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Abstract— We present simplified 2D dynamic models of the
3D, passive dynamic inspired walking gait of a physical quasi-
passive walking robot. Quasi-passive walkers are robots that
integrate passive walking principles and some form of actuation.
Our ultimate goal is to better understand the dynamics of actu-
ated walking in order to create miniature, untethered, bipedal
walking robots. At these smaller scales there is limited space
and power available, and so in this work we leverage the passive
dynamics of walking to reduce the burden on the actuators and
controllers. Prior quasi-passive walkers are much larger than
our intended scale, have more complicated mechanical designs,
and require more precise feedback control and/or learning
algorithms. By leveraging the passive 3D dynamics, carefully
designing the spherical feet, and changing the actuation scheme,
we are able to produce a very simple 3D bipedal walking
model that has a total of 5 rigid bodies and a single actuator
per leg. Additionally, the model requires no feedback as each
actuator is controlled by an open-loop sinusoidal profile. We
validate this model in 2D simulations in which we measure
the stability properties while varying the leg length/amplitude
ratio, the frequency of actuation, and the spherical foot profile.
These results are also validated experimentally on a 3D walking
robot (15cm leg length) that implements the modeled walking
dynamics. Finally, we experimentally investigate the ability to
control the heading of the robot by changing the open-loop
control parameters of the robot.

I. INTRODUCTION

Small robots have the potential to traverse confined areas
and give us an entirely new subset of environments to
navigate [1]. Among others, magnetic hexapod [2], micro
bristle walkers [3], and piezoelectric actuated hexapods [4]
have shown the potential of small legged robots, but less
attention has been given to bipedal walkers. Small bipedal
robots share the same potential of navigating small spaces
with a simpler body, and also could be used in film, toys,
and other entertainment industries.

Bipedal robots present a unique problem in the need for
both stability and motion control [S]. Shrinking a bipedal
walker means there is limited room for actuation, control, and
sensing to accomplish both these tasks. Fortunately, passive
dynamic walking presents a method to reduce the design and
control complexity. Our goal is to leverage passive dynamics
to create a minimally actuated and controlled bipedal walking
model that can be shrunk to a centimeter-scale.
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Fig. 1. A small (15cm leg length), minimally actuated, quasi-passive walker
capable of walking and turning with open-loop control and a single actuator
per leg. The nonconcentric foot curvature, hip position, and mass distribution
are key to stable walking.

There has been substantial work done in bipedal walkers
with minimally complex designs and control schemes. Dating
back to 1990, Tad McGeer introduced the concept of passive
dynamic walking [6], inspired by walking toys [7]. McGeer
was able to develop a walking model that could maintain
a stable gait down a slope without any actuation or control.
The walking model integrated curved, spherical feet to allow
the walker to roll laterally and pitch forward. These aspects
of passive walking have been integrated with actuators to
open a new field of quasi-passive walkers [8—14].

In this paper we integrate the principles of passive dynamic
walking into a scalable active bipedal walking model with a
very simple design and control scheme. Nondimensionalizing
rigid body mechanics with Coulombic friction allows in-
sights at larger sizes to be easily scaled to smaller platforms.
Similar to other quasi passive walking models, e.g [6,8], we
separate the frontal and sagittal plane to approximate the 3D
dynamics. We then use these 2D models to derive design
constraints and build a small (15cm leg length) 3D bipedal
walking robot, Fig. 1.

In addition to maintaining a stable gait on flat ground, our
walker has several features that make it unique compared to
prior work: 1) it does not require exact initial conditions, and
can self-start from a standing posture, 2) it has a wide range
of parameters in which the walker can maintain a stable gait,
3) it shows the potential to control the yaw without actuation
of that specific degree of freedom, and 4) it has a very simple
design and control. One of the key elements to enable success
in this model and robot is the nonconcentric spherical feet,
and we show that this foot design produces stable walking
at a wide range of control amplitudes and frequencies.

The rest of the paper is organized as follows. The re-
mainder of this section summarizes the related work on
quasi-passive walking models (Sec. I-A) and robots (Sec. I-
B). Then, Sec. II presents the walking model, including the
control strategy and constraints on the model design. Sec. III



details both the simulation and physical robot experimental
setups. Sec. IV shows results establishing the robustness of
the walking to control parameters, the importance of the foot
design, and the steering abilities. Finally, Sec. V discusses
some conclusions and future directions.

A. Walking Models

From humans to passive walkers, several walking models
have been established for different gaits. McGeer established
the sagittal plane walking model for passive dynamic walkers
with curved feet on slopes [6]. This model can be further
simplified to have point feet as a compass gait model [15,16].
For quasi-passive walkers, sagittal plane compass models
integrate leg extension actuators with point [17] or curved
[18] feet. Other actuation schemes include hip actuation and
toe-off impulse [14,19,20].

In the frontal plane, the basic model of passive walking
draws from an analogy to a wobbling domino [21]. These
walkers often use spherical feet sharing a common center
of curvature, such as in [8,11,13]. In [22], the feet uniquely
have independent centers of rotations similar to our model.

To implement these models in physical walkers, the frontal
and sagittal plane models must be coupled to ensure the
full system walks correctly [22,23]. The 3D quasi-passive
walkers mentioned above all simplify the 3D walking into
2D walking models. Coupling the frontal and sagittal plane is
difficult and creates many issues. For example, many passive
walkers have had trouble in compensating for unwanted
yaw oscillation [8,24]. Modified frontal plane models using
statically equivalent flat foot spring feet have been developed
to solve this issue [11,13,25].

Our model presents unique benefits from those discussed
above, especially for smaller scales. Specifically, leg exten-
sion is easily scalable as there are a myriad of small linear
MEMS actuators and linear motion can realized in several
ways [26]. The nonconcentric spherical feet turn out to be
key to the robustness of our model. We are also able to
control the yaw of our robot without a more complicated
flat-foot spring design. Finally, we successfully couple the
frontal and sagittal planes without the need of a feedback
controller with a passive hip using only a forward hip offset.
Our 2D planar models are detailed in Section II and our
experimental results are shown in Section IV.

B. Quasi-Passive Walkers

McGeer’s walker was able to walk without actuation
because it was set on a slight decline, therefore leveraging
gravity to swing the legs forward [6]. Putting a walker on
flat ground, actuation is needed to inject energy and recover
the losses from foot impact. Several robots have used unique
actuation and control schemes to leverage passive dynamics.

For example, the Cornell Ranger leverages curved feet to
achieve an energy-efficient gait with an actuated hip and
ankle at each leg [10]. Other robots use ankle actuators
to roll and pitch the robot forward, like the MIT Toddler
[8]. This walker had curved, spherical feet like those in
McGeer’s original passive dynamic walker. Through the foot
geometry and actuation strategy, the MIT walker was able

TABLE I
COMPARISON OF DIFFERENT PASSIVE DYNAMICS INSPIRED WALKERS.

| Comell Meta MIT RWO04  Ours
Citation [10] [9] [8] [11]
Mass (kg) 12.7 8.0 2.9 6.5 0.365
Leg Length (m) 0.81 1255 044  0.807 0.15
Actuated DOF 3 2 4 2 2
Capable of open loop No No Yes Yes Yes

walking?

to maintain a stable 3D walk on flat ground. Similarly,
the RW04 mimicked spherical feet to create a minimally
actuated 3D walker with a passive hip [11]. RW04 used flat
feet with a combination of springs to mimic the forces of
curved feet. The TENBU [13], similar to RWO04, created
a statically equivalent flat foot that leveraged springs to
mimic the oscillatory behavior of McGeer’s spherical feet.
TENBU, however, uses pneumatic artificial muscles to roll
and pitch, while RW04 only uses actuators to wobble side-to-
side for leg clearance to swing the leg forward. A mechanical
oscillator can also be used to inject energy and achieve a 3D
passive walking gait, e.g. as shown in simulation in [12].

Several of these walkers use feedback control to ensure
stable gaits, including velocity control [8], reflex-based con-
trol [9,10], zero moment point trajectory control [11], and
position based control used to coordinate different joints
[14]. These sensory feedback methods often serve to resolve
the issues in coupling the 2D dynamic models into a 3D
walking gait. However, open loop controllers have worked in
minimally actuated walkers such as RWO04 [11] and the MIT
Toddler [8]. However, RW04 saw large bands of frequencies
in which their sinusoidal controller did not work and the
Toddler had difficulty stabilizing roll oscillations when the
robot started out of phase. Both these walkers noted the need
for sensory feedback for a more robust and stable gait.

Despite the diverse actuation and designs of the walkers
mentioned, all share similarities in leveraging passive dy-
namics and minimal actuation to produce stable gaits.

In Table I, we compare some of these robots to our
physical walker. Our robot is simpler in terms of mass, size,
mechanical complexity, and control. This makes it easier to
build and also means that it is easier to scale our walker
down to even smaller sizes. Additionally, as these walkers
were not meant to be scaled, the MIT and RWO04 have
several additional mechanical components such as springs,
ball screws, and several rigid bodies that would be difficult
to include at smaller sizes.

II. MODEL OF QUASI-PASSIVE WALKER

Our walking model, shown in Fig. 2, consists of 5 rigid
bodies — a torso, two upper legs, and two spherical section
feet. The hip joint is passive, but there is an actuated
prismatic joint in each of the two leg.

As mentioned in Sec. [-B, we simplify the 3D dynamics
into frontal and sagittal planes. In these planar models the
torso rigid body is neglected and its mass is lumped into
the upper legs. The system follows Lagrangian rigid-body
dynamics with model parameters listed in Table II. In both



TABLE III

y 1‘\\ \ DESIGN RULES FOR STABLE WALKING.

Design Rule Description

—h, +m, >0 Center of gravity (CG) below radius of
curvature for static stability

Ygap > 0 Positive separation between feet centers of
curvature

bgap <0 Foot rests of curved surface when standing
upright

hgy >0 Forwards hip offset initiates forwards walk-
ing

mz >0 Center of gravity (CG) below hip so that the
leg hangs downwards in swing

Fig. 2. The robot’s generalized coordinates (red) and kinematic parameters
(blue) in a simplified model for both sagittal (left) and frontal (right) planes.

TABLE I
PARAMETERS FOR THE MODEL FOUND IN FIG. 2.

Parameter | Description Physical Value

T Radius of curvature 15.2 cm

Ygap Distance between feets” centers of | 0.1 cm or 0.9cm
curvature

Pgap Angle of foot interior edges 0 or -0.136 rad

hz,hz0 Nominal hip displacement from 0.8 cm, -1.1cm
foot center of curvature

my,mz 0 | Nominal displacement of each 2 cm, 8.1 cm
leg’s center of gravity (CG) from
the center of the hip

licg,za» Moment of inertia of each leg both 6 kg¥cm?

Tieg.uy

m Mass of each leg 136 g

o Coefficient of friction 0.5

planar simulations, the generalized coordinates are the Carte-
sian coordinates of the center of the hip axle, the angles of the
legs (0;, 8, in the sagittal, and ¢ in the frontal plane), and the
two leg lengths. Linear actuation is modelled as stiff position
control, simplifying each leg’s pair of rigid bodies into a
single rigid body with length varying with amplitude A about
the nominal value h, o+ r and and center of gravity (CG)
height m, varying with %A (the lower leg mass fraction).
The moments of inertia are assumed constant since 2A4 is less
than 10% of the leg length. In the stance phase, the feet make
rolling contact with the ground (with or without sliding)
with Coulombic static and dynamic coefficients of friction of
0.5. Touchdown transitions are modeled as inelastic impacts.
While we did not model the coupling between the two planar
models, their footfall timings agree with each other and with
experimental results during the stable gaits of interest.

The stability of the walking behavior requires several
constraints on the parameters of the design, as summarized
in Table III. First, the center of gravity must be below the
center of curvature for static stability. This rule has been well
established in passive dynamic models since [21]. ¢4, and
Ygap both relate to the foot shape, and these constraints are
further explored in Fig. 3 and Sec. IV. The constraints on
h, and m, ensure the legs swing forward when they gain
ground clearance. Without these constraints, the walker will
not move forward. RW04 implements a similar offset, but by
moving the center of mass and keeping the hip in line with
the legs [11].

A key aspect of the model is the foot shape. As mentioned

Ygap > 0
¢gap =0

Ygap =0
bgap >0

Ygap * 0
¢gap ~ 0

Fig. 3. Different foot geometries used in simulation and experiments. Top
row: Nonconcentric feet with a gap. Middle row: Concentric feet with a
gap. Bottom row: Feet with a negligible gap. Red lines indicate the contact
point and angle of the surface of the foot at the contact point.

above, passive models usually have concentric spherical feet.
Each foot in our model has two parameters related to lateral
spacing, @gap and Ygqp, similar to [22]. Our simulation
and experimental testing in Sec. IV show that these two
parameters are important to the stability of the walker.

A gap between the feet can be produced with a positive
Ygap OT @gqp and removed by setting both to 0, creating
three cases shown in Fig. 3. In the first case, we evaluated
a walker in which y44, = 0.9 cm and the spheres defining
the feet are not concentric. In the second case, there is a gap
(¢gap = 3.4°) and the spheres defining the foot profiles are
concentric. In this concentric case, there is the possibility of
a sharp transition in which the feet are no longer tangent to
the ground at impact due to the foot profile and gap angle. In
the last case, there is a negligible foot gap (ygqp = 0.1 cm)
and the feet are considered concentric. All other parameters
were the same throughout these three trials.

Finally, one useful property of the model is that it scales
isometrically [27]. This is a key benefit as it allows for rea-
soning about larger and smaller walking machines. However,
the model does not consider friction and damping in the
joints, the stiffness of the rigid bodies, or surface effects that
may change as we move to smaller scales.

A. Open-loop Sinusoidal Control

The walking model does not require any feedback sensing
for control. Each leg is controlled by a sinusoidal trajectory
with an amplitude A, nominal length %, o+, and frequency



w offset by 180° between the two legs as follows,

19 = (h,o+7)+ Asin(wt) (1)

T

18 = (h.o+7) 4+ Asin(wt + 180°) 2)

To turn while walking, we modify the phase offset in (2) to
be less than 180° for turning left and greater than 180° for
turning right.

This actuation scheme results in the stance leg extended
past nominal during the stance phase and retracted during
the swing phase. During double stance, with a phase offset
of 180°, both legs are at the nominal length. The stance leg
extending and the swing leg retracting allow for increased
swing leg clearance. Note that unlike walkers that inject
energy by extending the leg at the transition out of stance,
energy injection in this model occurs during the continuous
stance phase. This open loop control method also empha-
sizes some other previously held notions about quasi-passive
walkers as well. Specifically, other walkers that implement
prismatic leg joints have shown that the exact trajectory of
the legs does not matter as long as energy that is lost is re-
injected by the actuators [11,20,28]. Therefore, our walker
does not require feedback for a simple walking gait. As
shown in Sec. IV, this open-loop control algorithm achieves
this goal at a variety of different amplitudes and frequencies
for multiple foot configurations.

III. EXPERIMENTAL AND SIMULATION SET-UP
A. Simulation Methods

From the dynamic model defined in Sec. II, we developed
two independent planar simulations for the sagittal and
frontal planes implemented in MATLAB using ode45 with
event finding [29].

The simulation was evaluated by three metrics which
include: 1) sagittal plane walking speed, 2) roll bias (the
magnitude of any steady left or right lean), and 3) consistency
(the standard deviation (STD) of the timing of the left
leg touchdown relative to the phase of the sinusoidal leg
actuation). We varied the foot geometry ¥g4qp and ¢gqp,
actuation amplitude A, and actuation frequency w. The
remaining parameters used in the simulation match those of
our physical walker, as listed in Table II.

B. Prototype Assembly and Fabrication

The walker shown in Fig. 1 follows the dimensions listed
in Table II. The walker is primarily 3D printed out of PLA,
with a simple rubber non-slip shelf liner taped to the bottom
of each foot to increase friction (any high-friction material
to limit slipping will work). The assembly is comprised of a
torso, a 1/4” aluminum rod with plastic bushings for the hip
joint, two legs, and two feet. Each leg is assembled from a
Dynamixel XL-320 servo, a two part housing for the servo,
and a two-part crank-link mechanism in which the servo
extends or retracts the foot. As our connecting rod is much
longer than our crank, this linkage approximates the profiles
seen in (1) and (2). The torso houses the OpenCM9.04
controller on the top and a 7.4V lithium ion battery which
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Fig. 4. Forward walking speed simulation (left) and experimental (right)
results from sagittal plane model at different frequencies and amplitudes
of oscillations. For the simulation: White region is unsuccessful walking
and the dark region indicates the actuation limit of the servo used on
the physical robot. Experimental trends follow simulation predictions: the
highest walking speed is achieved between 1.25 and 1.5 Hz, and the speed
gradually decreases with increasing frequency above that point.

hangs below the hip joint. Each foot attaches to the leg on a
bolt which can be tightened to narrow the gap, allowing quick
change of the feet between the first and third geometries
shown in Fig. 3 or replacement of the feet with another set
with nonzero ¢yqp.

In the assembled robot, we found that tight joints, espe-
cially at the connection of the two-part servo housing, are
necessary for the legs to perform as intended in the model.
Slight movement in this joint in particular caused the leg
to bow inwards effectively changing the intended foot gap.
Additionally, friction reduction at the two-part sliding leg
joint was important in reducing sticking upon extension and
retraction. Sanding of the inner component of the two-part
sliding leg joint and a small gap between the crank and
the bottom leg component are both used to reduce friction
and stiction. The small servo’s maximum speed limited the
amplitude of leg extension at high frequencies, shown as a
dark region in Figs. 4 and 7.

Experimental data were collected using an Optitrack mo-
tion capture system running at 100 Hz. The spatial position
and orientation of each upper leg was tracked. To mitigate
tracking noise, we filtered the data with a 5-point moving
median filter followed by a 3-point moving average filter.
The walker is allowed to converge for 10 strides (20 steps)
and the following 15 strides are used for evaluation.

IV. RESULTS
A. Sagittal Plane Simulation and Testing

To measure the forward speed and walking stability, we
tested a range of parameters in the sagittal plane simulation,
with the results shown in Fig. 4. Note that there is only one
plot for the pitch simulations despite the three configurations
shown in Fig. 3 — this is because Ygqp, Pgap, and the frontal
foot profile do not appear in the sagittal plane model.

There are three features to note in these simulation results.
First, there is a negative correlation between the frequency
and walking speed. As the frequency of leg extension in-
creases for any given amplitude, the walker moves slower.
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Fig. 5. Our walker moving forward (rightward) with passive dynamic
inspired feet, a forward hip offset for forward leg swing, and a single leg
extension actuator per leg driven by an open loop sinusoidal control signal

Secondly, there is a minimum frequency for the model to
successfully walk forward, indicated by the white region in
Fig. 4. The walker is self starting and enough energy needs
to be injected by the prismatic joints for the legs to gain
initial clearance off the ground. Finally, there is a small strip
of “valid” solutions around w = 0.75 Hz and starting from
A = 2.5 mm. These are not physically possible since the roll
would not allow the legs to swing forward. This highlights
the fact that our simulation does not include any coupling
between the pitch and roll modes, which is important to
understand non-physical simulation results such as these.

Forward walking tests on the robot, an example of which
is shown in Fig. 5, follow similar trends as the simulation
results. These trials were self-starting from a standing posture
and reached a maximum speed of 140 mm/s, or about one
leg length per second. We show the results for different
frequencies, amplitudes, and foot geometries in Fig. 4. We
see a negative relationship between velocity and frequency,
following our simulation results.

The robot was unable to make forward progress at low
frequencies both in simulation and experiment, but the
simulation predicted a minimum frequency for walking that
was slightly too low and corresponded to a very high peak
forward walking speed not seen in physical experiment. The
simulation was most accurate for the nonconentric gap case.
The median absolute error in velocity was 0.69 cm/s for
the nonconcentric gap case, 1.46 cm/s for the negligible gap
case, and 3.34 cm/s for the concentric gap case.

B. Frontal Plane Simulation and Testing

For frontal plane simulation and testing, each combination
of frequency and amplitude was evaluated by its consistency
and roll bias into three categories: good walking, leaning,
and inconsistent, as shown in Table IV. Thresholds for
these categories were determined by observing the qualitative
convergence and turning of the experimental and simulated
trajectories. Example roll and pitch data collected from mo-
tion capture experiments are shown in Fig. 6. In experiments,
heel strike is detected when the pitch velocity reverses from
positive to negative. Full parameter sweeps are given in Fig. 7
for simulation and experiments on all three foot geometries.

Most spherical feet in quasi-passive walkers are concentric
with a non-negligible gap. However, our walking model
behaved more consistently both in simulation and in physical
testing with non-concentric feet. In Table V, we see that the
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o N
—

Fig. 6. Example experimental data for nonconcentric gap feet, 5.8mm
amplitude, and 2 Hz frequency test. Top - Pitch of left and right feet with
marks indicating heel strike. Middle - Body roll. Bottom - Actuator phase
and heel strike (calculated by sinusoidal trajectory, (1) and (2)).

TABLE IV
ROLL CONSISTENCY CATEGORIZATION FOR SIMULATION TESTING.

Fig. 7 Color | Categorization Condition
Good Walking STD < 0.1 rad, bias < 0.09 rad
Leaning STD < 0.1 rad, bias > 0.09 rad

Inconsistent STD > 0.1

nonconcentric feet had the lowest median actuator STD for
both simulation and experimental results. While the walker
made forward progress in most trials in which it lifted its
feet (those outside the white region of Fig. 4), inconsistency
and bias in the gait tend to make the robot veer left or right.

There is a large region of consistent behavior for non-
concentric feet with a gap. As shown in Fig. 7, nonconcentric
feet have the most “good walking” trials in both simulation
and experiment and this region of good walking is contigu-
ous, allowing for a significant range of parameter variation.

The simulation and experimental results match best for the
nonconcentric gap, as shown in Table V. The discrepancy
between simulation and experiments in the concentric gap is
due to the much more consistent walking in experiments at
low amplitudes, possibly a result of unmodeled flexing or 3D
coupling in testing that is not captured in our 2D simulation.
Similarly, the poor performance of the concentric no gap case
might be affected by the limitations of our simulation. The
concentric feet with no gap never achieved consistency better
than 0.1 rad using the smaller 3.8 mm amplitude extension,
but at 1.5 and 1.75 Hz it had a consistency of 0.18 rad
and made steady and straight forward progress. Anecdotally,
the concentric foot walkers performed better with more
inefficiencies (such as loose fasteners) that dissipated energy
due to non-rigid attachment points.

Despite not matching our simulation, it is promising to
see there are a number of good walking trials for concentric
feet with a gap. The success of both configurations with a
gap might indicate a possible relationship between stability
and gap width.
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Fig. 7.
and inconsistent (red) categorization are defined in Table IV.

TABLE V
MEDIAN SIMULATION AND EXPERIMENTAL ROLL CONSISTENCY FOR
EACH OF THE CONFIGURATIONS SHOWN IN FIG. 7.

Median Actuator STD (rad)
Simulation | Experimental
Nonconcentric 0.1318 0.1424
Concentric Gap 0.4739 0.1524
Negligible Gap 0.2506 0.2641
0 L
’g -0.5 .
> ~— phase 180° rad %
11 phase 225° rad *z%
phase 135° rad 2
——drag right foot q\
A5) ——drag left foot

0 0.5 1 1.5 2

Fig. 8. Robot horizontal plane trajectories (position and heading) in turning
trials using phase offset between the legs and foot dragging.

C. Horizontal Plane Testing

Yaw compensation has been a common problem for pas-
sive walkers with spherical feet. Several robots, such as
those in [11] and [25], have implemented statically equivalent
flat foot spring feet to increase ground contact and avoid
unwanted yaw sway. Other solutions, such as in [24], include
integrating counter swinging arms to provide counter torque
to the unwanted yaw motion. Despite having spherical feet
and no torso, we have been able to direct the heading of our
robot by simply changing feed-forward control parameters.

Shown in Fig. 8, we attempted to control the heading of
our walker by changing the sinusoidal phase offset shown
in (2). From these initial results, we see that we can control
the direction of our robot with a simple phase offset. These
results show promise in being able to go straight or even
control the heading of our robot if we were to implement
feedback control. We also implemented a more extreme turn,
also shown in Fig. 8, by fixing one leg at a short length rather
than extending and retracting it, dragging that foot.

Concentric gap

Concentric negligible gap

Experiment .- Simulation Experiment .~

2 3 4 5 6

Amplitude (mm) Amplitude (mm) Amplitude (mm)

Roll consistency results from simulation and experiment for each of the configurations shown in Figure 3. Good walking (green), leaning (blue),

V. CONCLUSIONS

The quasi-passive walking model presented in this paper
is quite simple: it has only a single actuator per leg, a
total of 5 rigid bodies, and does not require any feedback
control for a simple stable gait. Despite this simplicity, we
are able to demonstrate three key features in simulation and
experiments: 1) stable walking over a range of actuation
parameters, 2) control over the heading, and 3) the ability
to start and stop from a standing posture.

Our simulation and physical results show that feet with
nonconcentric centers of curvature (unlike most prior walkers
that used concentric feet, except for [23]) yield the most con-
sistent walking. Additionally, we establish that the frequency
of actuation and the forward velocity are inversely related
above a minimal activation frequency.

Our goal with this project is to make miniature walking
robots, as small as a Lego Minifigure [30] (Icm leg) or
smaller, and this will be the focus of our future work. Due
to the simplicity of actuation, lack of controller feedback,
and scale-invariance of the model, it is feasible to shrink
our robot down closer to that size. Through some initial
prototyping, we have been able to shrink the walker to about
Scm leg length with electromagnetic actuation. By leveraging
the model in this paper and integrating MEMS actuators, we
believe a Lego sized bipedal walker is possible.

Through our simulation and physical testing, we have
found some interesting relationships. For example, we see
a likely relationship between walking consistency and gap
width, in addition to the foot shape. While the negligible
gap feet walk quickly in low amplitude physical experiments,
they are somewhat less consistent than the other geometries.
Consistent walking may be important for steadily main-
taining heading and converging from disturbances. Further
analysis of the energy effects, hybrid transitions, and damp-
ening effects will likely be required to firmly establish this
relationship. Additionally, we are excited by the prospect of
being able to control the yaw of a bipedal walker with only
two actuated degrees of freedom. Although we are able to
turn the robot by changing the phase offset, it would be
interesting to see if feedback control enables us to more
precisely control the heading of the robot.
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