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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 (gure 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 rst lateral stabilisation mechanism was tested. However, that was not actually
necessary, as the simple action of the feet push-o gave enough strength to the robot to swing on
each side. Subsequently, two designs of the upper body were tested to obtain di erent 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 ( gure 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 Introduction

The graphs present in this report were generated usirigatlab and the prototypes design was
created with the Computer Aided Design (CAD) softwareSolidworks

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 ine cient 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 di erent
methods for restoring this lost energy, which are regrouped into two di erent 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 at surfaces.



1.3 Background

1.3.1 Cornell Ranger

Cornell Ranger is a four legged bipedal robot that was created at Cornell university ( gure 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" ( gure 3). Speci -
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 di erentiating 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 ( gure 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 ( gure 4b) [HWRO1].



Figure 3: The passive biped with knees [HMAOQ1]

(a) Schematic diagram of the foot of the
walker [HWRO1] (b) Arm mechanism for lateral stability and

yaw compensation [HWRO01]

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 at surface
(gure 5). For this, motors powered by batteries and controlled by electronic circuits were
been added [CRO5]. These motors created a push-o 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 ( gure 4) [S+05].

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



1.3.4 MIT learning biped

The toddler robot was developed at the Massachusetts Institute of Technology (MIT), for
studying learning control (gure 6). The goal was to nd 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 (gure 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 di cult 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].

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 scienti ¢ questions without
the hurdles of a huge budget [Worl7]. Rando su ciently 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
breboard (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 led 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 scienti c domains, such as fundamental principles of legged locomotion and
more speci cally 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].



More speci cally, 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-o event is triggered on the supporting legs when the opposite legs
touch the oor. 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+173]

Figure 7: Rando the walking robot



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 rst 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 t 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 di erent methods of stabilisation of lateral motion in walking. By analysing human
behaviour, ve methods can be considered [Kuo99].

The two rst 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 ( gure
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 ( gure 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 ( gure 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 ( gure 8d).



Figure 8: Di erent 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 [ACKO06] [AK13] on the mechanical and metabolic costs of walking. Their
analyses showed that the arc length of the foot has a greater e ect 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.



3 Design

In order to build a robot that could be compared with the old version, Rando gure 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 Im in slow motion. For this experiment the camera Imed 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 gure 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 rst 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 di cult to measure the inclination. Another issue is that its inclination is ampli ed 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.



Figure 9: Experimental setup

3.2 First prototype

3.2.1 Stabilisation mechanism

Firstly, after analysing the state of the art of the di erent 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 di cult

to implement in that system. This method will certainly require a speci c join, which cannot
be easily crafted with wood and thus di cult to make them inexpensively. Additionally, the
torque actuation at the ankle will be di cult to implement because the ankles are not xed.
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 t 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
(gure 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 su cient space to the servo motor so
that the movement of the legs are not constrained. It also allows to have a distance between
legs su ciently large, 115mm ( gure 11).

Figure 11: First prototype drawing

3.2.3 Foot shape

For the rst prototype we kept the same foot as Rando, gure 7. However, after several tries,
the robot keep falling, making it impossible to conduct measurements and led to modi cation
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
atter, 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 modi ed by moving these pieces up and down ( gure 12).
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