankle joints. Ve built a walking model that consisted
of an upper body, knee joints, and flat feet and derived its walking dynamics that involve double stance phases in a walk-
ing cycle based on virtual power principle. The instant just before impact was chosen as the start of one step to reduce
the number of independent state variables. A numerical simulation was implemented by using MATLAB, in which the
proposed passive dynamic walking model could walk stably down a shallow slope, which proves that the derived walking
dynamics are correct. A physical passive robot prototype was built finally, and the experiment results show that by only
simple control scheme the passive dynamic robot could walk stably on level ground.
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Introduction walking gaits are quite unnatural. The concept of “pas-
sive dynamic walking,” first proposed by McGeer,*
gives out a new way to build bipedal walking robot.
Biped walking robots built based on this concept can
walk down a shallow slope stably by making use of
their own dynamics if specific physical parameters and
a proper initial condition are given. So they can walk

Humans can walk so well on ground that they walk
with natural gait (inverted pendulum-like gait), low
energy consumption, high stability and great versatility.
To study and simulate human walking, numerous
robots have been built recently. The traditional biped
walking robot, such as the famous Asimo' and HRP-2,?
can walk stably with very versatile gaits such as hop-
ping, climbing stairs, changing walking direction or State Key Laboratory of Robotics and Systems, Harbin Institute of
even walking on rough terrains. However, because the  Technology (HIT), Harbin, China

main control schemes are based on the zero moment

point (ZMP) method, by which all joints must be con- ~ Corresponding author: ‘ .
rolled at everyinstant to keep the ZMP within the con- <% 278 5t Koy ibrary f s nd s
vex hull of the feet to reach static equilibrium all the g eer, Nangang, 150006 Harbin, Heilongjiang, China.

time, the walking energy consumption is high® and the  Email: zangxizhe@hit.edu.cn
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with human-like gaits and consume low energy when
walking. However, the walking stability is low and
walking gaits are not versatile. So the passive dynamic
walking robots with more complex mechanical struc-
tures were built. McGeer” first built a passive dynamic
walker with the knee joints and curved feet. Passive
dynamic walking was first extended to three dimensions
in Collins et al.®

To make the robot walk on level ground, actuations
must be added to some joints of the robot, namely,
“limit cycle walking.”” Recently, some successful limit
cycle walkers have been built by researchers,® '* rang-
ing from motor driving to pneumatic driving or from
hip actuation to ankle actuation.

In previous research, some researchers built the pas-
sive robot with point feet or curved feet and assumed
that only single stance phase exists during walking.
However, like humans, flat feet play an important role
during walking and double stance phase (i.e. both feet
contact with ground at one time) exists during walk-
ing.'"" M Wisse and DGE Hobbelen'? prove that flat
feet perform better than curved feet for passive walking
robot. Flat feet were extended to segmented flat feet in
Huang et al,"”’ and double stance phase walking
dynamics were studied by a simple walking model.

In this study, we designed and built a passive
dynamic walking robot with series elastic actuators
(SEA)' at both hip joint and ankle joints. We derived
the walking dynamics with double stance phases for the
walking model that consisted of an upper body, knee
joints, ankle joints, and flat feet by virtual power

principle.!> We validated the correctness of the walking
dynamics by numerical simulations in MATLAB. A
physical passive robot prototype was built and the
experimental results show that the passive dynamic
walking robot designed in this study could walk stably
on level ground.

The article is organized as follows. In section
“Mechanical structure design process,” the mechanical
structure design process of the passive dynamic walking
robot is proposed. The control system architecture is
introduced in section “Control system architecture.”
Walking dynamics is derived in section “Walking
phases and walking dynamics.” Numerical simulation
process is introduced and the experiment results are
given in section “Numerical simulation and experi-
ments.” We conclude in section “Conclusion.”

Mechanical structure design process

Overall design

A passive dynamic walking robot that consisted of an
upper body, a hip joint, two knee joints, two ankle
joints, and two flat feet was designed in this study as
depicted in Figure 1. Each two legs are fixed together
to form one leg which constrains the robot walking in
the sagittal plane. It has 6 degrees of freedom (DOF),
two located at hip joints, two at knee joints, and two at
ankle joints. The upper body is constrained by a bisect-
ing mechanism,'® which can passively keep the torso in
the midway between the two legs all the time without
adding extra DOF to the passive robot.

Figure 1. Pro/E model of the passive dynamic walking robot.
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Figure 2. Upper body of the passive dynamic walking robot.

Upper body and SEA design

As mentioned above, the upper body is constrained by
a bisecting mechanism to keep itself in the midway
between the two legs all the time, as shown in Figure 2.
The bisecting mechanism is consisted of eight con-
straint wheels, and two of them are installed at the out-
put shaft, two of them are fixed at the top of the inner
leg, while the other four are installed at the auxiliary
shaft. Four of them form two opposite “S” types and
the other four form two opposite “C” types through
steel-wire cables. So when the inner leg rotates to one
direction, the outer leg will rotate the same angle to the
opposite direction through the eight constraint wheels
which will keep the upper body in the midway of the
two legs all the time.

Three direct current (DC) motors are installed on
the upper body, one is used to actuate the hip joint and
the other two are used to actuate the two ankle joints.
They are connected to each actuated joint through
spring and steel-wire cables which forms the SEA. The
compliant actuation is quite essential for a passive
dynamic robot, because the passive robot moves largely
relying on their natural dynamics.'” The high compli-
ance of the compliant actuation provides the possibility
to make use of the robot’s own dynamics. By control-
ling the elongation of the spring, we can convert the
force control into position control for the joints.

The steel-wire cables are connected to the springs by
using a screw bolt (the blue part) and a screw (the gray
part), as depicted in Figure 2. The screw bolt can adjust
the spring’s effective length to adjust its stiffness by
screw itself in or out of the spring. The screws are used
to adjust the preload of the steel-wire cables.

Knee joint design

To avoid foot-ground scuffing, knee joints are added to
our passive robot. The knee should be locked when the
leg rotates forward as the stance leg and unlock itself

© Electromagnet
Thigh

Taper pin

Taper pin-hole

Figure 3. (a) Unlocked and (b) locked states of the knee joint.
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Figure 4. Ankle joint.

when the leg swings forward as the swing leg as well.
So, we use electromagnet to drive a taper pin to lock
and release the knee joint. The electromagnet and taper
pin are installed on the thigh and a taper pin-hole is at
the top of the shank, as shown in Figure 3. The taper
shape fit can remove the fit clearance to avoid the knee
bending when locked. The knee can be locked by itself
with the rotation of the shank and unlocked by the elec-
tromagnet. An extra limiting surface is designed to pre-
vent the knee joint from over-bending.

Ankle joint design

Ankle compliance is added by installing two
antagonistic-connected springs. One is connected to the
motor installed on the upper body to form an SEA and
the other one is connected to an adjusting bolt that can
adjust the preload force of the spring, as depicted in
Figure 4.

Control system architecture

The hardware of the control system is built based on a
distributed architecture, as shown in Figure 5. All con-
trol is performed on PC by lines of C++ codes. The
PC is used to plan joint motions, coordinate joint
motions, and send movement orders to the DC motor’s
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Figure 5. Architecture of the control system.
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digital signal processor (DSP) controller via controller

area network (CAN) bus. We use ACK-055-06 (a digi-

tal servo amplifier from Copley Corporation) to drive

each actuated joint, perform the local joint feedback

control, read joint encoder data, and send it back to : Q

the PC. We use PCI1784 (a universal PCI card from '

. . \\\ 4 \ /7,
Advantech Corporation) card to read control input Ve M\

data consisted of encoder data from the encoder
located at the auxiliary shaft and ankle joints and foot
contact switches under the feet via PCI bus. The PCI
card is also used to drive relays to lock and release the
electromagnets at the knee joints.

The basis of the PC controller is an event-based state
machine. One control loop can be divided into “heel
impact,” “double stance,” “single stance, inner leg swing,”
and “single stance, outer leg swing” phases. The event
that triggers the system state from one to another is the
detection of each micro switch’s state under each foot.

Walking phases and walking dynamics
Walking phases

The walking dynamics for the passive dynamic walking
robot is the basis for analyzing the walking stability
and simulating the control, so we derive the walking
dynamics in this section.

The walking phases for one walking step can be
divided into “first foot-ground impact,” “first double
stance,” “second foot-ground impact,” “second double
stance,” “four-link swing,” “knee impact,” and “three-
link swing” phases, as shown in Figure 6.

ELINT3

Phase a: first foot-ground impact. The swing foot’s heel
impacts with the ground for the first time and thus
becomes the new stance leg. This phase is the start of a

Figure 6. Walking phases in one walking step.

passive walking step. Usually, the state after foot-
ground impact is chosen to be the start of one step, but
in this article, to decrease the number of independent
initial condition parameters, we choose the instant just
before foot-ground impact as the start of one step.

Phase b: first double stance. Both the leading leg and trail-
ing leg’s feet keep contact with the ground, and the legs
rotate forward together. The leading leg rotates around
the heel, and which part of the foot the trailing leg
rotates around depends on the contact force under the
foot.

Phase c: second foot-ground impact. The leading foot’s toe
impacts with the ground which leads to a full contact of
the leading foot with the ground.
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Table I. Non-dimensionless and dimensionless mechanical parameters.

Parameter Description Dimensionless process
ly Is Ia, In Thigh, foot, front (from toe to ankle), and hinder foot length I/1

by, bs, by, bf Thigh, shank, body and foot center of mass(COM) bl

my, my, mg, my, Mg My Hip, thigh, shank, body, foot, and whole leg mass miM

In o s o J6 )i Hip, thigh, shank, body, foot, and whole leg moment of inertia JIMP

61,05,0,,0p, 03,04 Swing thigh, shank, stance thigh, body, swing, and stance foot angle —

t Time ti(llg)'"?

Phase d: second double stance. The leading leg and trailing
leg’s feet are still in contact with the ground and rotate
forward together. The leading leg rotates around the
ankle joint, and the trailing leg rotates around the foot—
toe contact point.

Phase e: four-link swing phase. The trailing leg has lost
contact with the ground and becomes the new swing
leg. The knee joint of the swing leg is released at the
start of this phase, and thus the model becomes the
four-link model.

Phase f: knee impact. When the shank of the swing leg
has rotated to the limiting position, the knee joint
impacts, and the swing leg becomes one straight leg.

Phase g: three-link swing phase. The walking model
becomes the three-link model as the knee joint has been
locked. The swing leg keeps swinging forward until its
heel impacts with the ground again. By now, one cycle
of walking is ended.

Walking dynamics

A walking model that consisted of an upper body, a hip
joint, knee joints, ankle joints, and flat feet is built in
this study, as shown in Figure 7.

The mechanical parameters and the dimensionless
form are shown in Table 1. Dividing the parameters by
leg length / or total mass of the robot M, all parameters
can be turned into dimensionless form, for the reason
of easier calculating and comparability.

Usually, the Poincare mapping method'® is used to
describe the periodic walking and analyze the local sta-
bility of a passive robot. By choosing a Poincare section
through which the walking trajectory passes periodi-
cally, we can set the initial condition obtained from the
state just on the Poincare section for the walking. If the
robot can converge to the same initial condition after
one or few steps, we can consider that the walking is
stable, and the converged initial condition is called the
fixed point.'®

Figure 7. Passive dynamic walking model.

To make the walking dynamics easier to calculate,
the state just after foot strike is chosen as the Poincare
section typically. However, in this article, we choose
the instant just before foot-ground impact as the
Poincare section (i.e. initial condition). By this way, the
independent state variables can be reduced to three,
which are 61, 6,, and 65, as shown in equations (1)—(3).
In equation (1), 6~ denotes the joint angle value just
before impact, and 6y denotes the angle between the
shank and the foot. In this article, 6y is set to /2
throughout the swing phase, which means that during
the swing phase, the foot is always kept perpendicular
to the shank. Equation (2) is induced by the bisecting
mechanism. If the ankle joint stiffness is too big, there
will be a pre-mature heel rise at the stance heel before
impact which leads to an unnatural oscillatory ankle
motion as discussed in Hobbelen and Wisse.'® So, we
assume that the stance foot keeps full contact with the
ground before the swing heel touches the ground as in
equation (3)

05 — _ arccos (lﬂ'sin 05 l+ l-cos 0]’)
an
e -_ 1
07 =0, + 67 =3 (1)
0" =0-
6, +6
0y = % (2)
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1. First foot-ground impact.

During this phase, we assume that the foot-ground
impact is handled as instantaneous and fully inelastic
impact in which no bounces or slips happen; the joint
angles cannot change at that moment. Because the
impact happens suddenly, we can ignore the influence
of the gravities. So according to the angular momen-
tum theorem, the angular momentum of the entire
robot is conserved around the impact point F, during
impact. The angular momentum of the trailing foot,
trailing leg, hip, the leading leg, and upper body is con-
served around the leading ankle joint A;. The angular
momentum of the trailing foot, trailing leg, hip, and
the upper body is conserved around the hip joint H.
The angular momentum of the trailing foot is con-
served around the trailing leg ankle joint A,. The lead-
ing leg’s heel joint and trailing legs toe joint should also
satisfy the constraint that they must keep contact with
the ground during impact as follows

.+_.+
e
Y =
h+ 0 +6)
Hb - 2

Ly =Ly + (xp3 — 1 — xp2) Ly — (s —yr2) - Iy
Loy =La + (s =" —xa1) - I} = 0r3 —yan) - Iy
Ly =Ly + (s —r* —xy) I — (vps —yu) - I}

Ly =Ly + Grs—r" —xn) I = ks —ya) - I}

4)

On the left side of the first two equations, we take
the trailing leg’s toe-ground contact point F3 as the ori-
gin to calculate x,” and y," . On the right side of the first
two equations, we take the leading leg’s heel-ground
contact point F, as the origin to calculate x;” and y, .
This can guarantee the constraint that the trailing leg’s
toe and the leading leg’s heel must keep contact with
the ground during impact.

Because of the existence of double stance phase, the
trailing leg will not lift up immediately and it will still
keep contact with the ground, which means that there
are impulses both under the leading foot and trailing
foot. In equation (4), I; and I denote the component
of impulse along the x-axis and y-axis under the trailing
foot, respectively. Because we do not actually know the
exact position where the impulse generates, we intro-
duce another parameter »* to equation (4), which
denotes the distance from the trailing foot’s toe to the
exact impulse position. We assume the trailing foot’s
heel loses contact with the ground immediately after
impact, which means that »* = 0, so there are seven
unknown parameters that can be solved by seven

equations in equation (4). If I;>0, we consider that the
assumption above is reasonable. Otherwise, »* # 0,
which means the trailing foot keeps full contact with
the ground during impact. So, GI =0, and
the unknown parameters can also be solved by
equation (4).

2. First double stance phase.

During double stance phase, the dynamic system is a
nonholonomic one, so the well-known Euler—
Lagrange'” approach is not suitable at this phase. We
choose the virtual power'> approach to derive the walk-
ing dynamics in this phase.

The walking dynamics can be described by the rec-
tangular coordinates x and the generalized coordinates
q as well, as follows

X = [xhayhaxClsyclaxL’Zsyczafolanyl3-xc_‘f2aycf25xcbaycb]T
q = [vh.vh. 61,62, 65, 64,6,]" (5)

In equation (5), two extra redundant coordinates x;,
and yj, are added to the generalized coordinates, which
will be discussed below.

The rectangular coordinates can be transferred to
generalized coordinates as follows

x = x(q) (6)

Equation (6) can be transferred to the following
forms

si=J-8¢
I (7)
x=J-g+J -q
where J = dx/dqg and J' = 3(J¢)/dq.
The virtual power approach follows the following

form'> as

SxT[f —MX] =0 (8)

The equation means that for an ideal mass point sys-
tem, the sum of the virtual power of the active forces
and the inertia forces is 0 at any instant, so it can be
transferred to the following form as

AP + AP* =0 (9)

In equation (9), AP denotes the active force’s virtual
power, and AP* denotes the inertia force’s virtual
power. The detailed forms of them are as follows

AP = Y fi-8x%; + > 1 -8q,

12 12
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By using equation (7), equation (10) can be trans-
ferred to the matrix form based on the generalized coor-
dinates as follows

AP = s+ g+ T )

{AP—S&]TJT-f+8qT~T

In equation (11), M denotes the mass matrix, [
denotes the moment of inertia matrix, f denotes the
gravity force matrix, and 7 denotes the active force
matrix induced by the motors and springs as follows

M = Diag(my, my, my, my, my, my, my, my, my, my, mp, Mp)
1= Diag(Jh,Jh,J/,J[,Jf,Jf,J[,)
f = Mg[sin(B), —cos(B), sin(B), — cos(B), sin (B),
— cos(B), sin(B), — cos(B), sin(B),
— cos (B), sin (B), — cos (B)]"

T = [Thes Thys Tows Tots T1> Tr2> o) (12)

By using equation (11), equation (9) can be trans-
ferred to the following form as

8¢ {JTf —MJ g +T—JTMJ +1)G} =0 (13)

Because the generalized coordinates are not all inde-
pendent variables, the A multiplier and the relative con-
straint must be induced into the system, namely, the
Lagrange equation of first kind."?

When the trailing foot loses contact with the ground
depending on the ground reaction force acting on the
foot and the direction of the acceleration of the foot-
ground contact point,?® in order to obtain the ground
reaction force, at least two extra generalized coordi-
nates x; and y;, should be added to the system.

During this phase, the constraint of the system can
be described as follows

xp + 1-sin(6,) + Ipy - cos(63) — If
Yh — l- COS(@]) + lf]. . 11’1(03)
xh+l-sin(02)—lfz-cos(04)—L =0 (14)

i —1-cos(602) — Iy - sin (04)
0[) _ 0+ 6
2

&(q) =

In equation (14), the trailing leg’s heel-ground con-
tact point Fy is selected as the origin of the calculation.
So the positions of the trailing foot’s toe and leading
foot’s heel are /;and L along the x-axis, respectively. L
denotes the step length (from the trailing foot heel-
ground contact point to the leading foot heel-ground
contact point) here. The first two constraint functions
are the trailing foot’s toe position along the x-axis and
y-axis, respectively, which implies that the trailing leg’s
toe must keep contact with the ground all the time in
this phase. The second two constraint functions are the
leading foot’s heel position along the x-axis and y-axis,

respectively, which implies that the leading foot’s heel
must keep contact with the ground all the time in this
phase. The last constraint function implies that the
upper body is kept in the midway of the two legs all the
time, which is induced by the bisecting mechanism dis-
cussed above.

Transfer equation (14) into its variational form and
multiply by the A multiplier as follows

8¢T - TTA =0 (15)

In equation (15), T = de(q)/dq, and A denotes the con-
straint force induced by each constraint function.

Combining equations (13) and (15), we can obtain
the walking dynamics in this phase as follows

VIMJ+Ng=JTf —MJ' -g)+7+T'A  (16)

Equation (14) can be transferred into the following

form
Ti + (B(Tq)> =
dq

Combining equations (16) and (17), we can obtain
the walking dynamics that can be solved by using
MATLARB as follows

JUf—MJ g+

T 7T
=] ey
—(=*)-¢
dq

The walking dynamics in the second foot-ground
impact and knee impact phases share the same form
with the first foot-ground impact phase. The walking
dynamics in the second double stance, four-link swing,
and three-link swing phases share the same form with
the first double stance phase. Note that the constraint
function and walking dynamic parameters are different

in different phases. Details of all the coefficient matrixes
are omitted due to space limitation.

(17)

(18)

Numerical simulation and experiments
Numerical simulation

To find stable walking gait and test the walking
dynamics derived above, a numerical simulation was
performed using MATLAB. The passive robot can
walk stably down a gentle slope by providing a proper
initial condition to the robot. The proper initial condi-
tion here is the so-called fixed point. If in every step the
passive walking model is converged to the same initial
condition, this initial condition is called the fixed point.
The well-known Newton—Raphson iteration algo-
rithm'® is used to find the fixed point here. The walking
phases of a, ¢, and f are computed on the basis of the
principle of angular momentum conservation. The
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Figure 9. Basin of attraction of the passive dynamic walking
robot.

Figure 8. Joint angles for the legs and upper body.

walking phases of b, d, e, and g are integrated numeri-
cally by the ODE45 method until the running program
detects the impact event of the impact phases. A walk-
ing cycle simulation ends before the leading foot’s heel
impacts the ground again. The state variables immedi-
ately before impact are used as the initial conditions of
the next step. If the initial condition converges to one
point, the passive walking robot will walk stably with
the same gait in every step.

Figure 8 shows the angle values of the legs and upper
body for four steps. After the leading foot’s heel impact
with the ground, the thigh and shank still rotate for-
ward together for a while, which means that there is a
double stance phase existing during this part of walk-
ing. The instant that the thigh and shank rotate for-
ward separately is just the time that the trailing foot
loses contact with the ground. The upper body is kept
strictly in the midway between the two legs, as shown
in Figure 8.

Figure 9 shows the basin of attraction'> of our pas-
sive walking model, which is used to analyze the global
stability of the passive robot. The basin of attraction is
the collection of all the fixed points (i.e. all the initial
conditions that can exhibit a limit cycle during walking)
for the walking. The bigger the area of the basin of
attraction, the more robust the robot. The basin of
attraction is obtained by the cell mapping method.?!
The basic idea of this algorithm in brief is first, discrete
the continuous state space to the cell state space that
contains several cells. Then, number the disordered cell
state space. Finally, use the Poincare mapping method'®
to every cell. The collection of the cells that can map to
themselves is called the basin of attraction. The number
of the cells should be determined properly. If the num-
ber is too big, the calculating time will increase greatly
and if is too small, the results will be imprecise. In this
study, the number of cells for each independent state
variable is set to 30. The passive model built in this
study shows a relatively good global stability as shown

l\ ll “
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Figure I 1. Physical prototype.

in Figure 9, which means that it can still walk stably
when it encounters small disturbances.

The stick diagram of the walking process is depicted
in Figure 10, in which we can see that the robot can
walk stably and show a periodical gait.
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Experiments

A physical prototype, as depicted in Figure 11, was built
in this study according to the design mentioned above.
The experiments based on a simple proportional-
derivative (PD) control scheme in equation (18) at the
hip joint were performed. By only the PD control
scheme, the robot can walk stably on level ground
= —K,(0 — 07) — K40 (19)
The value of 87 should be determined properly. If it
is too big, the robot will fall backward. If it is too small,
the swing heel will scuff the ground with a higher rate.
The value of 89 is set to /3 in this study.

0.09 T
e model

— prototype /{
0.08 L/

0.07

Mechanical cost of transport ()

0.06 1 7
v
.-
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0 9 18 27 36 45
Kp (Nm/rad)
Figure 12. Effect of K, on mechanical cost of transport.

The mechanical cost of transport defined in equation
(19) was calculated by the data collected from sensors
at the DC motor and hip joint each step to analyze the
energy consumption of our the prototype during walk-
ing, where L is the step length

n T .
(Efrsl-)
Cmt = mg - L (20)

Figure 12 shows the effect of K, on the mechanical
cost of transport. Both the simulation and experimental
results show that the mechanical cost of transport
increases with the increasing value of K,,. The reason is
that the increase in K, injects higher torque value to the
hip joint which costs more energy.

Figure 13 shows the frames from the experiments’
video of one successful walking experiment. The passive
robot could walk on level ground stably with certain
walking speed by giving a proper initial value manually.

Conclusion

In this article, a detailed design process of the mechani-
cal structures and control system architecture for a pas-
sive dynamic biped walking robot is introduced. A
detailed walking dynamics for the passive model that
consisted of an upper body, two legs, two flat feet, a hip
joint, two knee joints, and two ankle joints is derived
based on virtual power principle. The instant just before
foot-ground impact is chosen as the start point of the
walking, which can reduce the number of independent
state variables and thus increase the chance of finding

Figure 13. Frames from experiments’ video.
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out the fixed point. The walking exhibits a more natural
gait that contains a double stance phase. We prove the
correctness of the walking dynamics by the numerical
simulation process in MATLAB. Finally, we built a
physical prototype based on the design and the experi-
mental results prove that the design of the passive
dynamic walking robot is rational in this study.

As described in this study, the passive dynamic
walking robot can walk successfully both on a shallow
slope without any control and on level ground with
only simple PD control at the hip joint. However, to
obtain a better walking performance and more versatile
walking gait, the ankle joint control must be induced.
So the future work will focus on the study of ankle
joint actuation.
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