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Abstract

The goal of this project was two make a two-legged version of a four legged dynamic walking
robot, Rando created by Matthew A. Robertson and Amy R. Wu (figure 1a). The robot
being created in this project, "Rando/2", kept the same mechanisms, and while the robot was
running, the trailing leg was actuated to restore the appropriate amount of energy that was lost
between each step so that it could continue walking. It also kept the same functionality, as it
walked and demonstrated the principles of inverted pendulum. Finally, it should be accessible
by using maker-style techniques and having a relatively low manufacturing cost. With these
requirements, a first lateral stabilisation mechanism was tested. However, that was not actually
necessary, as the simple action of the feet push-off gave enough strength to the robot to swing on
each side. Subsequently, two designs of the upper body were tested to obtain different distances
between the two legs in order to better manage the tilt angles. The best design was the one
that had a distance of 115mm between the two legs. Walking performance was increased by
modifying the shape and length of the robot’s feet. The best robotic foot was the one with a
curvature radius of 200mm and an arc length of 72mm in the sagittal plane. The lateral parts
had a curvature radius of 150mm and an arc length of 76.49mm. Finally, the robot (figure 1b)
successfully walked a distance of over 1.5m in less than two minutes.

(a) Inital version of the four-legged dynamic
walker, Rando (b) Final two-legged version of Rando

Figure 1: The two walking robots, on the left "Rando" and on the right "Rando/2"

1



1 Introduction

The graphs present in this report were generated using Matlab and the prototypes design was
created with the Computer Aided Design (CAD) software Solidworks.

1.1 Static vs dynamic walking

First, one should distinguish the two main categories of legged locomotion techniques: static
and dynamic. Static robots are always balanced, meaning their centre of gravity is within the
polygon that is formed by the ground contact point of the legs [MI18]. This type of robot
requires at least four legs, which are easy to control but inefficient because they need to be
powered at each step. In contrast, motion is required to maintain balance for dynamic walking
and are increasingly more complex to control. In regards to the energy level, this instability is
very interesting because the gravity can be used as source of power to move the robot forward.
Therefore, the robot studied in this report uses dynamic locomotion.

1.2 Passive vs active dynamic walking

The main energy issue for walking robots is the loss of energy with each step. When the foot of
the robot hits the ground, energy is lost due to the collision [DKK02]. There are two different
methods for restoring this lost energy, which are regrouped into two different classes of dynamic
walking robots. Passive dynamic walking, in which no external inputs or control are needed
since they only use gravity and inertia as a source of power [McG90]. As a result, these robots
can only work on sloping ground. Active dynamic walkers, use actuators to add energy to the
system to compensate for this energy loss. These robots no longer have this environmental
constraint and can also walk on flat surfaces.
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1.3 Background

1.3.1 Cornell Ranger

Cornell Ranger is a four legged bipedal robot that was created at Cornell university (figure 2).
It is known to have continuously walked during 65.2km in an ultra-Marathon from May 1st to
2nd, 2011 [And12]. Ranger walks with the principle of the inverted pendulum, using gravity as
its main source of energy. Therefore, an actuator is used to rotate the feet, which makes either
the inner or outer legs shorter in order to create instability.

Figure 2: (a) The Cornell ranger, (b) Schematic diagram of the walking mechanism [HBM15]

1.3.2 Passive Biped with Knees

Steven H. Collins, Martijn Wisse and Andy Ruina, were inspired by the four-legged robot
created by Tad Mc Geer [McG90] to create their "Passive biped with knees" (figure 3). Specifi-
cally, this walker has arms and knees, which gives it more human characteristics. This robot is
completely passive, and uses only gravity as its form of energy, therefore it can only walk in a
decreasing slope surface. By using only two legs, the walker has a new degree of freedom and
makes the robot more unstable on the sides. The inventors, based its design on four important
ideas thus differentiating it from the original four-legged version. Firstly, by adapting the shape
of the feet to guide the lateral movement and moving the centre of mass to the left or right
on the support foot. Secondly, by adding a heel damping system to reduce instabilities when
placing the foot so that both edges of the foot touch the ground at the same time (figure 4a).
Thirdly, by swinging one arm attached to its opposite leg at a time, their movement countered
the rotation around the yaw axis. Finally, by making both arms swing laterally, the walker
becomes more stabilised (figure 4b) [HWR01].
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power to recover small losses. The most fundamental cause
of this energetic loss is impact, primarily between the feet
and ground. In most passive-dynamic studies, power comes
from the potential energy gained by moving down a ramp.
Gravitational power is an easy-to-implement proxy for other
simple low-power sources. In a sense, the passive-dynamic
approach is the opposite of the trajectory control approach,
which tends to constantly control actuation to force a system
against its natural dynamic tendencies.

The modern incarnation of the passive-dynamic approach
to locomotion was effectively invented by Tad McGeer.
McGeer used the development of airplanes as inspiration. He
noted that the Wright brothers mastered gliding first, then
added a small amount of power to make successful powered
airplanes. Passive-dynamic ramp walkers are the gliders of
walking robots.

McGeer developed these free-motion designs using a non-
linear stability analysis based on numerical simulation of the
Newton-Euler equations of motion. These studies led to
his completely passive designs, implemented both in simu-
lation and as walking machines built of bars and hinges. The
McGeer machines have remarkably human-looking gaits, are
more energy efficient than other walking robots, and are in-
herently stable with respect to small disturbances (see Exten-
sion 3).

However, McGeer’s machines are impressively human-
like only when viewed from the side. From the front, they
look more like a person walking on crutches because they
were built with four legs to keep the motion two-dimensional
(Fig. 2).

McGeer (1991) also found an unstable, two-legged, three-
dimensional, passive-dynamic biped in simulation. The peri-
odic motions in these simulations had abnormally high yaw,
and the numerically predicted instability presumably pre-
cludes physical realizability.

A logical next step was to make a three-dimensional ma-
chine with only two legs while maintaining the favorable traits
of McGeer’s four-legged versions. We describe such a ma-
chine here.

2. The Present Device

Our device (Fig. 3) is conceptually similar to McGeer’s (1990)
original machine (see Garcia, Chatterjee, and Ruina’s 2000
working imitation in Fig. 2). To preserve fore-aft (pitch) sta-
bility, the basic design is close to what one would get by
cutting the four-legged machine in half. The resulting device
is no longer as constrained as the former device, creating an
important difference: new degrees of freedom and new ways
to fall down. Thus, we had to change our design to keep it
stable in three dimensions.

The new problems are unstable side-to-side lean and yaw.
By “side-to-side lean,” we mean rotation about an axis in

Fig. 2. An imitation of McGeer’s (1990) design made by Yan
Yevmenenko in our lab. It is a sturdier version of the one
shown in Garcia, Chatterjee, and Ruina (2000) made by John
Camp. The motion is constrained to two dimensions by the
four legs.

Fig. 3. Our two-legged, kneed, passive-dynamic walking
robot. The counter-swinging arms are attached rigidly to their
opposing legs. Note that the right arm swings forward and
out as the left leg swings forward.

Figure 3: The passive biped with knees [HMA01]
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a) b)

Fig. 4. (a) Bechstein’s (1912) walking toy patent. The polyhedral feet are intended to guide the machine’s side-to-side lean
so that the center of pressure stays inside the footprint. (b) The Fallis (1888) patent that seems to use the same idea.
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Fig. 5. (a-d) Side-to-side lean as guided by foot shaping. (e) Schematic of intended center of pressure path as a result of the
side-to-side lean. (f) Schematic of the soft heel (left foot). The pivoting springs are at the heel. The asymmetric rubber-coated
rails couple sideways lean to foot roll. The pivot and springs eliminate indeterminacies at the simultaneous impact of the two
foot rails while maintaining stiffness against yaw and in the up-and-down direction.

also uses counter-swinging arms rigidly attached to their op-
posing legs (Fig. 1). Together, these ideas suggest that arms
constrained to move fore and aft with the opposite leg might
produce favorable changes in angular momentum fluctuation.

In our implementation, the arms are single rigid links with
a large mass at their ends (see Fig. 3). They are pinned to
always move within the same lateral plane as the thigh of the
opposite leg. With counter-swinging arms and feet capable of
providing frictional torque, the robot had a functionally stable
heading.

2.4. Lateral-Swinging Arms

As shown in the unstable simulations of Kuo (1999), uncon-
strained side-to-side rocking can lead to instability. In fact,
Kuo could not find a passive strategy for stabilization in his
simulations. Moreover, early testing of our machine showed
that it was either marginally stable or unstable in its leaning
motions.

Lateral arm motion is one possible stabilizing compensa-
tion. Wisse, Schwab, and van der Linde (2000) suggested a

free-swinging mass to balance the side-to-side sway of the
legs. We chose to couple a lateral arm motion directly to
the leg motion to keep the design simple (i.e., to not add any
degrees of freedom).

The arms of the walker are attached to the legs such
that they move in and out depending on relative thigh an-
gle (Fig. 6). The left arm swings out as the right leg moves
forward relative to the left. That is, both arms move left as
the right leg moves forward and vice versa. Together with the
counter swinging, the net motion of each “hand” is one from
back and in to forward and out.

3. Simulation Was Not Used as a Design Tool

The four ideas above were implemented bit by bit with phys-
ical tinkering and little calculation.

Experience has given us strong lessons about the utility
and futility of design using simulation. McGeer (1990, 1991)
used simulation to find mass and geometry parameters for his

(a) Schematic diagram of the foot of the
walker [HWR01]

612 THE INTERNATIONAL JOURNAL OF ROBOTICS RESEARCH / July 2001

Arm and
Counter-Mass Right leg with

Pulley

Left leg with
Arm Support

Bearing

String

Bearing

Fig. 6. Lateral arm swinging is coupled to the relative thigh angle using strings wrapped around the hip axle. The right arm
swings forward and out as the left thigh swings forward relative to the right thigh. This is a schematic, not a design drawing.

two-dimensional walker. Similarly, Garcia, Chatterjee, and
Ruina (2000) found simulation essential in order to duplicate
that machine. On the other hand, months of simulation were
not fruitful in finding the stable Tinkertoy design, which was
ultimately found by tinkering. In fact, it was the successful
physical model that motivated a more careful search for a
stable simulation.

Because of the many effects in three-dimensional analy-
sis that are difficult to characterize, whose importance we
could not determine, and whose simulation is difficult (e.g.,
collisions, rolling, and scrubbing torques), we decided to
forgo three-dimensional analytic modeling of this robot. We
speculated that the mass properties of the four-legged design
should work reasonably well in our two-legged device, and
that we would use trial, error, and correction to minimize
three-dimensional effects.

4. Evolution of the Physical Model

We present a brief outline of the design’s progression.

4.1. Initial Design

We built a two-legged device with feet based on the guided
rail and soft heel ideas described above and with mass and
length parameters predicted to be stable by a two-dimensional
analysis.

With a few weeks of tinkering, the device walked the full
length of a 5-m ramp (see Extension 4). Inspection of the
videos of this device showed substantial yaw and sideways

leaning that were not intended. For instance, the device would
sometimes pivot on one stance rail. The gait had a visually
appealing swing but was not robust; it only walked the full
length of the ramp twice.

4.2. Development of Yaw Compensation

As implemented at first, our walker depended solely on
scrubbing friction to oppose yaw. Unfortunately, this was
insufficient.

Moving the legs inward to reduce the moment arm was
not sufficient to decrease the hip torque to a level controllable
with friction. Instead, it significantly increased side-to-side
lean instabilities, so the legs were returned to their original
positions.

We attempted to add lean flexibility to the ankles to achieve
better contact with the ground and, hence, more torque to resist
yaw. The feet were then too floppy, and the device did not
walk in a stable manner. Additionally, we found that even
with this better ground contact, friction could not fully inhibit
yaw.

We gained intuition for this yaw problem by suspending a
crude model of the walker (with locked knees) from a point
between its hip hinges. An attempt to counter swing the legs
of such model induces extreme yaw as the legs pass through
bottom center, as is expected from conservation of angular
momentum about a vertical axis. When appropriate counter-
swinging arms were added to this model, yaw was essentially
eliminated. Counter-swinging arms added to our two-legged
robot also successfully reduced yaw in its walking motions.

(b) Arm mechanism for lateral stability and
yaw compensation [HWR01]

Figure 4: Key features of the walker

1.3.3 Powered Biped with Knees

A new version of this biped with knees was created and allowed it to walk on a flat surface
(figure 5). For this, motors powered by batteries and controlled by electronic circuits were
been added [CR05]. These motors created a push-off at the ankle to restore the energy lost
during the heel-strike collision. However, its displacement and stabilisation is based on the
same factors as the passive biped with knees (figure 4) [S+05].

Figure 1: The Cornell powered biped

feet, arms, and a small torso which is kept upright
by connection to the legs with an angle-bisecting
mechanism. Each arm carries a battery. The right
arm is rigidly attached to the left leg andvice versa,
reducing yaw oscillations (Fallis, 1888, Collins,
Wisse and Ruina 2001). The machine weighs 12.7
kg and has 5 internal degrees of freedom (one hip,
two knees, and two ankles). The thigh-to-shank
length and mass ratios are 0.91 to 1 and 3.3 to
1, respectively, which mimics human architecture
and seems important to the passive dynamics of the
system. The hip joint is fully passive. A latch at
each knee passively locks the shank to be paral-
lel with its proximal thigh throughout stance. This

latch is released by a solenoid at the completion of
ankle push-off, at which point the knee is passive
until knee-strike. Ankle push-off restores energy
lost, mostly to heel-strike collisions. To minimize
the needed motor size, energy for ankle push-off is
stored in a spring between steps.

The control circuitry is located in the
hip/torso/head visible in the figure. A finite-
state machine with eight binary inputs and outputs
is implemented in 68 lines of code on an Atmel
AT90S8515 chip running on an ATSTK500
standard development board. A second board
with relays and passive conditioning components
connects the board to the electromechanical and
sensory parts. During the first state, Left Leg
Swing, all actuators are unpowered and the left
knee latch passively locks at knee strike. When
ground-detection contact switches below the
left foot detect impending heel strike, the state
changes to Right Ankle Push-Off. This begins
a timed activation of the solenoids that release
the plantar-flexor spring of the right foot. When
switches detect full foot extension, the state
changes to Right Toe Return. During this state, a
9.5 Watt, 6.4 oz gear-reduced MicroMo©R motor is
activated, slowly retracting the foot and restoring
spring energy. Also, a short time after detection of
impending left-foot heel-strike, a solenoid unlocks
the right knee. When a switch on the motor
indicates full foot retraction, the state changes to
Right Leg Swing, and the foot-retraction motor
is deactivated. The state machine then swaps
roles for the left and right legs and goes to the
initial state. Taking all sensing, including the
sensing of internal degrees of freedom (which
could in principle be made open loop), about 20
bits of information per step flows to the processor.
Environmental sensing, i.e., the instant of foot
contact, is about seven bits per step.

This machine has only one capability, walking
forward. It is designed to walk with minimal en-
ergy use. Its speed, path and joint motions are not
shaped or controlled but follow from its mechanical
design and primitive ankle push-off actuation. An-

2

Figure 5: Powered biped with knees [S+05]
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1.3.4 MIT learning biped

The toddler robot was developed at the Massachusetts Institute of Technology (MIT), for
studying learning control (figure 6). The goal was to find a control policy that allowed the
robot to stabilise itself. It was designed from a passive model and can walk down a slope
without the use of the actuators. The two actuators control the roll and pitch at each ankle.
The yaw is countered in the same way as the biped with knee (figure 4), and two arms are
mechanically coupled to the opposite leg to create an opposite torque. Even with these four
motors present, the trajectory of the robot is difficult to control because it has nine degree of
freedom, making it under-actuated. Another interesting feature is the shape of the feet, they
are large and curved in the front plane, while the three robots previously studied have their
feet bent in the sagittal plane [TWS18; Ted+04].

Fig. 1. The robot on the left is a simple passive dynamic walker. The
robot on the right is our actuated version of the same robot.

top of a small ramp and given a small push, the walker
will begin falling down the ramp and eventually converge
to a stable limit cycle trajectory that has been compared to
the waddling gait of a penguin [8]. The energetics of this
passive walker are common to all passive walkers: energy
lost due to friction and collisions when the swing leg returns
to the ground is balanced by the gradual conversion of
potential energy into kinetic energy as the walker moves
down the slope. The mechanical design of this robot and
some experimental stability results are presented in [10].

We designed our learning robot by adding a small number
of actuators to this passive design. The robot shown on the
right in figure 1, which is also described in [10], has passive
joints at the hip and 2 degrees of actuation (roll and pitch) at
each ankle. The ankle actuators are position controlled servo
motors which, when commanded to hold their zero position,
allow the actuated robot to walk stably down a small ramp,
“simulating” the passive walker. The shape of the large,
curved feet is designed to make the robot walk passively
at 0.8Hz, and to take steps of approximately 6.5 cm when
walking down a ramp of 0.03 radians. The robot stands 44
cm tall and weighs approximately 2.9 kg, which includes
the CPU and batteries that are carried on-board. The most
recent additions to this robot are the passive arms, which
are mechanically coupled to the opposite leg to reduce the
yaw moment created by the swinging leg.

When placed on flat terrain, the passive walker waddles
back and forth, slowly losing energy, until it comes to rest
standing still. In order to achieve stable walking on flat
terrain, the actuators on our learning robot must restore
energy into the system that would have been restored by
gravity when walking down a slope. Deriving a control
policy for the ankle actuators turns out to be a very difficult
problem because the robot is under-actuated - it has only
four motors to control nine degrees of freedom1. This under-

16 internal DOFs and 3 DOFs for the robot’s orientation. We assume
that the robot is always in contact with the ground at a single point and
does not slip, and we ignore the robot’s absolute (x, y) position in space.

actuation means that the motors cannot produce an arbitrary
acceleration of the robot at any instant in time and that the
robot cannot follow an arbitrary trajectory, and therefore
conventional robot manipulator control strategies do not
apply. Before implementing any machine learning, we spent
considerable time hand-designing control policies for this
robot[10] to use as comparison for our learning experiments.
Although we were able to stabilize the walking gait on flat
terrain, the hand-designed controllers were not very robust
nor efficient, and they required considerable tuning for each
new surface that the robot walked on.

IV. THE LEARNING PROBLEM

In order to derive a control policy for this robot using
reinforcement learning, we formulate the goal of control as
stabilizing the limit cycle trajectory that the passive robot
follows walking down the ramp, making it invariant to
slope. We choose to characterize the stability of the limit
cycle using a Poincaré map ([11], [12]) taken at the point
when the robot’s left leg collides with the ground. This
allows us to replace the continuous-time dynamics of the
limit cycle trajectories with a discrete footstep-to-footstep
dynamics, and to formulate the learning on this discrete
map.

More precisely, the dynamics of the robot can be written
in the form

q̈ = f(q, q̇,u,d(t)), (1)

where q is the vector of joint angles denoting the state of the
robot, u is the control vector, and d(t) is the time-varying
vector of random disturbances. Our task is to acquire a
deterministic feedback control policy

u = π(q̂, ˆ̇q), (2)

where q̂ is a noisy estimate of q (due to noise in the
sensors).

The Poincaré map, or return map, dynamics are a Markov
random sequence with the probability at the (n + 1)th
footstep given by

Fπ(x′,x) = P
{
X̂n+1 = x′|X̂n = x, π

}
, (3)

where x = [q, q̇]T evaluated at the return map. For clarity,
we will reserve the variable x for describing the state of
the robot on the return map. Fπ(x′,x) represents the prob-
ability density function over the state space which contains
the closed-loop dynamics of the robot integrated from one
footstep to the next. We do not make any assumptions about
its form, except that it is Markov. The stochasticity in Fπ

comes from the random disturbances, d(t), and from the
sensor noise, x̂−x. We describe the dynamics as a Markov
sequence that is parameterized by the policy π instead of
a Markov decision process (MDP) because the policy is
evaluated many times between each crossing of the return
map.

In this formulation, we reward the global stability of the
desired limit cycle trajectory by penalizing the Euclidean

Figure 6: MIT learning robot on the right and the passive dynamic model on the left [TWS18]

1.4 Rando the Walking Robot

The walking robot named "Rando" was created by Matthew A. Robertson and Amy R. Wu for
the “Dynamic Walking 2017 Dynamic Robust Actuated Passive Ambulation (DRAPA) Chal-
lenge”. The goals of this challenge was to “build a robot that is accessible (open-source) and
enables researchers and private individuals to explore and verify scientific questions without
the hurdles of a huge budget” [Wor17]. Rando sufficiently met this criteria; it was a very acces-
sible robot which could be manufactured for less than $ 50 [Wu+17a]. Electrical or mechanical
components are easily found in shops. The material used for the parts is the medium density
fibreboard (MDF), which can be easily laser cut. Welds can be made with a commercial sol-
dering iron. If you do not have access to a laser cut, the pieces can be cut with a saw and
then filed to obtain the desired shape. The holes can be made with a drill. This robot is very
simple to manufacture and can be rapidly assembled. Moreover, this robot allows people to
explore and verify scientific domains, such as fundamental principles of legged locomotion and
more specifically the inverted pendulum principle. It is an active dynamic walker, which uses
gravity for energy and actuators to restore lost energy during the collision of the feet with the
ground [Wu+17b].
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More specifically, Rando weighs 250g and has four legs that operate in pairs to maintain lateral
stability. The lateral legs measure 240mm. The robot has feet with a curvature of 29.4 degrees
and an arc length of 45.78mm, which optimises the energy used for each steps. On these feet
a switch is attached to detect contact with the ground.
Finally, this robot is easily controllable and an algorithm is used to move the feet vertically
at the right time. A push-off event is triggered on the supporting legs when the opposite legs
touch the floor. The push force is proportional to the step time, for example, if the robot has
taken a wide step, the force will be greater than if the step was weaker.
However, to ease the control and avoid the possibility that Rando will fall sideways, Rando
only moves two legs at a time. A second version with lateral control was later created in order
to make Rando more similar to human behaviour.

(a) Front view of Rando (b) Lateral view of Rando [Wu+17a]

Figure 7: Rando the walking robot
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2 The project: Rando/2

This new version was called "Rando/2" which reads "Rando slash two" in reference to the fact
that this new version has a leg number divided by two compared to the first version. The number
2 can also refer to the fact that this robot is the second version of the Rando robot.

2.1 Goal of the project

The goal of this project was to make a two legged version of the Rando robot. The design
could be changed to fit the new version, but the robot would keep the same mechanisms.
While the robot is running, the trailing leg is actuated to restore the appropriate amount
of energy lost between each step, so it could continue walking at a steady state. The robot
kept the same functionality as Rando, through walking it demonstrates the inverted pendulum
principle. Moreover, the robot was developed with the same intentions that Robertson and Wu
had, making a robot accessible to everyone while maintaining the educational aspect. Thus,
maker-style techniques were used, which included laser cutting and readily accessible materials,
to create a low-cost robot.

2.2 State of the art

2.2.1 Stabilisation methods

The robot already had a stable longitudinal motion, meaning that one should be more focused
on the different methods of stabilisation of lateral motion in walking. By analysing human
behaviour, five methods can be considered [Kuo99].
The two first methods use the same weight transfer principle. By adding a torque actuation to
the ankle of the swing leg, the centre of mass of the robot is moved to this support leg (figure
8a). Another method is to add a mass on top of the robot that can be moved laterally. This
mass allows the weight compensation of the moving leg and helps the robot avoid falling on its
side ( figure 8c).
The third method is based on the control of the angular momentum. The overall angular
momentum of the system is to be preserved, as it is possible to control the angular momentum
of the robot by creating a tunable angular moment. In order for that to occur, a reaction wheel
is installed on top of the robot and will spin at an appropriate speed (figure 8b).
The last method is based on step width. During the swing phase, the leg in motion moves both
in the direction of travel and laterally to stabilise movement (figure 8d).
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Fig. 4. Five possible stabilization methods. Ankle torque (a), reaction wheel (b), and torso motion (c) all exert control over
trajectory of roll motion. Lateral step width control (d) indirectly affects roll motion, as does torsional spring (e) mounted at
hip.

which show that the control is largely confined to the roll
variables and that the feedbackuroll = −Lroll1x depends
mainly on sensed roll angle and velocity. In fact, it is possible
to stabilize the system using feedback on these two quantities
alone.

Each of the direct methods is unique in the details of how it
may be implemented. However, common among all of them
the energy cost is at least equal to energy of the perturba-
tion. Restricting matters to perturbations to the nominal roll
velocity, q̇∗

roll , and neglecting the relatively small coupling
from stance and swing leg dynamics, the energy difference
associated with a perturbation1q̇roll is

1Eroll = 1

2
Iroll

(
q̇2

roll − q̇∗2
roll

)

= 1

2
Iroll

(
1q̇2

roll + 21q̇roll q̇
∗
roll

)
,

(15)

whereIroll is the moment of inertia in the roll plane of the
entire mechanism about the stance foot. The control must
move the state from the perturbed constant energy trajectory
back toward the nominal constant energy trajectory (see Fig-
ure 5a). The amount of energy needed is at least1E. If the
correction cannot be applied immediately, or if it is desired to
return the reaction wheel to zero velocity or the upper torso
to neutral position, the cost may be several times1E. Power
requirements for an actuator depend on the energy cost and on
the amount of time over which the correction is to be applied.

5.2. Indirect Control

Although there is no possibility of violating the minimum en-
ergy cost to compensate for a perturbation, the indirect meth-
ods do not require the actuator to supply all of this energy.

In the first indirect method, the leg splay is adjusted quasi-
statically during the swing phase so as to control lateral foot
placement, or step width. The control authorityBw gained
from leg splay is found by calculating the differential change
in xk+1 induced by an increment of leg splayβ = uw (see
Figure 4), as in (12) through (14) above. After verifying con-
trollability, we again place the unstable eigenvalue at zero,
arriving at control authority and gains based on step width
control

Bw =[
8.05 3.15 −0.56 8.27 2.52 1.11

]T
,

Lw =[−0.98 0.13 −0.0061 −0.98 0.17 −0.0061
]
.

We apply this control quasi-statically because a small ad-
justment in step width can be performed over any time period
up to an entire swing period. This is in contrast to the direct
methods, which must apply the adjustment quickly and near
the beginning of a step to time the ground contact properly.
The step width control does not need to adjust either the tra-
jectory or the timing of ground contact, because it adjusts the
effect of the contact conditions (8) so that despite the pertur-
bation in trajectory, the next step joins the nominal trajectory
(see Fig. 3b; note that the adjustment does not bring the state
exactly to the nominal trajectory, because the pole placement
is based on linearized equations (14) but is implemented on
the nonlinear system).

The quasi-static adjustment implies that the energy cost
of step width control is small. A theoretical worst-case cost
may be computed by considering the increase in potential en-
ergy that accompanies step width adjustment. A conservative
estimate of this increase is

1Ew ≈ sinqroll(mpl + ml)Lw41q̇roll (16)

where sinqroll is the average of the sine of the roll
angle during a step. Comparing (16) to (14), we note that

Figure 8: Different stabilisation methods: (a) ankle torque, (b) reaction wheel, (c) torso motion
and (d) lateral step width control [Kuo99]

2.2.2 Foot shape

Peter G. Adamczyk, Steven H. Collins and Arthur D. Kuo have analysed the role of foot
length and curvature [ACK06] [AK13] on the mechanical and metabolic costs of walking. Their
analyses showed that the arc length of the foot has a greater effect on the mechanical work and
the overall energetic cost of walking, in comparison to the radius of the foot. Nevertheless, it
is still necessary that the foot is minimally convexly curved in order to minimise this energy.
Finally, they found that the minimum energy cost obtained for a foot arch length was about
29% of the leg length.
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3 Design

In order to build a robot that could be compared with the old version, Rando figure 7, and
facilitate the same design, certain parts had to be preserved. The length of the upper and lower
parts of Rando’s lateral legs and the position of two servo motors on each of his legs were kept
to preserve similar movements. The electronic part and the control mechanism are also the
same, they will be described in more detail in section 4.

3.1 Experimental setup

The installation is quite simple and can be easily reproduced. All you need is a ruler and a
camera that can film in slow motion. For this experiment the camera filmed with a resolution
of 240 frames per second and the ruler was graduated in centimetres. The ruler was placed
horizontally on a vertical plane, the centre of the robot was placed in the middle of this ruler
and the camera was aligned with its centre. Another graduated line was drawn on the ground
perpendicular to the horizontal plane and aligned with the centre of the ruler. A picture of the
assembly is visible in the figure 9.
This assembly allows to measure the maximum angle with respect to the vertical that the
moving robot makes in the frontal plane as well as its number of steps. The graduated line
on the ground allows distance estimation of the robot’s movement. The maximum angle is
measured only using the first three steps of the robot to have a measurement comparable to
the others because after several steps the robot moves forward in front of the camera and makes
it more difficult to measure the inclination. Another issue is that its inclination is amplified by
oscillation and thus depends on the number of steps. The accuracy of the measurements is the
order of half a centimetre, which is low, but suitable for determining if a certain design for a
part is more advantageous over another.
All measurements have been made with this same setup to replicate the same conditions and
be easily comparable. To have representative measurements, only one parameter was changed
at a time and each experiment was conducted several times.
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Figure 9: Experimental setup

3.2 First prototype

3.2.1 Stabilisation mechanism

Firstly, after analysing the state of the art of the different methods of stabilisation of lateral
motion, it can be concluded that adding a controlled mass on top of the robot will be compli-
cated to build, as it requires a solid structure. It will be also complicated to control and it’s not
similar to human behaviour, so it’s less interesting to study. Moreover, the lateral step width
control method is more closely related to the human behaviour but it will be more difficult
to implement in that system. This method will certainly require a specific join, which cannot
be easily crafted with wood and thus difficult to make them inexpensively. Additionally, the
torque actuation at the ankle will be difficult to implement because the ankles are not fixed.
Finally, the most feasible method that is easy to implement for the mechanism, is the torso
motion. From a dynamic standpoint, this method is interesting because it is very similar to
the human mechanism, which makes its a good fit when attempting to reproduce and study
human behaviour. This mechanism was designed by connecting a servomotor to a rod on the
stabilisation mechanism that will shift the weight horizontally. The centre of this mechanism
is attached to the moving weight and can be easily changed to become adaptable to the system
(figure 10).

 

Figure 10: Stabilisation mechanism
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3.2.2 Upper body

The robot no longer has the inner leg and a new upper body has been designed. This upper
body had to be rigid enough so that the robot did not have too much backlash and resultantly
became more stable and easier to control. The upper parts of the body also need to carry
the new mechanism and allow the swinging of the weight. A T-shaped structure was chosen
to adjust the position of the internal elements (battery and electronic circuit) and the robot’s
centre of gravity by varying the height. This shape gives sufficient space to the servo motor so
that the movement of the legs are not constrained. It also allows to have a distance between
legs sufficiently large, 115mm (figure 11).

Figure 11: First prototype drawing

3.2.3 Foot shape

For the first prototype we kept the same foot as Rando, figure 7. However, after several tries,
the robot keep falling, making it impossible to conduct measurements and led to modification
of the feet design. They have been designed to make the robot increasingly more stable in order
to study the lateral swing of the robot. As a result, their curvature was increased to become
flatter, and pieces have been added on side to increase foot area and create better stability.
These pieces have a curvature radius of 200mm, and the curvature of the foot in the sagittal
plane can by modified by moving these pieces up and down (figure 12).
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Figure 12: First feet prototype

3.2.4 First result

The first prototype can be seen in the figure 13a, the battery has been placed under the robot
to counterbalance with the upper mechanism and vertically maintain the upper body. The
electronic circuit has been fixed in front of the robot to create an imbalance and lean the robot
forward to facilitate a walking direction.
To validate the design, two types of tests were performed, one by operating the upper mechanism
to change the centre of mass and another by disabling this mechanism. It turned out that the
mechanism was actually not necessary, the simple action of the push-off through the feet gives
enough strength to the robot to swing on the sides. Resultantly, the mechanism was removed
and the electronics circuit were placed on top of the robot to create a more stable robot (figure
13b).
Then, the robot was re-tested five times under the same conditions, in which the methods are
further explained in section 3.1, to measure the angle of deviation and the number of steps.
It had an average angle of deviation of 15.8 degrees and an average of 15.8 steps, but it only
moved marginally (figure 14).

(a) First prototype of the robot with the sta-
bilisation mechanism

(b) Second prototype of the robot without the
stabilisation mechanism

Figure 13: First two prototypes
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Measurements Displacement_Max [cm] Angle_Max [°] Number of steps
1 7 15,6 7
2 7 15,6 4
3 6,5 14,5 18
4 7,5 16,8 26
5 7,5 16,8 24

Mean 7,1 15,8 15,8
Standard deviation 0,42 0,96 9,91

Figure 14: Table of the different measurements made with the large upper body

3.3 Prototype improvement

A new prototype has been made to increase the travel distance, and at first, an improvement
of the upper body was tested. Afterwards, several tests were done with different foot shapes
and lengths to determine the best compromise.

3.3.1 Upper body

A new design of the upper body was made to reduce the distance between the two legs of 30mm
in order to better control the tilt of the robot. Thus, the new distance was 85mm. The design
was inspired from Cornell ranger [HBM15], the battery and the electronic circuit have been
placed perpendicular to their previous position in the central compartment (figure 15).

Figure 15: Third prototype of the robot with smaller upper body

As expected, the robot tilts more on the sides at each step with an average of 17.9 degrees
(figure 16), compared to 15.8 degrees for the larger upper body (figure 17). However, the robot
makes very few steps (4.2 steps on average) and often fell forward. Ultimately, the upper body
design for this robot is not advantageous and will not be kept.
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Measurements Displacement_Max [cm] Angle_Max [°] Number of steps
1 7 15,6 7
2 7 15,6 4
3 6,5 14,5 18
4 7,5 16,8 26
5 7,5 16,8 24

Mean 7,1 15,8 15,8
Standard deviation 0,42 0,96 9,91

Measurements Displacement_Max [cm] Angle_Max [°] Number of steps
1 7,5 16,8 4
2 7,5 16,8 6
3 8 17,9 4
4 8,5 19,1 3
5 8,5 19,1 4

Mean 8 17,9 4,2
Standard deviation 0,50 1,16 1,10

Figure 16: Table of the different measurements made with the small upper body

(a) (b)

Figure 17: Comparison between the two body sizes

3.3.2 Foot shape

The new design for the upper body provided no improvement, so new feet shape and length
were designed to increase the performance of the robot. These new feet have been compared
to each other to determine which one is better. The sheet that contained all of the results was
in the annex.
The arc length of each foot in the sagittal plane was 72mm, and was chosen in agreement with
the study based on the foot shape analysed in section 2.2.2. This length corresponds to 30%
of the leg length, which is 240mm.
The robot does not move to the side, and the length of the lateral parts of the feet were not
constrained to a precise value. For this analysis, the radius of curvature was more important.

Four different foot designs have been created:

• Foot_Sagittal_Curve: its design was inspired by the feet of the Passive Biped With
Knees 4a. This foot has a curvature radius of 100mm and allows the robot to tilt more
easily forward (figure 18a).

• Foot_Arc: its design was inspired by the feet of the robot created by MIT that was
analysed in the section 1.3.4. This asymmetric arch-shaped foot with a 70mm radius of
curvature and an arc length of 62.47mm makes it more susceptible for the robot to tip
over to the sides (figure 18b).
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• Foot_Circle: The design goal was to see if the robot could tilt with a high angle on the
sides and return to its original position, vertically. The foot has a radius of curvature of
50mm and its tip is at an angle that is greater than 90 degrees, relative to the horizontal
plane (figure 18c).

• Foot_R150: this foot is used as a reference, it is similar to the ones created for the first
tests, as it has the same radius curvature of 150mm. However, its arc length has been
lengthened, as it measures 75.66mm, whereas it was 55mm for the old model (figure 18d).

(a) Foot_Sagittal_Curve

(b) Foot_Arc

(c) Foot_Circle (d) Foot_R150

Figure 18: Different foot shapes

To determined which shape is the best, these four feet have been compared (figure 19). For
these tests, the feet were flat in the sagittal plane, to not influence the measurements by making
the robot less stable.
The foot "Foot_Circle" shape was the least successful because the robot was falling directly
to the side without making any steps. With the foot "Foot_Sagittal_Curve" the robot was
swinging very little on the sides, averaging 5.54 degrees and was unstable. It was difficult to
make it stand up, it often fell forward or backward and took less than 2 steps on average. A
better result was obtained with the foot "Foot_Arc", the robot averaged 5 steps and tilted at
an angle of 15.8 degrees. Finally, the best results were obtained with the foot "Foot_R150",
the robot never fell and swayed with an angle of 17.7 degrees. This shape for the lateral part
of the foot is therefore the best for this robot.
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(a)
(b) Comment: for Foot_R150, there is no
value for the number of steps because the
robot is walking continuously

Figure 19: Comparison between different foot shape

Determining the best foot shape required an analysis of the different radii of curvature for the
lateral part of the feet, in addition to studying their implications on the robot. Their names
and parameters are listed in figure 20.

Name Radius of curvature Arc length
Foot_R150 150 76,49
Foot_R100 100 73,61
Foot_R50 50 68,17

Figure 20: Table of the parameters of each feet

As shown in the figure 21, a radius of 50mm proved to be too small and made the robot unstable,
which resulted in less steps being taken (on average 6.6 steps). For a radius greater than 100mm,
the robot remained standing and never fell. Regarding the angle, as expected, larger angles
of inclination were obtained with a more curved foot. Therefore, the foot Foot_R100 with a
radius of 100mm has been kept for this robot.
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(a)

(b) Comment: for Foot_R150 and
Foot_R100, there is no value for the
number of steps because the robot is walking
continuously

Figure 21: Comparison between different foot radii

Another analysis was made to study the impact of the curvature radius of the foot in the
sagittal plane, on the walking of the robot.
As stated in the figure 22 the robot is very sensitive to the radii of curvature. A radius of
150mm makes the robot completely unstable and it was not possible to make it stand up. With
a radius of 200mm, it is a little better but the robot is still unstable and averages only about
2.4.
Although, it was noticed that the robot was falling because the legs did not move at the right
time. To fix this issue, the sensor that was attached to the centre of the foot was then moved
forward. As it can be seen in the figure 24, that was in fact the problem, the robot was now
averaging 6 steps. Nevertheless, the robot was always falling back, though it was supposed
that the switch sensor acted like small springs and pushed the robot backwards. Weights of
13g each were added to the front of the robot to try to compensate for this effect (figure 23).
But, it did not improve the movement of the robot and actually resulted in less steps.
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(a)
(b) Comment: for the flat foot, there is no
value for the number of steps because the
robot is walking continuously

Figure 22: Comparison between different foot curvatures

Figure 23: Robot prototype with one weight attached in the front

(a) (b)

Figure 24: Comparison between different weights
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Due to the issues with the added weight, the weights were then removed. Instead, switch
sensors were attached to the back of the foot to compensate for the effect of the other switch
sensor in the front. The robot would sometimes slide on the floor, and so non-slip tape was
glued under the foot (figure 25).

Figure 25: Foot with two sensors attached and non-slip tape glued

The robot was tested with these new feet "Foot_R100_Final", and it was noticed that the
robot was swinging a little too much on the sides, which reduced the walking dynamics and
caused it to fall. The feet with the lateral parts having a radius of 150mm were then tested
with the same elements that were used for the previous feet "Foot_R100_Final". Sensor was
attached to the back of the foot and non-slip tape was glued underneath the foot. As shown
in the figure 26, the best result was obtained with these feet "Foot_R150_Final", which had
a higher radii of curvature. Therefore, these foot "Foot_R150_Final" has been kept for this
robot. Thus, the final version weighs 238 g and is shown in figure 27.

(a) (b)

Figure 26: Comparison between different foot radii
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Figure 27: Final version of the new robot, Rando/2

3.3.3 Final result

Several other tests were conducted on softer ground and proved to be successful, the robot
walked a distance greater than 1.5m for less than 2 minutes (figure 28). However, the robot
walked over a distance greater than 1m in 4 out of 15 tests. These test proved that it was
difficult to make the robot walk, and it depends significantly on the initial conditions, such as
how the upper body of the robot is oriented as well as the position and spacing of the legs.
spacing.
During these movements, the robot made a circular trajectory. This may be due to the fact
that either the force during the push-off was not the same for each foot or the imbalance of
weight between the two legs, which would create a torque at each movement and lead the robot
to turn on itself.
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Foot R150-R200-
Sensor-

Measurement Time [s] Approximate distance [m] Comment
1 48 1 <  and  < 1,5 Fall at the end
2 18 0,5 < and < 1 Fall at the end
3 1 0- Fall
4 5 0 < and < 0,2 Stay up
5 2 0 < and < 0,05 Fall
6 2 0 < and < 0,05 Fall
7 18 0,2 < and < 0,5 Fall at the end
8 2 0 < and < 0,2 Fall
9 3 0 < and < 0,2 Fall

10 6 0,1 < and < 0,2 Fall at the end
11 4 0,1 < and < 0,2 Fall at the end
12 104 1,5 <  and  < 2 Fall at the end
13 46 1 <  and  < 1,5 Stay up at the end
14 120 1,5 <  and  < 2 Kept walking
15 40 0,5 < and < 1 Kept walking

Mean 28 0,4 < and < 0,9
Standard deviation 38 0,6 < and < 0,8

Figure 28: Table of the different measurements made with the final prototype
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4 Electric parts and control

4.1 Technical parts

4.1.1 Hardware

Most of the electronic components are the same as the ones used for the four-legged robot,
Rando. A compact board, the Arduino nano powered by a 7,4 V battery was used to control
the robot (figure 30a). The electronic diagram of the Rando is shown in figure 29. The
differences with the previous version was that this robot only used two servomotors to operate
its two legs and not four. The two inputs for the servomotors, "Right lateral" and "Right
Medial" can be replaced by only two inputs, "Right" and "Left". The "Left Medial" and "Left
Lateral" inputs can be deleted. In addition, on the right diagram, the blue and purple wires can
be removed. Moreover, sensors to detect when the feet touch the ground that were previously
a simple measurement of tension through a spring, have been replaced by micro switch sensor
(figure 30b) to simplify assembly and electronics.

 

Figure 29: Diagram of the electronic circuit of the robot with four legs, Rando [Wu+17b]

(a) Electric circuit

(b) Micro switch sensor attached to the foot

Figure 30: Electronic components of the robot
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4.1.2 Software

For the software, the same code as that created for Rando by Amy R. Wu and Matthew A.
Robertson were used. To facilitate the control of the robot, the displacement of the leg during
the push-off was constant unlike the previous version, which was proportional to the duration
of each step.
Two important group parameters have to be defined as they are specific to the robot.
In the following explanation, the variable "i" can be replaced by "R" if one wants to act on the
servomotor on the right and by "L" if one wants to act on the one on the left.

• The management of the position of the legs, the initial position of the moving leg is defined
by the variable "mid_i". In the code it is initialised to 90, which corresponds to the angle
that the servomotor will move from its reference position. The variable "down_i" gives
the angle that will make the servomotor lower the leg a certain distance and the variable
"up_i" gives the angle to raise it.

• The different time parameters: the variable "pushOff", defines the time in milliseconds
for the leg that remains in the low position, and the variable "swing", defines the time in
milliseconds for the leg that remains in a high position.

The complete code is present in the appendix.

For the robot, the parameters concerning the position of the legs were easily determined be-
cause they only depend on the design of the leg. Regarding the swing and push-off time, several
tests have been done by varying these parameters in order to obtain the best performances.
The best results were obtained for swing time and push of 150 milliseconds.
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4.2 Control

The control of the robot is simple; it is based on the principle of the inverted pendulum. The
robot not being statically stable, will lean forward under the effect of gravity. By well managing
their sizes, the legs will swing in turn forward, allowing the robot to walk. In order for the legs
to have enough time for this, the robot will first tilt to one side leaving the opposite leg free
(figure 31).
More specifically, when the foot of the forward leg touches the ground, the micro-switch is
activated. The other leg is lengthened to push-off the robot both forward and to the side. The
robot will therefore tip on the support leg and transfer all its weight on it. The other leg will
retract to not to rub against the ground, resembling the knee movement that is bent when
human walks. The leg will swing forward due to gravity and will then be re-lengthened to
return to it original size. The foot will touch the ground and trigger the sensor. This leg will
be the support leg and the actuation will be on the other leg, and vice versa, as long as the
robot walks.  

Figure 31: Diagram of the leg movement
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5 Conclusion and future work

The goal of this project was achieved, a two legged version of the Rando robot was created. The
robot was able to demonstrate that it could walk a distance of more than 1.5m in less than 2
minutes. Nevertheless, it was not easy to make the robot walk as it depended on many factors,
such as the quality of the ground (i.e. if it is rough and flat enough), and the initial conditions
such as the orientation of the upper body and the legacy spacing. It would be interesting to
improve this robot to make it less dependent on these parameters. In addition, this project
analysed the influence of different parameters on the movement of the robot. The different
parameters being analysed included the distance between the legs and the shape of the feet,
with greater emphasis on analysing the radius of curvature and arc length in the sagittal and
frontal plane.
Although some parameters have been fixed to facilitate the construction of the robot, further
analyse of the parameters’ impact on the robot in the future would be beneficial to this area of
research. Greater in-depth analysis could help identify and modify the issues of leg length and
the position of the servomotors. In addition, more study on the kinematics of the robot could
be interesting from different academic perspectives, and would enable making improvements
on the robot more easily.
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A Measurements

Measures for the different upper body.

Displacement_Max [cm] Angle_Max [°] Number of steps Time
Large Body
N=1 :MVI_1162 7 15,6 7
N=2 :MVI_1164 7 15,6 4
N=3 :MVI_1165 6,5 14,5 18
N=4 :MVI_1166 7,5 16,8 26
N=5 :MVI_1167 7,5 16,8 24
Mean 7,1 15,8 15,8
Standard deviation 0,42 0,96 9,91
Small Body
N=1 :MVI_1153 7,5 16,8 4
N=2 :MVI_1154 7,5 16,8 6
N=3 :MVI_1156 8 17,9 4
N=4 :MVI_1157 8,5 19,1 3
N=5 :MVI_1158 8,5 19,1 4
Mean 8 17,9 4,2
Standard deviation 0,50 1,16 1,10

Measures for the different foot shape.
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Foot shape
Déplacement_Max 
[cm] Angle_Max [°] Nb of step Comment #1 Comment #2

Foot sagittal curve
N=1 :MVI_1179 0 0,0 0 Falls
N=2 :MVI_1180 5 11,1 3
N=3 :MVI_1181 5 11,1 4
N=4 :MVI_1182 0 0,0 0 Falls
Mean 2,5 5,5 1,75
Standard deviation 2,5 5,5 1,8

Foot arc-flat
N=1 :MVI_1196 3 6,6 3
N=2 :MVI_1197 7 15,6 5
N=3 :MVI_1198 8 17,9 5
N=4 :MVI_1199 8 17,9 7
N=5 :MVI_1200 8,5 19,1 5
N=6 :MVI_1201 8 17,9 5
Mean 7,1 15,8 5
Standard deviation 2,1 4,7 1,3

Foot circle-flat
N=1 :MVI_1186 0 0,0 2 Falls
N=2 :MVI_1187 0 0,0 2 Falls
N=3 :MVI_1188 0 0,0 2 Falls
Mean 0 0 2
Standard deviation 0 0 0

Foot R150-flat
N=1 :MVI_1203 5,5 12,2 stay up
N=2 :MVI_1204 6,5 14,5 stay up
N=3 :MVI_1205 6,5 14,5 stay up
Mean 6,2 13,7
Standard deviation 0,6 1,3 0

Foot R100-flat
N=1 :MVI_1206 8 17,9 stay up
N=2 :MVI_1207 7,5 16,8 stay up
N=3 :MVI_1208 8,5 19,1 stay up
N=4 :MVI_1209 8 17,9 stay up
N=5 :MVI_1210 7,5 16,8 stay up
Mean 7,9 17,7
Standard deviation 0,4 0,9

Foot R50-flat
N=1 :MVI_1211 10 22,6 11
N=2  :MVI_1212 0 0,0 3
N=3  :MVI_1213 7,5 16,8 6
N=4  :MVI_1215 8 17,9 4
N=5 :MVI_1216 8,5 19,1 9
Mean 6,8 15,3 6,6
Standard deviation 3,5 7,9 3,0

Foot R100-R150
N=1  : 0 0,0 0 Falls
N=2  : 0 0,0 0 Falls
N=3  : 0 0,0 0 Falls
Mean 0 0
Standard deviation 0 0 0

Foot R100-R200
N=1  :MVI_1218 7 15,6 2
N=2  :MVI_1219 8,5 19,1 3
N=3  :MVI_1220 8,5 19,1 3
N=4  :MVI_1221 8,5 19,1 2
N=5  :MVI_1222 8 17,9 2
Mean 8,1 18,2 2,4
Standard deviation 0,6 1,3 0,5

Foot R100-R200-Sensor-
front+mass
N=1  :MVI_1230 8 17,9 3
N=2  :MVI_1231 7,5 16,8 3
N=3  :MVI_1232 6 13,3 5
N=4  :MVI_1233 9 20,3 3 Falls back
N=5  :MVI_1235 8 17,9 4 Falls back
Mean 7,7 17,2 3,6
Standard deviation 1,0 2,3 0,8

Foot R100-R200-Sensor-
front+2masse
N=1 :MVI_1236 8 17,9 5
N=2  :MVI_1237 9 20,3 3
N=3  :MVI_1240 8 17,9 4 Falls back Falls back
N=4  :MVI_1241 7 15,6 8 Falls back Falls back
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Mean 8 17,9 5
Standard deviation 0,7 1,6 1,9

Foot R100-R200-Sensor-front
N=1  :MVI_1244 8 17,9 2 Without mass Falls back
N=2  :MVI_1245 6 13,3 7 Without mass Falls back
N=3  :MVI_1247 6 13,3 9 Without mass Falls back
Mean 6,7 14,9 6,0
Standard deviation 1,2 2,6 3,6

Foot R100-R200-Sensor-
front+back+masse+grip
N=1  :MVI_1255 6 13,3 7
N=2  :MVI_1254 5 11,1 15 Stay up without moving
N=3  :MVI_1253 5,5 12,2 12
N=4  :MVI_1252 7,5 16,8 3
N=5  :MVI_1251 7 15,6 7
Mean 6,2 13,8 8,8
Standard deviation 0,9 2,1 4,2

Foot R150-R200-Sensor-
front+back+masse+grip
N=1  :MVI_1258 6 13,3 12 Stay up without moving
N=2  :MVI_1259 6 13,3 8 Stay up without moving
N=3  :MVI_1262 6 13,3 4
N=4  :MVI_1263 6 13,3 5
N=5  :MVI_1266 5 11,1 12
N=6  :MVI_1269 5 11,1 15+ Keep walking
Mean 5,7 12,6
Standard deviation 0,5 1,2

B Code implementation

Code for controlling the robot.
1 /∗ RandoWalkerTall
2 c rea ted by Amy R. Wu and Matthew A. Robertson in 20 May 2017
3 modi f i ed by Tr i s tan Abondance in 7 June 2018
4 ∗/
5

6 #inc lude <Servo . h>
7

8 Servo servoR ; // c r e a t e servo ob j e c t to con t r o l a servo
9 Servo servoL ;

10

11 // s e t t i n g s
12 // Right
13 i n t down_R = 60 ;
14 i n t mid_R = 90 ;
15 i n t up_R = 130 ;
16

17 // Le f t
18 i n t down_L = 60 ;
19 i n t mid_L = 90 ;
20 i n t up_L = 130 ;
21

22 const i n t footSwitchR = 6 ; // PIN 8
23 const i n t footSwitchL = 5 ; // PIN 12
24 i n t sw i t chState = 1 ;
25

26 // Delays
27 i n t contactDelay = 0 ;
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28 i n t pushOff = 150 ;
29 i n t swing = 150 ;
30 i n t temps = 0 ;
31

32 void setup ( ) {
33 pinMode ( footSwitchR , INPUT) ;
34 pinMode ( footSwitchL , INPUT) ;
35

36 servoR . attach (2 ) ; // a t tache s the servo on pin X to the servo ob j e c t
37 servoL . attach (3 ) ; // a t tache s the servo on pin X to the servo ob j e c t
38

39 servoR . wr i t e (mid_R) ; // t e l l s e rvo to go to po s i t i o n in va r i ab l e ’ pos ’
40 servoL . wr i t e (mid_L) ;
41

42 delay (2000) ;
43 }
44

45 void loop ( ) {
46

47 i n t buttonStateR = dig i ta lRead ( footSwitchR ) ;
48 i n t buttonStateL = dig i ta lRead ( footSwitchL ) ;
49

50 i f ( buttonStateL == HIGH && swi tchState ) {
51 delay ( contactDelay ) ;
52

53 servoR . wr i t e (down_R) ; //PUSH OFF
54 delay ( pushOff ) ;
55

56 servoR . wr i t e (up_R) ; //RETRACT fo r swing
57 delay ( swing ) ; //SWING
58

59 servoR . wr i t e (mid_R) ; //RESET
60 delay ( temps ) ;
61

62 sw i t chState = ! sw i t chState ;
63

64 }
65 e l s e i f ( buttonStateR == HIGH && ! swi t chState ) {
66 delay ( contactDelay ) ;
67

68 servoL . wr i t e (down_L) ; //PUSH OFF
69 delay ( pushOff ) ;
70

71 servoL . wr i t e (up_L) ; //RETRACT fo r swing
72 delay ( swing ) ; //SWING
73

74 servoL . wr i t e (mid_L) ; //RESET
75 delay ( temps ) ;
76

77 sw i t chState = ! sw i t chState ;
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78 }
79 }
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