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Abstract This paper presents the development of the planar
bipedal robot ERNIE as well as numerical and experimental
studies of the influence of parallel knee joint compliance on
the energetic efficiency of walking in ERNIE. ERNIE has
5 links—a torso, two femurs and two tibias—and is config-
ured to walk on a treadmill so that it can walk indefinitely
in a confined space. Springs can be attached across the knee
joints in parallel with the knee actuators. The hybrid zero dy-
namics framework serves as the basis for control of ERNIE’s
walking. In the investigation of the effects of compliance on
the energetic efficiency of walking, four cases were stud-
ied: one without springs and three with springs of differ-
ent stiffnesses and preloads. It was found that for low-speed
walking, the addition of soft springs may be used to increase
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energetic efficiency, while stiffer springs decrease the ener-
getic efficiency. For high-speed walking, the addition of ei-
ther soft or stiff springs increases the energetic efficiency
of walking, while stiffer springs improve the energetic effi-
ciency more than do softer springs.
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1 Introduction

For more than three decades, the field of bipedal locomotion
has been receiving increasing research interest with many
bipedal robots having been built at labs around the world. In
Japan, WABOT-1 (Kato and Tsuiki 1972) was constructed
in the 1970s, and the recent success of ASIMO (Sakagami
et al. 2002) indicates that research in bipedal locomotion re-
mains active and strong. In Europe, several projects are ac-
tive. At the Technical University Munich, Germany, JOHN-
NIE (Loffler et al. 2004) was designed and built. At the Delft
Biorobotics Laboratory (Wisse et al. 2005, 2001; Collins
et al. 2005) in the Netherlands, a series of bipeds were
built based on passive walking principles (McGeer 1990).
At the Laboratoire d’ Automatique de Grenoble, France, a
robot named RABBIT (Chevallereau et al. 2003) was con-
structed and served as the testbed on which the hybrid zero
dynamics (HZD) approach to control biped walking (West-
ervelt et al. 2004) was first experimentally validated. In the
United States, there have been comparatively fewer projects.
At Cornell there have been several passive biped projects
(Coleman and Ruina 1998; Collins et al. 2001, 2005). At
MIT, the strong tradition of the MIT Leg Lab, including the
notable Spring Flamingo (Pratt and Pratt 1998), has been
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continued by the Robot Locomotion Group (Collins et al.
2005).

One of the most promising uses of bipedal robots is as
service machines that assist humans in obstacle-ridden en-
vironments, such as the home. In such applications, where
a tether is impractical, a bipedal robot will most likely
rely on its on-board power supply, such as batteries. There-
fore, energy efficiency is of crucial importance for bipedal
robots. Various approaches have been taken to create an
energetically-efficient bipedal robot.

One design-oriented approach is passive-dynamic walk-
ing wherein the robot’s dynamics are designed such that the
robot is able to walk stably down shallow slopes without the
need for control or energy input aside from that coming from
gravity (McGeer 1990; Garcia et al. 2000). This approach
has been used at both Delft and Cornell, as mentioned above.
There are three primary drawbacks of passive-dynamic
walkers (Kuo 2007): they are only able to walk down slopes,
their gaits are restricted to the few admitted by their dynam-
ics, and they are sensitive to perturbations. Realizing these
limitations, researchers have sought to improve passive-
dynamic walkers by adding actuation (Collins et al. 2005).

The second approach to obtaining energetically-efficient
bipedal walking is the use of mechanical compliance. In
Farrell et al. (2007), Collins and Ruina (2005), Anderson
et al. (2005), springs were added at the passive ankles to
improve the energetic efficiency of walking. In Iida et al.
(2005), springs were added across the hip and shank, and
thigh and heel simultaneously. Series-elastic actuation was
implemented on Spring Flamingo to enable control of the
ground reaction forces in walking, thus providing an active
suspension (Pratt et al. 2001). Vanderborght et al. (2006)
used McKibben’s muscles as a means to add controllable
joint compliance. Compliant elements have also been used
in the design of hopping and running bipeds, such as the
pioneering work of Raibert (1986), and more recently by
Ahmadi et al. (1999) and Hurst et al. (2007).

The third approach to obtaining energetically-efficient
bipedal walking is the design of gaits that minimize the en-
ergetic cost of walking. The most common means of design
is to use parametric optimization to choose the parameters
that specify the gait of the robot. For example, Chevallereau
et al. (2001) used parametric optimization to design fourth-
degree polynomial functions that give the joint motions over
a step as functions of time. In another example, Channon
et al. (1992) used parametric optimization to design third-
degree polynomial functions that give the motions of the hip
and swing foot of the robot as a function of time, and the cor-
responding joint trajectories were determined by an inverse
kinematic model of the robot. Unlike the previous two exam-
ples in which each reference trajectory was described by a
single polynomial function of time, in Saidouni and Besson-
nett (2003) cubic splines connected at points uniformly dis-
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tributed along the “motion time” are used to generate com-
plete optimal steps, including a double-support phase. An-
other means of designing gaits that minimize the energetic
cost of walking is by application of Pontryagin’s Maximum
Principle (PMP). The first application of PMP to gait gen-
eration can be found in Chow and Jacobson (1971). More
recently, Rosatami et al. (1998, 2001) used PMP to design
impact-less gaits by casting the constrained gait optimiza-
tion problem as a two-point boundary value problem. Dif-
ferent from these methods based on off-line model-based
optimization, gait generation based on learning is also a
common approach. Capi et al. (2003) enabled real-time gait
generation with a neural network designed using learning.
Tedrake (2005, 2004) used online learning to continuously
adapt the gait.

This paper contributes to the literature on energetically-
efficient bipedal robots by presenting the design and control
of the planar bipedal robot ERNIE, which was designed and
constructed at The Ohio State University. ERNIE was con-
structed to serve as a testbed for the study of the influence of
design and control on the performance of bipedal walking.
Its purposefully simple morphology—two legs with knees,
no feet, and a torso—was inspired by that of RABBIT. Un-
like RABBIT, ERNIE has two design features that enable
a range of experiments: compliance may be added at the
knees in parallel with the actuators, and its legs are mod-
ular. ERNIE’s control system is based on the HZD frame-
work (Westervelt et al. 2007) wherein gaits are designed us-
ing parametric optimization. The paper also presents numer-
ical and experimental studies of the effects of adding parallel
knee joint compliance on the energetic efficiency of walk-
ing.

The remainder of the paper is organized as follows:
Sect. 2 presents ERNIE’s system specifications and me-
chanical design. Section 3 describes issues related to sys-
tem integration. Section 4 summarizes the control approach.
Section 5 presents a numerical study of the influence of
knee compliance on the energetic efficiency of walking, and
Sect. 6 presents the corresponding experiment results. Con-
clusions are drawn in Sect. 7.

2 Mechanical design

ERNIE is a planar biped composed of 5 links: a torso, two
femurs and two tibias. The two hip and two knee joints
are all actuated revolutes. To restrict ERNIE’s walking mo-
tion to its sagittal plane, a boom is attached to the torso
via an unactuated revolute joint coaxial with the hips. The
revolute connection allows for the body to pitch relative
to the boom. Figure 1 is a photograph of ERNIE’s experi-
mental setup when ERNIE is on a treadmill. Table 1 gives
ERNIE’s geometric and inertial parameters as determined
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Fig. 1 The biped prototype ERNIE’s experimental setup

Table 1 Link parameters for ERNIE

Model parameter Units Link Value
Mass kg torso 13.6

femur 1.5

tibia 1.0
Length m torso 0.28

femur 0.36

tibia 0.36
Mass center? m torso 0.14

femur 0.13

tibia 0.12
Inertia” kg-m? torso 0.09

femur 0.02

tibia 0.02
Motor rotor inertia kg-m? - 2.09 x 1077
Gearhead ratio - - 91
Gearhead inertia kg-m? - 1.5%x 107

2The mass center of each link is measured along the link axis from the
nearest joint

The link inertia is measured with respect to its mass center

from a solid model assembly composed of the individual
parts from which all of the specialized components were
manufactured.

2.1 Features of the mechanical design

The following are the key features of ERNIE’s mechanical
design.

Parallel compliance at the knees With a simple cable-
mounting assembly at the knee joints, extension springs can
be easily added across the knee joints in parallel with the
actuators. The addition of compliance has the potential to

improve the energetic efficiency of walking. This design fea-
ture was inspired by Alexander’s (1999) idea that it is possi-
ble to reduce the work done by the actuators by using return
springs to decelerate the leg at the end of each forward or
backward swing, and accelerate the leg in the other direc-
tion.

Modular legs  The mechanical couplings at the knee joints
and hip joints are designed to make the femurs and tib-
ias independent modules. With this modular design, the leg
lengths and leg ends may be changed with minimal redesign.
In this way, modularity facilitates future studies involving
mechanical changes such as walking with feet.

Low-mass links ERNIE’s boom and legs are made primar-
ily of carbon fiber to reduce the total mass without compro-
mising structural rigidity.

Actuators in the torso Locating all of the actuators in the
torso reduces the mass that is distal to the robot’s mass cen-
ter. The result is lighter legs, thus reducing the power re-
quirements and allowing for smaller motors to be used.

2.2 Limb and torso design

Femur and tibia design  'To minimize high-order modes of
the robot’s mechanics, the robot’s legs were designed to be
stiff. Carbon fiber tubing was used for the tibias and fe-
murs because of its high rigidity and strength-to-weight ra-
tio. Each limb segment is composed of two tubes. The tube
ends are bonded to aluminum plugs that fit inside the tubes.
The two carbon fiber tubes of each femur (28.7 mm OD and
1.6 mm wall thickness) are spread apart from the neutral
bending axis, while the two carbon fiber tubes of each tibia
(28.7 mm and 32.1 mm ODs and 1.6 mm wall thickness)
are aligned concentrically. The bending moment on the fe-
mur is larger than that on the tibia during stance, so greater
strength is needed in the femur. The concentric arrangement
of the tubes in the tibia modestly increases its bending re-
sistance without increasing its width in the sagittal plane.
A wide tibia would create ground interference problems be-
cause the foot, described below, is directly attached to the
end of the tibia. The femurs and tibias have the same length
of 0.36 meters, and their length ratio approximately equals
the length ratio of a human’s femur and tibia (Gunther and
Ruder 2003). This design enables ERNIE to walk like a hu-
man. Human-like walking in bipedal robots is of particular
interest for their adoption in human-oriented environments.

Torso design The torso was designed to house the motors,
connect to the boom, and generally provide structure for the
robot as a whole. The torso is made of 6.35 mm (0.25 inch)
aluminum plate because of its combination of machinability,
structural stiffness, and light weight.
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Foot design ERNIE’s feet are hemispherical and designed
to provide an unactuated degree of freedom in the sagit-
tal plane between the tibia and the ground. Each aluminum
hemisphere is covered with half of a racquet ball to provide
cushioning at ground impact as well as to increase the coef-
ficient of friction between the foot and the walking surface.
With this covering, the foot radius is about 30 mm. A force
sensitive resistor is placed between the foot and tibia and
is used to detect foot-ground contact. ERNIE’s feet are at-
tached to the ends of the tibias via simply assemblies. This
modular design minimizes the mechanical coupling between
the feet and the tibias, and the hemispherical feet can be re-
placed easily for other studies, such as walking with curved
feet.

2.3 Actuation and transmission

Actuation Since the weight of the actuators accounts for
a significant portion of the total weight of the biped, it is
important to choose actuators with a high power-to-weight
ratio. As a result, brushless DC motors were chosen for
ERNIE with the size determined from simulations of a de-
tailed model of the robot walking under closed-loop feed-
back control. Using these simulations, the design of ERNIE
was iterated until the needed components’ specifications
matched those that were available off the shelf. The follow-
ing motors from Maxon Precision Motors Inc. were chosen:
brushless DC motor EC45-136212 combined with motor
gearhead GP42C-203125 (91:1 ratio) and the incremental
encoder HEDL 9140 (500 lines per revolution). The motors
are powered by brushless servo amplifier B6OA40AC from
Advanced Motion Controls.

Transmission Since all of the motors are located in the
torso, transmissions are needed to transmit power from the
motors to the joints. Wire rope cabling (7X19 with uncoated
OD of 3.2 mm and vinyl coated for a total OD of 4.8 mm) is
combined with pulleys (63.5 mm diameter) to give a simple,
compact, and light transmission. For the knee joint transmis-
sions, additional idler pulleys are used at the hips. The pul-
leys feature slip rings that have a running fit about the pulley
body packed with grease. This design allows both halves of
the cables to have relative motion during cable tensioning.

Parallel energy storage Extension springs can be mounted
across the knee joints in parallel with the actuators as shown
in Fig. 2. The design allows for two extension springs to be
attached in parallel across each knee joint to achieve a rela-
tively high effective stiffness without employing an unduly
large spring. One end of each extension spring is attached
at the top of the femur assembly, and the other end is at-
tached to a wire rope using a wire rope thimble. The wire
rope wraps around a circular cam of radius r that is rigidly
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Femur

Tibia

(a) Schematic of springs in parallel
with knee joint actuators

(b) Actual assembly of springs in
parallel with knee joint

Fig. 2 Springs in parallel with knee joint

fixed to the tibia. Since the cam is circular, the torque applied
to the knee joint is linearly related to the knee’s angular dis-
placement. With this design, the knee springs engage only
when the knee joints flex to a certain angle, which is termed
the knee spring offset. The overall wire rope length can be
adjusted with an in-line turnbuckle or a cable stop as shown
in Fig. 2(b). Hence, the knee spring offset can be adjusted
by changing the wire rope length.

When the selected extension springs have a nonzero pre-
load FO! and constant spring stiffness K ﬁp, the equivalent
torsional spring stiffness K, and the equivalent torsional
spring preload t° are

Kyp :=2K.,r*, (1a)

0= 2F00) (1b)

The use of parallel compliance does not increase the con-
trol design complexity, as would the addition of series com-
pliance.

2.4 ERNIE’s experimental setup

To provide frontal plane stabilization, a boom is attached to
ERNIE with a revolute joint and to the wall with a pair of
intersecting revolute joints. The three revolute joints of the
boom system intersect at a single point.

Due to limited lab space, ERNIE is configured to walk on
a treadmill. The treadmill has a split track. ERNIE is located
such that only one leg falls on each track. With this configu-
ration, the potential for coupling in the legs’ motions due to
lateral compliance in the track is minimized.

3 System integration
3.1 Sensors and computation

As an experimental biped, ERNIE has a large sensor set in-
stalled. Each actuated joint is equipped with a 5 k2 poten-
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tiometer (Clarostat Sensors and Controls model 308 NPC)
that is attached to the shaft of the joint to measure the joint’s
angular displacement. A potentiometer of the same type is
used to measure the torso angle with respect to the boom.
Encoders are attached directly to the shafts of each motor
to measure the motor shaft’s angular displacement. Two ad-
ditional encoders (CUI Inc. model NSO-S10000-2MD-10-
050) are used to measure the boom angular positions in the
vertical and horizontal planes. For each track of the tread-
mill, an encoder signal is provided from the treadmill to
measure the distance traveled. This signal is used to com-
pute ERNIE’s relative position with respect to the treadmill.

To detect ground contact, a force sensitive resistor (FSR)
is inserted between the foot and tibia of each leg in such a
way that the pressure on the FSR increases when the foot
is on the ground. A voltage divider is used to measure the
change in pressure. Since the pressure measurement suffers
from significant drift, the signal is numerically differenti-
ated, and detection of foot touchdown is based on a thresh-
old of the differentiated signal.

ERNIE’s real-time control platform is a dSPACE DS1103
system. This system features a PowerPC 604e processor
running at 400 MHz, 2 MB SRAM local memory, and
128 MB SDRAM global memory. Other features include 20
ADC channels, 8 DAC channels, 6 digital incremental en-
coder channels, and 32 bits of digital I/O.

3.2 Robot—treadmill interaction

Lateral compliance of the treadmill belts provides a restora-
tive torque that helps to stabilize the average position of
ERNIE on the treadmill when walking. Figure 3 depicts a
top view of ERNIE walking on its treadmill with the inner
leg as the stance leg. Over a step, the desired average value
of ¢y, the angle between the boom axis and the normal to
the treadmill tracks, is zero. That is, the desired average ori-
entation of the robot’s sagittal plane over a step is parallel to
the treadmill’s direction of progression. Since the leg ends

Fig. 3 Top view of ERNIE’s experimental setup. Lateral compliance
in the treadmill belts provides a restorative torque that tends to keep
the robot’s sagittal plane aligned with the treadmill. The position of
ERNIE when ¢y, = 0 is depicted in gray

do not readily slip on the treadmill surface because of the
foot covering, when ¢, # O the lateral compliance of the
treadmill belts provides a restorative torque that may be ap-
proximated as follows.

Assume that the treadmill belts have a lateral stiffness
of kpeit. The force experienced at the stance leg end in the
lateral direction of the treadmill may be approximated as

Frett 2 kpelrd = kpeitl, 1 (1 — cos(dp)). (2)

Thus, the restorative torque may be approximated as

Tpelt ~ Fpeltlp,1 sin(Py) = kbeltlg,l sin(¢p) (1 — cos(ép)). (3)

This torque acts to stabilize the average position of the robot
when walking on the treadmill.

4 Control overview

ERNIE’s control system is based on the HZD framework
(Westervelt et al. 2007). To maximize the benefits of adding
parallel knee joint compliance, the gaits and the spring pa-
rameters must be chosen appropriately. This selection may
be done via simultaneous optimization of the gait and the
spring parameters.

4.1 ERNIE’s dynamic model

It is assumed that a normal step consists of an instantaneous
double support phase, when both legs are in contact with the
ground, and a single support phase, when only one leg end
is in stationary contact with the ground. The alternation of
these two phases results in a hybrid model of walking.

During the single support phase, the robot is modeled as a
5-link rigid-body mechanical system. The equations of mo-
tion are

D(q)4 +C(q.9)q + G(q) + E(q) = Bu, “

where g := (q1; ...; g5) € Q are the joint angles (see Fig. 4),
Q is a simply-connected, open subset of [0, 27)3, q € RS,
and u € R*. Since the dimension of u is smaller than the di-
mension of g, the robot is underactuated. The matrix D(q) is
the mass-inertia matrix, C(q, ¢) is the matrix of centripetal
and Coriolis terms, G(g) is the gravity vector, and B is the
input matrix. The vector function E (q) describes the torques
supplied by the springs at the knee joints. In the case that no
springs are attached, E(g) is a 5 x 1 zero vector. When com-
pliance is present at the knees, E(q) is given by

E(q) :=(0; 0; E3(q3); Es(qs); 0). Q)

Since the springs at the knee joints are pre-loaded extension
springs, they can only apply torques when they are stretched.
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As a result, the torques can be described by nonlinear func-
tions,

Kop(qi —q) +7° gi<q°
Ei(g)=1{ = ’ . (6)
O, qi >4,

where i = 3,4, K, is the equivalent spring stiffness con-
stant given by (1a), ¥ is the equivalent spring preload given
by (1b), and ¢ is the spring offset. As the knee joint rotates
from zero offset in the negative sense, the springs will en-
gage at a chosen offset angle ¢°. Once the springs engage,
the torque supplied by the springs changes linearly with re-
spect to the change in knee joint angle.

Defining x := (q; q), the model written in state-space
form is

- q 0
x_|:D_1(—Cq'—G—E)]+|:D_lB]u’ 72)
=: 1) +gxu, (70)

with state space T Q :={(q; q) | geQ,ge R},

The double support phase is assumed to be instantaneous
and modeled by a rigid impact (see Westervelt et al. 2003
for a complete list of hypotheses concerning the impact and
model derivation). The state variables just after and just be-
fore impact are related by an algebraic map x™ = A(x ™),
where xT is the state just after the impact, and x~ is the
state just before impact. The impact map is applied when-
ever the state enters the switching set S (at double support),
where

s={@deT|ps@r=0, ph@ >0}, ®)

where p3j and pé’ are the position of the swing leg end with
respect to the stance leg end; see Fig. 4.

Fig. 4 ERNIE’s measurement conventions as depicted from the
boom-side of the robot

@ Springer

The overall hybrid model is given as

= @) +gu, xT ¢S

PN
xt=AG"),

€))

x~eS.
4.2 Controlling stable dynamic walking

The control design in this paper follows the approach pro-
posed by Westervelt et al. (2003). The approach is summa-
rized here for completeness.

For the model (4), suppose that there exists a function
6 : Q@ — R that is monotonically increasing over the du-
ration of a step. Define a parameterized set of holonomic
constraints, ig () : R — R* on the actuated coordinates,
which is expressed as

hd,a(e) = (hdl,oll 5 hd2,012; hd3,013; hd4,a4)' (10)

The 4 constraint functions 4 4; ., wherei =1, ..., 4 are cho-
sen to be Bézier polynomials,

M
; M! _
hdi,ozi = Za,’{msk(l —S)M k, (]1)
k=0

where s := (0 —01)/(0~ — ™), which monotonically in-
creases from 0 to 1 overastep, o := (a); ...; ;) € RMH1,
and 67 and 6~ are the values of 6 at the beginning and end
of the swing phase.

Leta:=[a', ..., a% € RM+Dx® and define the output

y="h(g) :=ho(q) — ha,«(q), 12)

where ho(q) := (q1; -..; qa). The set of parameters o is
said to be regular if it satisfies output Hypothesis HH1-
HHS given in Westervelt et al. (2003). The parameters be-
ing regular implies that the associated decoupling matrix
is invertible, and there exists a two-dimensional zero dy-
namics during the swing phase. The associated zero dy-
namics manifold Z, :={x e TQ | h(x) =0, Lsh(x) =
0} is rendered invariant by the feedback control u*(x) :=
—(Lgth(x))_lLffh(x). Let the feedback control I'y, be
any feedback control satisfying Hypothesis CH2—-CHS5 given
in Westervelt et al. (2003). Then, Z, is invariant under I'y,
and is locally finite-time attractive. Furthermore, the HZD
exists if A(SNZ,) C Z,.

Let (£1, &) be coordinates for Z, where & := 60, & =
IK /d¢s| z, = ds(q)g and where K (q.§) = 34'Dq is the
kinetic energy of the robot and ds is the row of D corre-
sponding to the absolute coordinate. In these coordinates,
the HZD takes the form

AEGGE
[52:| N [ K3 (E1) :|’ (61,6) ¢ (SN Zy)

£ o+ (13)
[ J:[ , _], (1.8 € (SN Zy),
é7'2 Szeroéz
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where 82, is a constant that can be readily computed, and

k1 and k7 are given by

(E)—% % e (14)
U0 L] 1],
and
oV
Kz(gl)z—ﬁ i (15)
n | Z,lpha

where V (q) is the potential energy of the robot.
For the hybrid system, let ¢ := %(52)2 and Viero(0) :=

— f99+ k2(&)/Kk1(€)dE. Then the restricted Poincaré map p :
SNZ, — SN Z, has the form

P(E5) = 8208y — Vaero(@7), (16)

and its domain of definition is given by

where V0 := maxg+ <g<g- Vzero(0).

There exists an exponentially stable periodic orbit of the
HZD if, and only if,

82
Spo <1 and  —ZE0— V0 (07) + Vi <0, (18)
1— 5zero
: : : k— Vzero(07)
with the corresponding fixed point £; " 1= — =55

zero

A thorough treatment of the HZD and control design ap-
proach summarized in this section can found in Westervelt
et al. (2007).

4.3 Control algorithm implementation

In the experiments presented in this paper, the output func-

tionis given by (11)—-(12) with =[—1, 0, —1/2, 0, —1, ]q.

The Bézier polynomial order M was chosen to be 6. The
polynomial parameters were found via constrained numeri-
cal optimization to approximately minimize the average me-
chanical absolute power over one step,

4

| T1(65)
R / g ldr, (19)
T1<;2>§ 0 o

where T7(¢, ) corresponds to the step duration.
To achieve human-like walking, the following optimiza-
tion constraints were used:

Average walking rate constraint The average walking rate
was constrained to be a specified value.

Ground contact constraints The normal component of the
ground reaction force was constrained to point upwards, and
the ratio of the tangential to normal ground reaction forces
was constrained to be less than the foot-ground static friction
constant to ensure that the stance foot remains on the ground
and does not slip. The coefficient of maximum foot-ground
static friction is 0.37 in the gait design.

Joint motion ranges, swing foot ground clearance, and
step length Constraints were imposed so that the resulting
walking pattern is human-like.

Required actuator power and torque  Constraints were im-
posed to ensure that the required power and torque were
within the actuators’ limits.

In the HZD framework applied to ERNIE, the hip and
knee joints are controlled to follow reference motions,
which results in a one-dimensional HZD. The reference mo-
tions are designed via optimization so that the resulting gaits
are stable and efficient. High-gain joint feedback control is
used to drive y defined in (12) to zero, thus ensuring that the
gaits induced match their design. Although one might ex-
pect superior performance if output feedback linearization
were used, it is the experience of the authors that the per-
formance is comparatively worse due to unmodelled system
dynamics and parameter uncertainty.

During the gait design, when ERNIE’s model including
knee springs is used, the benefits of these springs are utilized
naturally, such that when the knee joints follow the reference
trajectories, these springs help to reduce the desired cost,
(19).

5 Numerical study of the influence of knee springs on
the energetic efficiency of walking

In this section, the influence of the knee springs on the en-
ergetic efficiency of walking is analyzed via numerical sim-
ulation. This study is inspired by the idea that the compliant
elements at the knee joints may increase the energetic effi-
ciency of walking by the cyclic storage and release of energy
(Alexander 1999).

The four cases studied are given in Table 2. In Case
1, gaits were designed based on ERNIE’s model without

Table 2 Optimization design cases

Case Kp (Nm/rad) 79 (N'm)
1 0 0

2 6.19 1.73

3 16 2.74

4 20.13 2.95
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Table 3 Optimization

constraints used in gait design Design constraint

Minimum Maximum

Static friction constant
Swing foot height
Stance leg hip joint
Swing leg hip joint
Stance leg knee joint
Swing leg knee joint
Torso angle

Step length

Knee spring offset

0 0.35
0.18(—s2+s) m -
2.1 rad (120°) 4.7 rad (270°)

2.1 rad (120°) 4.7 rad (270°)
—1.6 rad (—90°) 0 rad (0°)
—1.6 rad (—90°) 0 rad (0°)
—0.2 rad (—10°) 0.2 rad (10°)
0.15m 0.25m

—0.5 rad (—30°) 0.5 rad (30°)

springs. In Cases 2 through 4, gaits were designed based
on ERNIE’s model with three different sets of springs in
parallel with the knee actuators. The spring stiffnesses were
chosen using a two-step process. First, gaits were designed
for a range of speeds and spring stiffnesses. Second, spring
stiffnesses that resulted in low-cost walking for a range of
speeds were selected according to commercial availability.

The optimization constraints used in the design of all
gaits are given in Table 3. For each case, eight gaits were
designed with different average walking rates varying from
0.3 m/s to 0.65 m/s in increments of 0.05 m/s.

5.1 Case 1: gaits designed without knee springs

The average power costs of the eight gaits designed without
springs are given in Fig. 5. Although the step length is con-
strained between 0.15 m and 0.25 m, the resulting gaits all
have a step length of 0.25 m. As can be seen from Fig. 5(a),
the average power cost of walking without springs increases
nearly quadratically with respect to the increase of the av-
erage walking rate. Similar results have been reported in
Ralston (1958), Bastien et al. (2005), Browning and Kram
(2005).

5.2 Cases 2 through 4: gaits designed with knee springs

In each of Cases 2 through 4, gaits were designed via simul-
taneous optimization of the gait and the knee spring offsets.
Note that during the design, the knee spring offset was con-
strained between —0.5 rad (—30°) and 0.5 rad (30°). The
knee joint angles were constrained between 0 rad (0°) and
—1.6 rad (—90°) to prevent knee joint hyper-extension. In
all three cases, the optimization design yields gaits in which
the knee spring offset is such that the knee springs are slack
during a portion of a step. This finding indicates that for the
current system configuration, spring engagement for only a
portion of the step results in higher efficiency.

Figure 6 gives the simulation result of the knee joint
torque and the knee joint motion during one step with the
gait designed for a walking rate of 0.65 m/s with the springs
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Fig. 5 Average power cost over one step calculated from simulation

of case 3. In Figs. 6(a) and 6(b), the lines represent the re-
quired stance knee joint torque and swing knee joint torque,
respectively, with and without the springs. For this gait, the
designed knee joint spring offset is —0.34 rad. When springs
are added with the designed spring offset, the springs on the
stance leg knee joint are slack over the entire step since the
stance leg knee joint angle is always greater than —0.34 rad.
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(c) Stance (solid) and swing (dashed) knee joint trajectories

Fig. 6 Kbnee joint torque profiles for the 0.65 m/s gait. The equivalent
spring stiffness used is 16 N m/rad

The torque profiles with and without springs are therefore
the same. The springs on the swing leg knee joint, on the
other hand, are engaged between approximately 0.04 sec-
onds and 0.35 seconds, when the swing leg knee joint angle
is less than —0.34 rad. Consequently, the resulting torque
profiles with and without springs are different during this
period. As a result, the average power cost with springs is
less than the average power cost without springs. The power
savings is due to the reduction in the power supplied by the
actuators to decelerate the swing knee.

The average power costs of the three sets of gaits de-
signed with springs are given in Fig. 5(a). As in the case
without springs, the average power cost of walking with
springs increases approximately quadratically with the in-
crease in average walking rate. At low walking rates, gaits
designed for the softest spring are more efficient than walk-
ing without springs, and gaits designed for the stiffer springs
are progressively less efficient with increasing spring stiff-
ness. Conversely, at high average walking rates, gaits with-
out springs are less efficient than gaits with springs, re-
gardless of stiffness, and gaits designed for stiffer springs
are progressively more efficient with increasing spring stiff-
ness. This correlation is due to matching the spring deflec-
tions and knee joint torques required by the gaits; in general,
faster gaits have larger joint displacements and higher torque
requirements than slower gaits.

5.3 Effect of spring parameter variation on average power
cost

To investigate how spring stiffness and spring preload affect
walking efficiency for the given gaits using simulation, four
gaits with average rates of 0.35 m/s, 0.45 m/s, 0.55 m/s, and
0.65 m/s were designed with the springs of case 3. Figure 7
plots the power cost (19) computed when the spring stiffness
is varied from 0 N m/rad to 40 N m/rad and the preload from
ONmto5Nm.

For each of the four contour plots, a valley exists such
that the average power cost is minimal at the nadir of the val-
ley. With the average walking rate increasing from 0.35 m/s
to 0.65 m/s, the valley and its nadir shift from the left bot-
tom corner of the plots to the right and upward as shown by
Figs. 7(a)-7(d). This indicates that in general, to increase the
energetic efficiency of walking, the spring stiffness and pre-
load need to be increased when the average walking rate in-
creases, but improperly over-increasing or under-increasing
these two values will diminish the benefit of energy sav-
ing provided by the parallel compliance at the knee joints.
Particularly for the given four gaits with springs of case 3,
the spring stiffness and preload combination is sub-optimal
for all four gaits, and an optimal spring stiffness and pre-
load combination can be estimated from Fig. 7 for the given
speeds or gaits. This observation is intuitive too. In general,
at a high average walking rate, the biped needs to swing its
leg fast, and stiff springs can assist the motor more than soft
springs. On the other hand, at a low average walking rate,
the improperly stiff springs may work against the motors,
increasing the average power cost of walking.

6 Experimental verification

This section describes experiments that validate the results
of Sect. 5. The general experiment procedure is described
first, and the results follow.
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Fig. 7 Average power with respect to spring stiffness and preload for four walking rates. The gaits were designed with the spring of equivalent

stiffness 16 N'm/rad and preload 2.74 Nm

6.1 Experiment procedure

The experiment procedures for walking without knee springs
and walking with knee spring are the same aside from the
need to install and adjust the springs for the latter.

The first step of the experimental procedure is to add the
springs and set the spring offset as needed. The robot’s po-
tentiometers are then calibrated. Next, ERNIE is servoed to
the initial configuration of the selected gait and placed on the
treadmill with the treadmill at zero speed. To initiate walk-
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ing, the controller is switched to the HZD-based feedback
controller and an experimenter holds the robot’s boom sta-
tionary while the treadmill speed is ramped up. As a conse-
quence of the zero dynamics’ parameterization by forward
progression—which is relative to a frame fixed to the tread-
mill belt—the robot’s gait naturally synchronizes with the
treadmill. Once the treadmill speed matches that of the gait
design, the experimenter releases the boom. To stop the ro-
bot, the experimenter grasps the boom, holding it stationary,
and the treadmill speed is ramped down.
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joint angles of the leg nearest to the wall in Fig. 1

6.2 Experiment results

Walking tests were performed for the four cases, i.e., walk-
ing without springs and walking with the three different sets
of springs with parameters given in Table 2. Each case has
eight gaits corresponding to eight different average walking
rates from 0.3 m/s to 0.65 m/s in increments of 0.05 m/s.
A total of thirty-two tests were performed. Feedback con-
trollers were designed using the corresponding gait obtained
in Sect. 5 to induce stable walking at a desired average rate
according to the given system configuration, i.e., without
knee compliance or with different knee compliances. For
each test, ERNIE was configured to walk on the treadmill,
and data was collected for 20 seconds of steady-state walk-
ing.

Figures 8—10 are plots of various quantities of interest
over a representative time interval containing approximately
ten steps for the walking test with knee compliance of equiv-
alent stiffness 16 Nm/rad and preload 2.74 Nm at a rate
of 0.5 m/s. Figure 8 gives the joint trajectories and track-
ing errors for each hip and knee joint. The plots indicate
good tracking, and hence, that the designed motion was en-

15 16 17 18 19
t (sec)

15 16 17 18 19
t (sec)

Fig. 10 Estimated torque versus time for ERNIE walking at 0.5 m/s
with knee springs of equivalent stiffness 16 Nm/rad and preload
2.74 Nm

forced. Figure 9 gives the evolution of the torso angle. Note
that although the torso angle was not directly controlled, its
motion was periodic. Figures 8 and 9 together indicate that
ERNIE walked with a periodic gait. Figure 10 gives the joint
torques estimated from the measured current of each motor.
The peak commanded torque is 62.5 N m, which is below
the maximum torque the motor can supply, estimated to be
approximately' 75 N m.

The average power cost for each test was calculated in
a time window of approximately 20 seconds, which started
from the first double support phase to the last double sup-
port phase of the data-recording period. The average power
was based on the measured amplifier output current I4pp
using the standard relation between applied current and mo-
tor/gearhead output, T = Nk; I4pp, Where N is the gear ratio

1t is assumed that the ambient temperature is 25°C, and the maximum
current is applied cyclically with a duty cycle of 20%.
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and k; is the motor torque constant. The average power cost
Pyyg was estimated by

1T
Pavng/O Z}fi(t)‘bni‘ dt, (20)

i=1

where, fori =1, ..., 4, t; is the estimated motor torque, g,
is the gearhead output velocity calculated by differentiating
the motor encoder signal, and T is the duration of the se-
lected time interval.

The average power cost for each of the four cases versus
walking rate is given in Fig. 11. It can be seen from this plot
that the power cost trends with and without parallel knee
compliance match the simulation results: at low speeds, the
average power cost with knee compliance is higher than
without knee compliance, and at higher speeds, the aver-
age power cost with knee compliance is lower than without
knee compliance. Comparing Figs. 5(a) and 11(a), the aver-
age power cost found in the experiments is about three times
the average power cost the designed gait. This difference is
the result of imperfect modeling of the physical system and
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Fig. 11 Average power over one step calculated from experiments
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is not problematic given the agreement between the trends
found in simulation and in experiment.

7 Conclusion

This paper reports on the 5-link biped ERNIE designed, con-
structed, and housed at The Ohio State University. The paper
also includes the results of a study of the effects of compli-
ance added in parallel with the knee actuators. ERNIE has
a number of important design features, including a modular
leg design that makes it possible to change the leg’s com-
ponents with minimal mechanical modification, and a knee
design that enables the addition of compliance in parallel
with the knee actuators. The modular legs make it possible
to easily test different foot designs, change leg length, etc.
The ability to easily add parallel knee compliance facilitated
the study of the effects of the added compliance.

Using parametric optimization, four sets of gaits were de-
signed for a range of average walking rates. Among these
four sets of gaits, one set was designed for walking without
springs, and the other three were designed for walking with
springs of different stiffness and preload. For each gait, the
average power cost was computed numerically and evalu-
ated experimentally on ERNIE. It was found that the addi-
tion of springs in parallel with the knee actuators can im-
prove the energetic efficiency of walking, with higher stiff-
ness providing greater benefit at higher speeds and lower
stiffnesses providing benefit at lower speeds.

ERNIE will continue to serve as a testbed for the study of
bipedal locomotion. Various studies are underway, including
verification of the framework for aperiodic walk proposed in
Yang et al. (2007) and a study of the effects of foot shape.
Study of the effects of adding compliance at ERNIE’s hips
will also be investigated.
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