


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.

Cornell Meta MIT RW04 Ours

Citation [10] [9] [8] [11] -
Mass (kg) 12.7 8.0 2.9 6.5 0.365
Leg Length (m) 0.81 1.255 0.44 0.807 0.15
Actuated DOF 3 2 4 2 2
Capable of open loop
walking?

No No Yes Yes Yes

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 RW04, 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 RW04 [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 RW04 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. I-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







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 ω = 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

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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