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Abstract—This paper investigates the effect of foot shape
on biped locomotion. In particular, we consider planar biped
robots whose feet are composed of curved surfaces at toe
and heel and a flat section between them. We developed an
algorithm that can optimize the gait pattern for a set of
foot shape, walk speed and step length. The optimization is
formulated based on the rigid-body and collision dynamics of
the robot model and tries to minimize the ankle torque. We also
divide a step into two phases at collision events and optimize
each phase separately with appropriate boundary conditions.
Numerical experiments using walk parameters from human
motion capture data suggest that having a curved toe and heel
would be a way to realize locomotion at speeds comparable to
human.

I. INTRODUCTION

Walking is one of the most common whole-body motions
for humans, and biped robots with locomotion capability are
not uncommon these days. However, it is still challenging
to realize locomotion comparable to human in terms of
efficiency, speed, robustness, adaptability and smoothness.

A typical approach to realize active dynamic walking is to
first generate a physically feasible joint pattern based on a
simplified robot model and predefined foot trajectories, and
then apply a joint servo controller to track the generated
pattern. A balance controller is usually added to maintain
balance under modeling errors and disturbances. Using this
approach, researchers have realized locomotion in various
environments including rough terrains [1] and stairs [2].
However, the gaits tend to be less efficient compared to
human locomotion because of the high gains used to track
the trajectory. In addition, the locomotion style is typically
very different from human because the knee joints are bent
to increase the robustness and the feet are maintained parallel
to the ground to make balancing easier.

The passive walking community, on the other hand, has
successfully achieved efficient locomotion with passive biped
robots [3]. Although their approach is a promising way
towards better robot locomotion, it cannot be applied to
general-purpose humanoid robots directly because of the low
adaptability to different environments or walk parameters.

The motivation of this work is to achieve graceful and
efficient motions for humanoid robots. In addition to the
mechanical design and control algorithm, the external body
geometry would also have a large impact on the overall
motion quality because humanoid robots physically interact
with the environment through contacts. In particular, the feet
make the most frequent interaction with the environment

978-1-4244-4588-2/09/$25.00 ©2009 IEEE

Th, 3 ol

T \90 Boan 0o

—
P an+ri©o

]
ar+riBo Pe

Fig. 1. The foot model used in our analysis.

and their shape affects many important behaviors including
walking and running.

In this paper, we investigate the effect of foot sole shape
on the locomotion of planar active biped robots, inspired
by the use of circular feet in some of the work in passive
walking [3]. More specifically, we consider a foot composed
of two curved sections at the toe and heel, connected by
a flat section between them (Fig. 1). For a set of foot
shape, walking speed and step length, our optimization
algorithm calculates the gait pattern on horizontal ground
that minimizes the ankle torque. The optimization is based on
the rigid-body and collision dynamics of the simplified biped
model with a rigid body, ankle joints, and feet. Because each
step involves two collisions that introduce discontinuity not
handled by the solver, we divide a step into two phases and
optimize each phase separately with appropriate boundary
conditions derived from the collision dynamics.

The numerical experiments using gait parameters from
human motion capture data suggest that having curved toe
and heel would be a way to realize locomotion at speeds
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comparable to human. We also observe that ankle joint
torques are reduced by using curved feet.

II. RELATED WORK

Several different foot shapes have been investigated in
the literature for both active and passive walking. While
most of the current humanoid robot feet have rectangular
flat surfaces to provide good standing balance [4]-[6], some
robots are equipped with active [7], [8] or passive [9]-
[11] toe joints, mostly to increase step length and decrease
knee joint loads. It is also shown that active toe joints
can reduce the energy consumption [12]. Most of these toe
mechanisms, as well as feet with curved toe and heel similar
to the one used in the paper, have already been proposed by
Nishiwaki et al. [13]. In particular, they proposed to design
the toe and heel curvature so that the ankle joint follows a
predefined trajectory to increase the walking speed. However,
the efficiency and robustness issues still remain because
the main approaches to locomotion pattern generation and
control are essentially the same.

Because human feet have fairly complex geometry and
mechanism, it is also interesting to understand the reason
of having such complexity through human biomechanics. In
fact, several studies have shown the advantages of the curved,
flexible sole in humans, such as less metabolic cost for arcs
with larger radius [14].

Foot shape and mechanism are one of the key design issues
in passive walking robots [3], [15] that typically have no
or minimal actuators and controllers and realize low energy
costs as well as human-like gait patterns. Their feet typically
have curved shapes [3], [15] or flat shape with torsional
spring at the ankles [16]. In curved feet, the radius of the
curve is usually chosen to be equal to the height of the center
of mass so that the robot emulates the motion of a wheel
rolling down a slope. These shapes result in more efficient
gaits because the primary energy loss in biped walking is
due to dissipation at the foot.

Gait generation for passive walkers relies on the existence
of initial conditions that result in cyclic patterns for the step
to step transition function. Finding a cycle pattern reduces
to a root finding problem and can be solved either through
numerical solutions, theoretical models or intuition based on
previous solutions [17]. However, it is usually difficult to
generate gaits for arbitrary walk parameters, or to optimize
the robot design.

III. THE BIPED MODEL
A. Foot and Leg

We consider a foot with circular segments at the toe and
heel, connected by a flat section in the middle. This choice is
inspired by some of the prior work including the circular feet
used in passive walking robots and passive toe joints used in
some fully-actuated biped robots. The curved toe and heel
parts have a similar effect to adding a passive joint because
the ground reaction torque around the toe will be proportional
to the angle of the foot with respect to the ground.

We represent the mass of the entire robot as a single rigid
body with mass m and inertia I. Each leg has one joint at
the ankle but no knee joint. The rationale behind not having
a knee joint is that the knee joint is likely to be locked at the
joint limit in the supporting leg, and the knee joint torque is
always zero in the free leg because we ignore the mass of
the foot and leg.

The variables used in the rest of the paper are summarized
in Fig. 1 and reviewed in the rest of this section.

B. Kinematics

The configuration of a single leg is fully determined by
four parameters: (x,y) representing the position of the point
fixed to the foot, 8y representing the angle of the flat part
with respect to the horizontal ground, and #; representing
the ankle joint angle.

We define the following vectors to describe the configu-
ration of the leg:

T
g = (z y 6 6,) (1)
T
p = (zy) @)
and to describe the forces/torques applied to the leg:
T
Tz(f:c fy 7o 7'1) . 3

We will also use these shorthands to simplify the equa-
tions:

¢ = cosb,
s, = siné,
cor = cos(fo + 01)
So1 = sin(00 + 91)
H, = h? + 12 + 2hlecy
Ly = P4hig
Aor = heco+leor
By, hso + lso1.
The position and velocity of the mass can be written as
Tm x — By
= = 4
Prm (ym) (y+A01> @
) & — Ao1fo — leorb: )
=( - . . 5
Pm ( Y — Bo16o — lso161 ©)

and the Jacobian matrix of p,, with respect to the joint
variables is

_Op, (10
Jm-a—q—(o 1

C. Contact Constraints

—Ao1

—lcor
B ) )

—1801

If a foot is in contact with a flat surface, we can uniquely
determine the leg configuration by 6y and 6;. The following
paragraphs detail the expression of foot position and contact
point position for heel and toe contacts, assuming that the
surface is horizontal and represented as y = 0.
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a) Heel Contact: If 9 > 0, the foot makes heel contact
as shown in the top figure of Fig. 1. The position, velocities
and accelerations of the foot can be determined by

_ nL — ap — rRb + ThS0 + anco
p Th — ThCo + QRS0
. ( (=T + Theo — anso)bo )
p = .
(rnso + anco)bo
p = ( (=7h +Thco — anso)bo + (—Tnso — anco)d§ )
(rhSo + anco)bo + (rhco — anso)83

respectively, where L is the step length and n > 0 represents
the number of steps taken.
The contact point position and velocity can be calculated

as follows:
T —ThSo — ARl
Y —Th +ThCo — arSo

”‘(%)
b, = ( Te > _ ( -’i'+(—7'h00+0/h30)0:0 >
¢ Ye Y+ (—rnso —anco)fo )

We can also derive the Jacobian matrix of the contact point
position with respect to joint variables as follows:

p, (1 0

b) Toe Contact: If 6y < 0, the foot makes heel contact

as shown in the bottom figure of Fig. 1. The expressions
corresponding to the heel contact case are as follows:

( nL + a; — 1400 + T¢S0 — azCo >

—rpco+ansg 0
—rpso —apcy O > - M

P = Tt —TtCo — AtSo
b = < (=r¢ + Teco + a150)0 )
(r¢s0 — atco)bo

p = < (=7 + reco + ats_q)éo + (=750 + %00)9% )
(reso — atco)bo + (reco + arso)63

p, = Te _ T — Tr¢So + aiCo
¢ Ye Yy — Tt + T4Co + aSo
p. = < e ) _ ( & + (~r¢co — azs0)fo )
¢ Ye Y+ (—r¢s0 + atco)bo
_Op. (1 0 —rico—agso O
Jo = oq ( 0 1 —rsg—agcg 0 J° ®)

D. Dynamics

Using Lagrange’s equation of motion, we can derive the
equation of motion of a single leg in the following form:

T=Mg+c+g (&)
where
m 0 —mAgr —mlcor
M = 0 m —m301 —mls()l
- —mA01 —m301 mH1 + I le
—mlcgr —mlspr mL, mi2+1
(10)

3019(2) + 2l8019091 + l8019%
—Amé% - 210019091 - 10019'%
—2hl319091 - hl810%
hlslég

an

c=m

0

1
—By;
—lso1

g=mg 12)

chause tpe system is underactuated, not all combinations
of 6y and 6; are physically feasible at a particular state.
We use Ar, the torque around the contact point required
to realize the given 6y and 6;, as the measure of physical
infeasibility of the motion because the point contacts at heel
and toe cannot provide A7. We can calculate A7 by first
computing 7 using Eq.(9) and then computing the equivalent
torque around the contact point by

AT:TO"‘(yc_y)fw_(:rc_z)fy 13)

in the toe or heel contact case. If the foot is in flat contact,
i.e. 89 = 0, the motion is physically feasible if the center
of pressure is in the flat section of the foot. A7 therefore
becomes

To —acfy if10—aify >0
AT = T0 + ahfy if 7o + ahfy <0 (14)
0 otherwise.

E. Collisions

There are two types of collisions in each walk cycle of
our foot model: a) a swing leg makes a new contact with
the ground, and b) a foot already in contact transitions to
flat contact. We assume that all collisions are completely
rigid and inelastic, i.e. the foot and ground do not deform
and the velocity of the colliding point turns to zero after
the collision. The purpose of having collision models is to
derive the boundary conditions for the optimization because
we divide a walk cycle into two phases and optimize each
phase separately, as described in the next section.

We first derive the equations for collision a). Figure 2
depicts a typical configuration when this type of collision
occurs, where the colliding leg is drawn by dashed lines.
In the following equations, the variables with " represent the
quantities associated with the supporting leg. We assume that
the supporting leg leaves the ground immediately after the
collision. Therefore, only one impulse at the colliding foot
denoted F' is involved in the collision. The conservation of
momentum is written as follows:

Mg +JTF = Mgt (15)

where ¢~ and g are the joint velocities before and after the
collision. We also have to consider the kinematic constraint
where the velocity of the center of mass must match between
supporting and colliding legs. This constraint is written as

IJnG™ =Jdng . (16)
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Fig. 2. Collision a): swing leg collision.

We divide a step into two phases at the touchdown and
optimize each phase separately (the optimization process will
be detailed in the next section). Therefore, our interest here
is if we can optimize q and ¢* independently. For any
given pair of g and ¢*, we can obtain F' by solving the
linear equation

(JmM-lJz) F=Jng" —Jng , a7

which is obtained by eliminating ¢~ from Eqgs.(15) and (16).
Once we obtain F', we can compute g~ by

G =¢g"-MYITF (18)

which suggests that we can realize any ¢ by adjusting
the velocity of the swing leg before collision, and therefore
we do not have to enforce any boundary condition at this
collision.

Collision b) is formulated as (see Fig. 3)

Mg +JfH = Mg" (19)
Jigt = 0 (20)
T
where H = (FT m) is the impulse force and moment
applied to the foot link and
1 000
Jg=1 01 0 0 21
0010
We can obtain H by
-1
—1 4T .
H-=- (JfM 1Jf) Jrq . 2)

However, because all elements in the last row of J? are
zero, the last elements of Mg~ and M¢" must be equal.
As described in the next section, we first sample ¢t in
our optimization. We therefore add the boundary condition
my1q~ = mqg" in the optimization responsible for the part

before this collision, where m; denotes the bottom row of
M.
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Fig. 3. Collision b): Foot making flat contact.
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Fig. 4. Three events during a step.

IV. GAIT OPTIMIZATION
A. Representation of a Gait

Figure 4 depicts the three events that occur during each
step of locomotion. The start of a step (¢t = to) is defined as
the moment when the supporting leg makes flat contact with
the floor. The swing leg then makes a touchdown at ¢t = t;,
followed by its flat contact at ¢t = to.

We divide a step into two phases: Phase I (from flat
contact to touchdown) and Phase 2 (from touchdown to flat
contact). Due to the discontinuity at the touchdown, the two
phases have to be optimized separately with the following
three boundary conditions:

o The swing and colliding legs must share the mass
position at t = t;.

o The configurations at ¢ = tp and { = t2 must be the
same.

o The velocity at the end of Phase 2 must satisfy the
collision boundary condition.



TABLE I
INITIAL AND FINAL VALUES FOR 6 AND 61 IN EACH PHASE.

time to 11 t2
6o 0 sampled 0
6o 0 optimized  optimized
61 given  sampled given
61 given  optimized optimized

As shown in Section III, the configuration of the biped
robot is fully determined by 6y and 6; due to the contact
constraints. We therefore represent the motion by two spline
curves for each phase representing the trajectories of 6y and
61, and obtain the knot points that minimize the cost function
described in the next subsection.

B. Optimizing the Whole Gait

Table I summarizes how the initial and final states are
given for each phase. Because of the inelastic collision
assumption, we have 0y(to) = Go(t2) = 0 and 6y(to) = 0.
For simplicity, we consider the case where the rest of the
initial states, i.e. 61(to) = 61(t2) and 64 (to), are also given.
The joint angles at t; are sampled and the best sample is
chosen after optimizing the gait for each sample. The joint
velocities will be obtained as a result of the optimization.

We obtain the optimal gait for the given initial state at
t = to by the following steps:

1) Sample 6y(t1) and 6;(¢1).

2) Obtain the optimal gait (represented by joint trajecto-

ries) for each sample.

3) Find the gait with the lowest cost among the trajecto-

ries obtained in step 2).

Step 2) is further divided into the following three steps:

2-1.  For Phase 1, repeat:
« Randomly sample knot points for 6y and 6.
e Optimize the knot points using a gradient-
based algorithm.
2-2.  Perform the same process for Phase 2.
2-3.  Among all pairs of trajectories from Phase I and

Phase 2, find the pair with the minimum total cost.

In the following subsection, we describe how to optimize
the joint trajectories for each phase (steps 2-1 and 2-2).

C. Optimizing a Single Phase

We first randomly sample the knot points for 6y and 6.
A sample is drawn by first computing a K-element array
ai i=1,...,K)by a1 =0, a; = a;-1 +7(0,1) (s =
2,...,K) where K is the number of knot points and (s, t)
is a function that returns a random number between s and
t, and then scaling and shifting a; to satisfy the joint angle
boundary conditions. We then fit the trajectories of 6y and
61 by piece-wise third-order polynomials that pass through
the knot points and satisfy the boundary conditions for the
velocity.

We chose to minimize the sum of squared ankle torques
in our optimization, although there are a number of criteria
proposed for evaluating biped locomotion. We also have to

TABLE II
MODEL PARAMETERS USED IN THE NUMERICAL EXPERIMENTS.
Flat Curved 1  Curved 2 Curved 3
m (kg) 60
I (kgm?/s) 1.0
h (m) 0.1
! (m) 0.7
max/min 6g (rad) -0.5/0.5
max/min 67 (rad) -0.8/0.8
Tp, (m) 0.001 0.05 0.1 0.15
ap, (rad) 0.5 0.5 0.5 0.5
ap, (m) 0.0995 0.075 0.05 0.025
r¢ (m) 0.001 0.1 0.2 0.3
ay (rad) 0.5 0.5 0.5 0.5
at (m) 0.1995 0.15 0.1 0.05
shape | | | |

consider the physical feasibility of the motion because we
simply represent the joint trajectories by two independent
spline interpolations for 6y and 6;. Therefore, we also
include At defined in Section III-D to maximize the physical
consistency of the resulting motion.

The cost function to be minimized is

Z=%Z7'12+%}2A7’2

where w is a constant weight. We compute the partial
derivative of the cost function with respect to the knot
positions, and apply the conjugate gradient method to obtain
the optimal knot points.

(23)

V. RESULTS

A. Setup

We chose three foot models with different radii for the
curved section and calculated the optimal locomotion pattern
for each model. Table II summarizes the model parameters
used for the experiments. The parameters were chosen so
that the total length of the foot is constant for all models
(0.1 m for the heel side and 0.2 m for the toe side). The
maximum and minimum values of 6y to make contact at the
circular sections were also the same for all models.

We used the gait parameters shown in Table III. The pa-
rameters were extracted from motion capture clips of walking
motions with three different speeds randomly selected from a
human motion capture database [18]. The joint angles of the
supporting leg at the end of Phase I were sampled from a
uniform grid in the 8p—6; space with the intervals of 0.05 rad
for —0.5 < 65 < 0 and 0.08 rad for —0.8 < 8; < 0.8.
Note that 6y must be negative to make toe contact. The total
number of grid points is 231.

The trajectories of 6y and 6; were represented by a
spline curve with five knot points including the start and
end points. We started the optimization from 100 random
initial knot points for each sample. The weight parameter
for the optimization was w = 10. We used larger weights
for the physical constraints to make the resulting motion as
physically consistent as possible.
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TABLE III
GAIT PARAMETERS.

slow normal fast

step length (m) 0.94 0.96 0.99
Phase 1 duration (s) | 0.83 0.46 0.31
Phase 2 duration (s) | 0.17 0.14 0.08
body velocity (m/s) | 0.62 0.94 1.26

B. Results

Table IV summarizes the numerical optimization results.
Although we sampled 231 points for the touchdown joint
angles, the number of gaits may be smaller because not all
of the samples have valid inverse kinematics solution for
the touchdown leg. In addition, we rejected the optimization
result if any of the joint angles exceed their motion range. We
did not impose joint velocity, acceleration or torque limits.

We observe that there is a large variation in the number
of gaits obtained for the combinations. All foot shapes had a
number of possible gaits for slow walk, while some foot
shapes did not have a gait for normal and fast walk. In
general, it was easier to find a gait for the curved feet.

The foot angle (6p) of the supporting leg at touchdown
also varied across walk speed and foot shapes. Most foot
shapes achieved slow walk keeping the supporting foot flat,
with the exception of Curved 3 feet that showed slight toe
contact. The optimal gaits for both normal and fast walks had
significant toe contact phase except for the only solution for
the Flat feet. The squared ankle torque was also smaller with
curved feet by 12-21%.

Figure 5 shows the stick figure representations of the
optimal gaits obtained for each combination of walk speed
and foot shape.

Figure 6 shows the vertical contact force during the fast
walk by Curved 3 foot. The time axis is adjusted so that the
touchdown becomes ¢t = 0. It is known in biomechanics [19]
that the contact force during human walking has two peaks
at the beginning and end of the contact. The contact force
of the optimized gait pattern shows similar tendency, except
for the impulsive force at the beginning due to the rigid,
inelastic collision model.

VI. CONCLUSION

In this paper, we investigated the effect of foot shape on
biped locomotion. We focused on a foot shape with circular
sections in the toe and heel and a flat section between them,
and obtained optimal walk patterns for given foot shapes and
walk parameters using a numerical optimization technique.
The optimization is based on the rigid-body and collision
dynamics of the simplified leg model. We also divided a
step into two phases to allow discontinuity at collisions.

Comparison with flat feet and curved feet with three radii
sets suggested that having curved feet would be a way to
realize walking at speeds comparable to the human. Even in
cases where the optimization could not find a gait for flat
feet, it was able to find one or more gaits for curved feet.
In addition, optimal gaits for curved feet utilize toe contact

TABLE IV
RESULT SUMMARY. {f: NUMBER OF GAITS FOUND, (6o, 61): THE JOINT
ANGLES OF THE SUPPORTING LEG AT TOUCHDOWN FOR THE
MINIMUM-TORQUE GAIT, f 72dt: SQUARED ANKLE TORQUE
INTEGRATED OVER A STEP.

gait foot [ (@0, 61) [ r2dt
slow Flat 11 (0, -0.64) 1.85 x 10%
Curved 1 | 12 (0, -0.64) 1.53 x 104
Curved 2 | 11 (0, -0.72) 1.46 x 104
Curved 3 | 8  (-0.1,-0.56) 1.62 x 10%
normal Flat 1 (0, -0.72) 1.57 x 104
Curved 1 - -
Curved2 | 9  (-045,-024) 1.31 x 104
Curved 3 | 10 (-0.45,-024) 1.30 x 10*
fast Flat 0 - -
Curved 1 0 - -
Curved 2 | 1 (-0.4, -0.32)  9.57 x 103
Curved 3 | 4  (-04,-032) 9.51 x 103

590

(N)

vertical force

0.05 0.1 0.15 02 0.25 03 0.35 04
time (s)

583
0

Fig. 6. Vertical contact force in the fast walk by Curved 3.

of the supporting leg. They also require smaller ankle torque
than flat feet.

This is our first trial to evaluate the effect of curved feet
for active biped robots on locomotion. It would be interesting
to consider more general shapes and/or add passive elements
to the foot. Optimization of the shape, rather than the gait,
is also an interesting research direction. One of the possible
drawbacks of using toe and heel contacts is the difficulty in
control due to line and point contacts. A smaller flat area
may also lead to difficulty in maintaining balance. These
control issues, as well as extension to three-dimensional
shapes, should be studied in order to evaluate the practical
applicability of such feet to real robots.
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