Master’s Thesis

Biped Simulation of a Wheeled Flexible Robot

Muhammad Talha Ilyas

A thesis submitted for the award of the
degree of

M.Sc. Mechatronics Engineering

Submitted to

Supervisor: Prof. Giovanni Gerardo Muscolo

Department of Electronics & Telecommunications

Politecnico di Torino

July 2019



ABSTRACT

The investigation of humanoid locomotion is an exceptional and dynamic
region in the field of technology. Not only it provides the basic key for the
humanoid robot to integrate in the human world but it also gives the possibility
for the humans to better understand the human body and functioning of its
compounding parts. Direct involvement of kinematics, dynamics and actuation
as per the behavior delineated by human, make human like motion an intricate
method. It is clear that human-friendly robots would be much more different
than the today’s industrial robots. Therefore, there is a need to continuously
improve our models by exploiting the different areas of mechanical design and
control of the robot to make them efficient, cheap and safe for the human
environment.

This work presents the simulation of creative design, inspired by ROLLO robot
(developed in BrainHuRo project), which focused on simplifying the biped
humanoid locomotion in the domestic scenario. The idea is to maintain the
flexibility and maneuverability of humanoid robot but at the same time should
have less complexity and consume the suitable amount of energy with the lower
impact on the environment. It is done by introducing wheels on the feet and
replacing the rigid links in the legs with the flexible link. By exploiting the
torsional and flexural behaviors of the flexible links, we can avoid the actuated
joints and would have the passive joints. This would allow the robot to perform
an alternating leg human like motion by using only two motors. There are 2
free wheels on each leg, which allows the robot to maintain the standing position
without any actuation. Unconventional use of the cylindrical helical springs
would improve the power consumption of the robot as well as they would pose
much safer in the domestic environment.

The modelling and simulation of the ROLLO robot to create a dynamic
simulation of the human like movement has been realized using 2 different
software Solid works and MATLAB. The 3D-modelling of the Robot is done
in solid works (except springs). The torsional and flexural behavior of the
springs and the control of the ROLLO robot in the world environment was
performed in MATLAB. The various level of controls has been utilized for the



stable movement. The tradeoff between balance, energy consumption and the
oscillations have been performed in the different level of controls. The level of
control is started from the evaluation of the smooth trajectory for the robot until
the feedback position control for the oscillations using PID. The different results
are obtained on 4 distinct velocities and 2 different configurations of the leg
(one with 2 springs in each leg the other one is 3 springs in each leg) while
performing the forward motion and rotation (clockwise anticlockwise) on the
planar surface.

The major area of the research was to create a torsional and flexural behavior in
MATLAB and to develop a control for human-like walking. This thesis is only
the starting point of a broad spectrum of other possible future works: from the
control structure completion and whole-body control application, to deep
learning and reinforcement learning for human locomotion, from testing in the
flat domestic environment and testing in the rough terrain with obstacle and
certainly the transition from simulation to practice on the real platform such as
ROLLO developed at BrainHuRo.
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Chapter 1

Introduction

The brief overview of the problem and a novel approach to tackle that problem
is presented in this chapter. An overall overview of the thesis is also presented

in this thesis.

1.1 Statement of Problem

This work presents the design and development of a new-generation biped
robot. Its modeling and simulation have been realized by using Solid works and
MATLAB.

Recent advancement in technologies requires a faster, energy efficient and high-
performance humanoid robot which can provide support to human activities and
to help society which has depleting youth and increasing number of aging
human population. Keeping the flexibility and maneuverability of humanoid
robot but at the same time should have less complexity and consume the suitable
amount of energy. The point which could not be neglected was the safety of the
people sharing the environment with the robot.

The answer of the problem was provided in BrainHuRo project [3] by creating
a robot able to provide biped motion on planar surface while transmitting the
images to brain computer interface (BCI) technologies [5] which shows that
image on tablet to the patients affected by amyotrophic lateral sclerosis (ALS)

disease and cannot mobilize him/herself.



1.2 Novelty of this research

This research is based on the novel design proposed in the Brainhuro project
[3]. In the paper, the innovative engineering design for humanoid robot was
implemented by reducing the complexity maintaining the efficiency of the
Robot and also to overcome the limits faced by humanoid in real world
environment in terms of safety and robustness.

Area which is particularly focused here is the humanoid motion resemblance on
planar surface in terms of its movement and shape, instead of exactly mimicking
the human motion which consist of highly actuated DOFs. The Novel approach
experimentally suggest that it is not necessary to have a complex structure with
excessive number of DOFs, the same functions can be provided by
comparatively less complex structure consisted of wheels and passive joints
using springs in the leg links instead of rigid link. The created robot ROLLO
efficiently saves the actuation amount whereas can maintain standing position
without any actuation. Only two motors are used in the leg to drive the robot.
The main characteristic was obtained by carefully designing the mechanical

structure.

1.3 Thesis Overview

Chapter 2 — Robotics and ROLLO

This chapter provides an overview of some of the fundamental theory within the
field of robotics. which will provide the reader with an introduction to the
terminology and theory used throughout the thesis. A detailed concept, as well
as an explanation to the reference work on which this thesis is based on is
described. This chapter will also present an overview of the method used while
developing ROLLO prototype. A declaration of what information the
implementation is based on will be provided. A discussion of the

implementation’s limitations, assumptions and range of validity will be held.
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Chapter 3 - Implementation and Control
This chapter aims to explain the implementation needed to complete the
deliverables explained in Method. The chapter aims to provide a more detailed

view of the work done during the thesis.

Chapter 4 - Results and Discussion
In this chapter all results will be presented and discussed. The tests are
conducted according to the description in Method. The conclusions drawn from

the results achieved during the thesis will be stated in this chapter.



Chapter 2

Robotics and ROLLO

2.1 State of the art

Human like gait is the most desirable and a fancied concept in the field of
Robotics due to its many benefits. Film, fantasy and entertainment promise us
that humanoids will cook for us, dry for us, become our companions and educate
our kids. Recently many humanoid robots are making their way to commercial
market and gaining the spot light of media but these early generations of
commercially available humanoids, like many new techniques, are expensive
curiosities that help entertainment, but little else. Humanoid robots can already
automatically decompose tasks required to execute high-level, complex orders
by gesture and voice. Humanoids can adjust and organize current usefulness and
create new practices utilizing a scope of Artificial intelligence strategies like
machine learning. Humanoids can demonstrate the perfect development for
robots to communicate with humans. All things considered, people will in
general collaborate normally with other human elements; in our cerebrums, the
interface is designed. Humanoid alludes to any being whose body structure
takes after that of a human: head, legs, arms, hands. Be that as it may, it is
likewise a robot made to look like a human both in appearance and conduct. In
1973, the development of the world's first humanoid robot was begun at the
Waseda University in Tokyo under the bearing of Ichiro Kato. The primary full-
scale human robot on the planet was called WABOT-1. After it, in 1980, at
Waseda University was developed also WL-9DR, the world's first robot to
exhibit quasi dynamic walking. Then, in 1985, with Hitachi Ltd. Was developed



WHL-11 (Waseda Hitachi Leg-11) biped, walking robot. Starting from then

until today the robotics field is in constant development.

Robots can be built both for industrial and for research purposes. The
differentiation is related to the fact that in one case, time, costs and robustness
of the solution are considered as the main aspects in the development process,
while the second one aims at building the most advanced and challenging
solutions [70].

While focusing on the second aspect we can still see that the technological research
even after an extensive work for years cannot be able to mimic the agility of
infant child in the robots though many researchers have present different
approaches to work towards the betterment of Biped Humanoid robots. [1]
Research proposed and proved the effective formula to calculate ZMP value
which are very much close to the projected or ideal value for the Humanoid
robot locomotion. This technique determines the center of mass (COM) and
used the force-torques values using the FT sensors present on the feet. It was
tested on SABIAN robot in Italy. [29] The ZMP strength foundation expresses
that the biped won't tumble down as long as the ZMP stays inside the convex
hull of the foot-support. In these studies, the authors impose the motion of the
lower limb kinematics from human kinematic data, which they term synergies.
Along these lines, the ZMP model is utilized to switch between low-level
controllers (which fulfill some target capacities like direction following) and
perhaps maintain a strategic distance from obstacles. [12] Biped strolling can be
characterized by the demonstrating of the predefined ZMP references to the
conceivable body swings or CoM direction. [28] A mobile framework can
understand a predefined development if and just if the related point extends
vertically inside the raised body of the contact focuses. How about we consider

then the flat revolution energy of gravity and "dynamic" powers around the



projection of the point called ZMP. The even pivot energy of contact powers is
likewise equivalent to zero around this anticipated point, what could prompt call
it additionally the Center of Pressure. "ZMP/CoP" criterion can't discriminate
accurately situations where the framework is powerfully adjusted from
situations where it's not in circumstances even as straightforward as climbing
upstairs. [38] Paper proposes a strategy to decrease the movement scope of the
trunk by producing an ideal direction of the ZMP. The direction is dictated by a
fuzzy logic dependent on the leg directions that are subjectively chosen. The
subsequent ZMP direction is like human's one and the ZMP ceaselessly pushes
ahead. The proposed plan is simulated on a 7 DOF biped robot and the
simulation results demonstrate that it doesn't require an enormous swing
movement of the trunk and in this manner fundamentally balances out the biped
robot. [8] Locomotion itself is the much harder problem as compare to the
manipulator control, the most important state variables in the locomotion cannot
be measured directly but through the indirect methods. One may think that the
manipulation in terms of the task to be accomplished, then one is free to use
whatever specialized control methods to produce the desired task. [4] ankle-
foot, knee and Hip-pelvis joints present us the perspective of whole body
performance and its energy constraints. To go through stance and swing phase
effectively can be achieved by rigid flexible, flexible, actuated or non-actuated
feet, quasi passive solution for knee are also present whereas the pelvis plays
and important role in overall gait. Study also suggest to consider frontal and
transversal frames rather than looking just on sagittal plane. [34] From the
perspective of effectiveness in term of energy, ZMP and such strolling examples
are not alluring since torque must be consistently applied to the knee joint to
keep up a twisted knee pose as to maintain a strategic distance from inverse
kinematics. [2] Whereas, one research proposes that changing the K,

[environment stiffness matrix] values give the possibility to modify the



compliance of any external joints in robot. It was tested on DEXTER (a
Humanoid arm with 8 DOF), increasing the value would give the arbitrary
resistance to the arm and would cause the arm to stop at desired position. [3]
Another idea exploits the torsional and flexural behavior of the spring in the
humanoid legs instead of the actuated one. ROLLO robot used for BCI (brain
computer interface) uses the wheeled legs with springs with the passive joints

instead of actuated.

Human like complaint in the humanoid locomotion is composed of the many
factors, one must see the important role of humanoid joint in the gait. [5]
Brainhuro project (Dec,2014-Dec,2016) sheds a light on the energy
consumption of the Humanoid robot SABIAN while performing the gait. The
report separately mentioned the energy consumption of ankle, knee and hip
pitch joints. [7] For two legged machine, walking is a natural dynamic, which,
on the steady slope, can perform a human like gait without any need of control
or an energy input. The traits of machine are easily demonstrated if it is
controlled by only gravity, and can be combined with active energy to get the
efficient result on the different kind of terrains. [9] Robot human like gait isn't
an undeniable decision when both economy and flexibility are wanted, wheeled
vehicles are competent on various trains and are about magnificent as far as
economy. Legged locomotion appears energetically economical when they are
equipped with either actuator similar to humans’ or discontinuous nonlinear
mechanism that can reduce energetic losses to support a load. This high
versatility demands that ZMP remain applicable until the serious advancement
is made in theoretical control approaches. [16] An extraordinary drew closer for
the joint compliance is received in Lucy reenactment program, it is that the
biped isn't actuated with the traditional electrical drives however with creased

pneumatic artificial muscles. In an opposing arrangement of such muscles both



the torque and the compliance are controllable. In addition, they have the ability
of engrossing shocks and store and discharge motion energy [17] Variable
stiffness can improve the capacity of human-robot associating. In such manner
adaptable rack and apparatus component is utilized which is the mix of a non-
linear flexible component and a linear adjusting mechanism, giving advantage
of conservativeness. The gear uprooting as for the adaptable gear rack is
perpendicular to the joint stacking force so the power required for stiffness
regulating is as low as 14.4 W, giving advantages of vitality sparing. [18] In
robotics, Air Muscle is used as the analogy of the biological motor for
locomotion or manipulation. It has favorable circumstances like the inactive
Damping, great power-weight proportion and use in harsh conditions. Upon the
increase in air pressure to muscle, it is observed that less pressure increase is
needed initially to let Air Muscle contract. Furthermore, contraction of Air
Muscle increases with the increase of the trapped volume. When the load is kept
constant and pressure is increased, experiment exhibits the shortening behavior
of Air muscle. Also, it contracts with decrement in loads and shortens to
minimum length at the maximum volume trapped in it. [35] This paper explores
a model of biped robot which utilizes least control and elastic passive joints
roused from the structures of biological frameworks. The test results
demonstrate that, with an appropriate leg structure of passive dynamics and
elasticity, an attractor condition of human-like gait can be accomplished through
very straightforward control without tangible input despite the fact that it was
tested only in planar condition (i.e. yaw, pitch, and rotation movement are
fixed). It would be particularly interesting to extend the same leg design for both
walking and running behaviors. The transition between both gaits can also be

investigated along the same line of research by using the proposed model.



[44] Classical and substantial controllers with high control gains are not fit to
coordinate and work intimately with people. Besides, this actuation approach
can weaken different qualities as for example energy efficiency. This feature is
exploited using the dynamic property of energy storage in the flexible systems
while stiff system cannot store energy. [43] Muscles and ligaments change their
firmness as a component of the movement and task they need to perform. Arm
muscles expect a solid arrangement when the arm needs to play out an exact
assignment, while they are consistent when they are playing out the "loading"
period of a throw. So also, in the event that we examine hopping we see that leg
muscles are consistent during the "stacking" period of the hop or during the
landing stage where they ingest the shocks, while during the "pushing" stage,
they are solid. There are a few purposes behind this variety in firmness yet
among the most squeezing is the exploitation of the elastic energy put away
inside the muscles and ligaments. This empowers compliant actuators to
accomplish execution which is beyond the realm of imagination with a
traditional stiff robotic framework. [10] Another promising idea express the
possibility of passive dynamic walking; even totally unactuated and
uncontrolled systems can play out a steady step when walking down a shallow
incline.

Anyhow, [11] researcher provided that additional actuation has many benefits
such as power walking which can be possible through actuation at the feet and
at the hips. Studies shows that passive and controllable gait cycles can be found
for walking on zero slope, using impulsive pushing by the stance foot.
Additional actuated degree around hip or ankle can also be necessary for the
mechanism to turn. [40] Control of humanoid robots with flexible joints is
generally more difficult than that of “stiff” humanoid robots, because the
torques due to the joint compliance and dynamics linked to that are considered

in dynamic analysis of robot. There are two strategies in control of robots with



flexible joints: one is to achieve accurate and robust link positioning under
uncertainties and disturbances. [41] The other is to achieve accurate joint
positioning. To develop inherently safe humanoid robots that share common
workspaces with humans, physical compliance should be considered. Obtaining
accurate link positioning results in stiff behaviors and may be dangerous when
the robot physically interacts with humans. [45] Compliance surely have its
advantages but additionally a few disadvantages, for example instigating
commonly underdamped dynamics which crumble the stability margin and the
precision of the robot yet additionally restricting the bandwidth, which was

originally defined in closed loop system.

[46-47] These issues are defeated in mammalians, which show joint compliance
because of the physical properties of muscles and ligaments, by using the
characteristics of joint physical damping. Actually, the properties of passive
compliance and damping present in the biological joints clarify why for example
people can safely collaborate and be robust during impact (because of
compliance) while in the meantime having the capability of accomplishing
quick, smooth yet exact movement (thanks to physical damping). Robotics
consists of many technical and scientific disciplines such as mechanical design,
modeling, applied mathematics, automatic control, real time feedback systems,

biomechanics etc.

This chapter would emphasis on some of the fundamental theory in the field of
Robotics related to this work and would also present the principal concepts of
modelling. It will help the reader to have a better idea of the terminologies used

throughout the thesis.
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2.2 Introduction

Throughout this work, Rollo, or simply Robot, refers to a Mechanical structure
with flexible links in the legs performing biped locomotion. In general Robot is
a computer controlled mechanical structure, programmed to perform some
repetitive task in industries and in homes. Robots have different mechanical
structures and configurations depending upon their tasks. The following
presentation would be restricted to the robots performing a bipedal locomotion.
A robotic mechanical structure is composed of bodies, known as links,
connected with joints. The joints allow relative motion between two connected
bodies. The most common joints are prismatic and revolute joints which
provides linear and rotatory motion between the bodies. Robots which performs
biped locomotion are usually consisted of the base (foot), which can be rigid
block that mimics a natural human foot, which can be with or without wheels.

With that connects the legs, trunk and then upper body.

Joints between the links determine the total degree-of-freedom (DOF) of the
Robotic structure. According to Siciliano and Khatib [64] The space in which a
robot can operate is called its reachable workspace and where it orients itself
arbitrary is known as its dexterous space. Electrical motors actuate the joints by
providing them with a necessary torque for the desired operation and allowing
them to move. The position of the motor is fed back to the controllers which
then find and fix the error relative to the reference position and output the torque

accordingly.

2.3 Coordinate System and Transformation

In Robotics technological applications, a wide range of coordinate systems can
be utilized to characterize where robot, its sensors, and different items belonging

to the space are found. By and large, the area of an article in 3-D space can be
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determined by position and orientation values. There are multiple possible
representations for these values, some of which are specific to certain
applications. Translation and rotation are alternative terms for position and
orientation and govern by reference frames. Each frame consists of three
orthogonal unit vectors (xi, i, zi) T where one is in the direction of the joint
rotation. To describe a reference frames rotation relative to another three angles,
(@11, $21, $3;) 7, are used. A common setup known as synchronization. In this

setup all the reference frame of fixed bodies is parallel to the world plane.

The rotational matrix describes the rotation between two coordinates frames.

Rotation along z-axis is given by

cosp —sing 0
sinp cosp 0
0 0 1

R, =

The displacement between the two frames is described by a vector given below

2= (x,y,2)7

Whereas general transformation matrix represents displacement and rotation
between the frames in a same matrix. The matrix is 4x4 known as homogeneous

transformation matrix.
a_[Ry dp
Ty = [ 0 1 ]
2.4 Robotic Models

This part will describe the kinematic and dynamic models in the robotics model,
which are base to this work, the describe the relation between all the elements

of the robot.
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2.4.1 Kinematic Models

The kinematic models describe the motion without regard to the forces that
cause it, i.e., all the time-based factors and geometrical properties of the motion.
The position, velocity, acceleration, and higher order derivatives are all

described by the kinematics as mentioned by Siciliano et al [64].

2.4.2 Robot Jacobian

Jacobian of robot is obtained by performing a derivation of the kinematics
equation with respect to time. It provides the link between the joint and the linear
and angular velocities of the end effector. It also provides the relationship
between the joint torques and the resultant forces and joint applied by the robot

body. Jacobian also used to check the singularities in solution.

2.4.3 Dynamic Models

The conditions of motion are imperative to consider in the structure of robots,
just as in simulation and animation, and in the planning of control algorithm
[65]. The models are figured in the joint spaces. The humanoid robot body
comprises of successive connections. The principal connection indicates the
reference frame. To disentangle the equations, the robot is considered as a biped
model. It is practical to sum up these relations all through the entire robot body
to consider the impact of upper body. The frames are settled by beginning from
one of the robot feet as the reference base and after that proceeding to its shank,
thigh and hip connections, and thereafter moving contrarily in the other leg to

achieve its foot.

In Mu and Wu, 2004 [66] a Lagrangian approach was taken and it was found
that the system dynamics could be described by Equation
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T=A(8)0 + B(0,0)6 + C()

Where A is a matrix describing the system inertia, B is related to the centrifugal
and Coriolis terms, C'is a vector related to the gravity and 7 is the external forces
applied to the system. This equation is an inverse dynamical model describing

the torques needed to make the biped robot undergo a certain motion.
6=A40)"(t—B(0,0)0 +C(6))

Equation above describes the acceleration of the biped robot under the effect of
external torque. Input/output relation of the dynamical system can be seen from

the given figure

q_.. ) T
q Dynamical
g model f

Figure 1- Input/output relation of the dynamical system

A real system has its flexibilities distributed over its entire body. So the
dynamics of the model can range between being rigid and being elastic. In our
context we would considered both so the overview of bot type of modelling is

necessary.
2.4.3.1 Rigid Dynamic model

There are several methods for obtaining a rigid dynamic model. The two most
common approaches are the Lagrange formulation (Spong et al., 2006) and the
Newton-Euler formulation (Craig, 1989). In a rigid dynamic model, the links

and bodies are assumed to be rigid. The mass and inertia of the actuators and
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gearboxes are added to the corresponding link parameters. The model consists
of a serial kinematic chain of N links modeled as rigid bodies as illustrated in

Figure 2 below.

UT.;-‘IJ

T2:4;

Figure 2 — represents serial kinematic chain of N links modeled as rigid
bodies

The model can be solved by the equation given above in the general context.
2.4.3.2 Flexible Dynamic model

Bascetta et al [67] describes thee different levels of elastic modelling, one of
which is Lumped Parameters Models. In which the elasticity is modeled by
discrete, localized springs. With this approach, a link can be divided into a
number of rigid bodies connected by non-actuated joints. Robot given in sec
2.3.3.1 can be modeled considering the presence of the springs in the middle of

rigid bodies as shown in the figure below.

The flexible joint models can be driven by using a Lagrange equation same as

the rigid model but with addition of stiffness and damping factors.
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T=K(0n—6)+D(0n — 6,)

Where K and D are the stiffness and Damping matrix of order N. The potential

energy of the springs must then be added to the potential energy expressions as

Figure 3 - represents serial kinematic chain of N links modeled as rigid
bodies with addition of springs

T=K(pn—6)+D(6,, —0,)

Where K and D are the stiffness and Damping matrix of order N. The potential

energy of the springs must then be added to the potential energy expressions as
1 T
Vs(6,6,) = 5(9 —60) K(6 —6p,)

for rotating actuator, the compensation of kinetic energy should be added as

well.
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2.4.3.3 Inverse and Forward Dynamics.

As indicated by E. Otten [68] equation of motion gives the relation between
motion and forces which led us to either the problem of reconstructing the
internal forces/torques from the motion and known external forces, which is
called the ‘inverse dynamics problem’, or on the other hand computing
movement from known inward forces/torques and resulting response forces,

which is known as ‘forward dynamics problem’.

To predict the resulting movements, Forward Dynamics utilizes torques/forces
of the joint. Inverse dynamics is based on the subject's motion and a body model
in order to calculate the forces needed to generate this movement. Inverse
Dynamics is used as a form of biomechanical modeling much more frequently
than Forward Dynamics. Besides computing forces to achieve a required
kinematic motion, Inverse Dynamics also helps to calculate the forces when
external forces are engaged. External ground forces must be taken into account
when an articulated body walks on the ground. Even leaning on a wall results
in normal forces. Inverse dynamics can take in account for all this external

forces.

2.5 ROLLO in detail

ROLLO was implemented as part of the Brainhuro initiative which
sought to realize, using Brain Computer Interface (BCI) techniques, a humanoid
robot connected using brain computer interface (BCI) technologies [48] and can
be managed by individuals suffering from amyotrophic lateral sclerosis (ALS)

illness, with very limited or no mobility.

In the initial phase of the project, the robot was conceived with the same

characteristics of the SABIAN robot [49-52]. However, the large size and
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complications of the SABIAN robot in the true setting could, nevertheless,
restrict the practical use of the robot. The lack of security for individuals around
a SABIAN-like machine was another disadvantage. A small and simple robot
called ROLLO with the same movement functionality of SABIAN has been
designed to solve these limitations and consider the objective of the Brainhuro
project (that is, a robot capable of implementing alternative biped movement on
a flat surface and of transmitting pictures to patients). The ROLLO robot
presently in patent pending condition may be manipulated by human neurons
using commercially accessible BCI technologies, but also by other natural

device devices (e.g. smartphones, phones, pcs and joysticks).

2.5.1 Structure and Design

The robot with the height around 1000 mm, weight around 10 kg can
move using only two gear motors (see Fig. 4), the figure shows the ROLLO
robot used as a biped robot controlled by external devices (e.g. joystick) (see
Fig. 1(a)), and by a BCI system (Fig. 1(b)), one for each leg, and each leg is
constituted by a flexible structure. The two legs are identical and each one is
constituted by two (see Fig. 1(a)) or more springs (see Fig. 1(b)), one gear
motor, one battery, two side wheels (external and internal) colligated to the shaft
of the gear motor and two free wheels (frontal and rear) used to avoid falls.
Springs or rigid component modules can be added to each leg in order to have
different combinations of motion. A human-like motion of the robot can be
achieved using one spring in proximity of each human-like joint (ankle, knee,
and hip) and rigid elements in proximity of each human-like link (thigh and
shin).
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Figure 4- ROLLO [54]: first prototype used as a biped robot controlled by
BCI systems.

. ROLLO can be moved in a rectilinear or curvilinear way. The rotation
can be obtained either by fixing the external wheel to the shaft and using a
bearing between the central hole of the internal wheel and the shaft of the gear
motor or fixing each wheel (external and internal) to the shaft of the gear motor
and having two driving wheels in each leg; in this case, the bipedal rectilinear
motion and the rotation are both possible only thanks to the flexible structure of
the robot. In each leg, other two free wheels are present respectively in the
frontal and rear part of the leg (see free wheel in Fig. 1(a)); they are not fixed
and can be moved around the axis perpendicular to the surface where the robot
is moving, and they are used only to avoid falls.
A battery is used in each leg as power supply allowing the motion of the robot
for two hours at the maximum speed. In each leg a driver, with a switch, controls
the connection between power supply, motors, and the electronics positioned
behind the tablet. The webcam of the tablet is the camera used for the
transmission of the images between the robot and the patient/user. The tablet,

the electronic hardware, the arms, and the hands of the robot are fixed to the
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structure attached to the springs. The robot can rotate moving the wheels of each
foot in the opposite direction. The altitude of the robot can also be modified by
varying the number of the elastic modules in each leg. Figure 1(b) shows
ROLLO with three elastic modules (cylindrical helical springs) in each leg and

a tablet used to reproduce the head. Arms and hands are not yet active.

Figure 2 shows some pictures of the ROLLO robot developed by the
[54] Humanot Company during the open ceremony of Ericsson Innovation Day
2015. ROLLO has been used as a presenter during the opening ceremony and
has been controlled using a BCI system composed by a sensorized coif,

available in commerce and developed by the [55] Liquid Web Company.

Figure 3 (on the left) shows a patient affected by amyotrophic lateral
sclerosis (ALS) disease in his house while controlling the direction of
movement of ROLLO robot using a BCI system. The patient may explore his
house on Tablet 2 connected to the webcam of Tablet 1 mounted on the robot
directly controlled by the patient. In the first step (see Fig. 5 on the right), the
communication between the patient's brain, the BCI system and the ROLLO
robot has been calibrated by a human assistant. In the second step (see Fig. 3 on
the left), the human assistant mounted the sensorized coil on the head of the
patient.

The basis for the novel concept implemented in ROLLO relies on
previous works performed by the authors on dynamic balance of advanced biped
robots and presented in Refs. [56] and [57]. In ROLLO, the main elements of
the mechanical structure of the legs are springs, connected in series in a way
that allows the robot to perform an alternate biped walking pattern and to remain
in a standing position also when the motors are not active. With this approach,

the motion is made possible thanks to only two motors, positioned within the
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leg structure and directly connected with the wheel rotation. In order to move
the robot in a rectilinear direction and with a constant speed, the two gear motors
must rotate with the same direction. In this case, two kinds of motions are
possible: one with the legs moving together, and one with an alternate motion
of the legs, in a way that resembles the human walking pattern. The coordination
of the motor motion is managed by the on-board electronics. On the contrary, if
the speed value of the gear motors is the same and the direction of rotation of
each motor is opposite, the robot will rotate around an axis perpendicular to the
plane of motion, thanks to the overall structure that keeps the legs together.
ROLLO architecture resemble to the one of the T.P.T. robot [58] architecture in
the terms of electronic design, a simple robot conceived as a tackwondo

personal trainer robot [59] and developed by the Humanot Company [54].

2.5.2 Springs in ROLLO

The lower part of the robot is constituted by two flexible legs, composed by
cylindrical helical springs used in an unconventional way. More in detail,
cylindrical helical springs are usually used for compression/extension behavior
in the same direction of the axis of the spring (see Fig. 4). In the presented robot,
the cylindrical helical springs, integrated in the structure of the legs, are used to
develop a passive motion exploiting a torsional and flexural behavior of the
springs. While the conventional compression/extension behavior of cylindrical
helical springs is a well-known problem in the scientific literature, a torsional
and flexural conduct incorporates a progressively mind-boggling computation.
Della Pietra [60] in 1976, dissected, both hypothetically and tentatively, the
coupling among torsional and flexural strains in cylindrical helical springs
exposed to excitation along their very own axes. The systematic examination,
created based on the hypothesis till 1976, had demonstrated the presence of two

arrangement of resonance conditions: the first compares to the one definitely
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known for the pivotal vibrations, the other one was with respect to the vibrations
comprised by the turns of the coil around the spring axis. The trial look,
completed by [60], around two springs having various attributes and which are
exposed to diverse preloading of the assembly, has demonstrated that the
coupling among torsional and flexural strains is substantially more complex
than the one shown by theory, because of the presence of lateral deformations
of the spring. More recent papers [61,62] propose a free vibration analysis of
cylindrical helical springs with non-circular cross-sections and investigate

helical springs subjected to axial loads under different dynamic conditions.

1
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Figure 5 — represents the torsional and compressional parameters and the
use of springs in an unconventional way

A typical helical spring, as shown in Fig. 4, is a spiral wire or rod with
mean diameter of coil D=2R, wire diameter d, number of active coils i, helical
degree a, uniform pitch of the helix p=n*D *tana, free length H=i*p, length of
the wire or rod L=rn*D*i. If an axial force is applied on the spring, a combination
of torsional and flexural strains is generated on the wire of the spring. Many
details about the nonlinear behavior of the spring in this or other conditions can
be found in Refs. 60—63. In order to simplify the discussion and to obtain a

preliminary estimation of the stiffness of the ROLLO's legs, we show in
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following some conventional assumptions used to define the stiffness of the
spring (K) (valid also if the spring is used in an unconventional way).

In particular, we used a cylindrical helical spring excited with a load
perpendicular to the axial direction. The first conventional assumption is that if
a helical degree a is small (<8°) trigonometric functions can be simplified
(cosa=1, sina=0) with a 1% error. The second conventional assumption used in
many experimental applications is to assume the flexural and torsional behavior
of the cylindrical helical spring like the behavior of a torsional spring.

A simple method to calculate the behavior of the cylindrical helical
spring is to consider only the torsional load M¢ on the spring. The maximum

strain on the wire is T4, Where Jp is the inertial moment:

_ M; d

Tmax = Iy 2 1)

In order to calculate the stiffness of the spring, the work generated by the
force is compared to the elastic work accumulated on the wire. F'is the torsional
force which produces a f'displacement; o is the rotation induced by M;; G is the

tangential module.

M,=F-R, (2)
1 1 1 M-L 1 F-R-2-w-R-i
F G- d*
K=—=—@®"_~, 4
f64-R3.i ()

With the same assumptions, and referring to Fig. 4 where a flexural moment M
is imposed on the spring, the flexural degree ¢ of the spring can be calculated,

including Young module E and inertial moment J:
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Mf=_Pl‘ar=P2'b1 (5)
_ M;-i-D-m

P=—F7 (6)

If ] = J,,, the parameters to find the springs for the legs of ROLLO are shown

in the following and are functions of i, D and d:

) i-D E-p
;Dyd) = = .

Moreover, while most of the biped robots available in commerce and literature
need power supply in order to keep a standing position, ROLLO, by means of
the cylindrical helical springs integrated in the structure, can keep an upright
position without the activation of the power supply. This feature allows one to
reduce the amount of energy spent by the robot during motion. Another
characteristic of the robot is to combine the flexibility of the structure with the
biped wheeled system allowing many combinations of steps. For example, the
robot can move with an alternated step of each foot with respect to the other
one, or with a common motion of the two legs, with the whole robot moving as
a traditional wheeled robot. All these motions can be performed at eight

different velocities.
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Chapter 3

Implementation and Control of the Robot

Designing and control a robot manipulator and to achieve a highest possible
efficiency is one of primary focus of the Robotic industry and researchers
attached to this field. In this experimental study, ROLLO robot [54] is
dynamically modeled and Control architecture for the position control has been
defined. The main aim of this study, is to perform a controlled biped locomotion

using a flexible links between the ankle, hip and knee joints.

3.1 Implementation

This part briefly presents the implementation of the ROLLO robot in simulation
environment according to the description provided in chapter 3. All the
designing and simulation were performed on same machine, with the following
specifications: -

* Operating System: Windows 10 Pro 64-bit

* System Manufacturer: Acer

* System Model: Acer Aspire E15

* BIOS: InsydeH20O Version 03.72.38F.65

* Processor: Intel(R) Core(TM) i7-6500U CPU @ 2.5 GHz (4
CPUs), 3.1GHz

* Memory: 12288MB RAM

3.1.1 CAD model using Solid Works
Solid Works 2017 has been utilized to create a 3d virtual model of the ROLLO
[54] robot by the specification almost similar to the one used for the real test.

The model is equipped with the flexible legs using the compression springs and

25



the foots are designed using the Rod which is connected to 4 wheels, 2 side
wheels are the main wheels which would be actuated by the motors. Whereas
the 2 free wheels attached with pin in the front and the back to provide the extra
stability to the robot and help in standing without the actuation, which will
eventually help us to save the energy when the actuation is not needed. The 3d

model of the Rollo robot is presented in figure (5) in the solid work environment.

Figure 6- shows the side view of 3d model of the ROLLO Robot in the Solid
works CAD assembly and environment. The robot is in configuration 1: two
springs in each leg.

The mating of the different components and subassemblies were added in the
solid works. The different mates between the components are placed to fulfill
the requirements of the kinematic chain to provide constrained or desired
motion. Eventually, the final model of ROLLO was exported using the
Simscape multibody add-in for the Solid works, which export the model in its

“xml” file.
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Figure 7 - shows the 3D model of the ROLLO [54] Robot CAD assembly in
the Solid Works environment. The robot is in configuration 2. three springs
in each leg

3.1.2 Defining Robot in Simscape MATLAB

The “.xml” file contains the position, orientation, density inertia and
many other details of the components and assemblies of Rollo model was
imported in Simscape multibody environment using ‘smimport’ function. This
function automatically transfers all the specification of the ROLLO defined in
the 3D software to Simscape multibody simulator.

The higher level hierarchy Simscape multibody environment of the
robot is shown in the figure (7). There is the ‘ROLLO’ block which consists the
different body blocks of the robot whereas the “World Plane’ has the definition
of the world parameters. These blocks are connected with 6-DOF which allows
the robot with 6 degree of freedom to move in the world environment. 6-DOF
joint also allows us to define the damping coefficient between ROLLO and
world. The damping coefficient along the translational axes is equal to

0.25 N/(m/s) whereas for the rotation it is equal to 0.25 N * m/(rad/s).
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Figure 8 - shows the ‘ROLLO’ [54] block diagram in the Simscape
multibody environment present in a virtual World frame.

3.1.2.1 World Frame

Inside the World Frame subsystem, you can find a World or ground frame,

World frame is the ground of all frame networks in a mechanical model.

The mechanism configuration block sets mechanical and simulation parameters.

Where we can specify the uniform gravity for the entire mechanism in the

desired axis. We can also specify the perturbation values by setting up the

linearizing delta. The solver configuration block defines the solver setting for

the simulation.
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Figure 9 - shows the Wheel subsystem present inside the ROLLO subsystem

The main block present inside foot figure (9) is the body with which all the
components are attached. Wheel and support wheel are attached to the body by
the mean of the revolute joint. Which has one rotational degree of freedom
represented by revolute primitive. The two main right and left wheels have
position actuation provided to revolute joint block. To receive a human like gait
we pass the motion input in the revolute joint and let it compute the torque
automatically. The revolute joint also sense the position while present in

simulation and feed it back to the controller.

3.1.2.2 Contact Forces

The contact forces added to the wheels of robot are the one which constraint
the robot body against the world plane. These contact forces are provided by the
Contact_force library from math works. They are discreetly added to every
wheel of the Robot. They use the dimension of wheel and the plane to induce
the forces between them. The following diagrams and text present the Simscape
Multibody Contact Forces Library's configuration on force laws. It applies to

contact forces in 2D and 3D.
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Figure 10 - Contact forces between Circle to plane and circle to circle.

Linear

A linear spring-damper resists penetration. Damping force is 0 as penetration

decreases. Force is applied only along the direction of penetration.
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Where k is the contact stiffness (Spring stiffness for force law) and b is the

contact damping (damping constant for force law).

Nonlinear

Same as linear except:

1. Stiffness force increases exponentially with penetration k*(Xpen)S,

where e is parameter Penetration Exponent.

2. Damping force increases gradually during initial penetration

b*vpen®*(Smooth Step), where Smooth Step is a polynomial whose

value increases from 0 to 1 as the penetration increases from 0 to

parameter Penetration for Full Damping.

The parameters which have been used in the Sphere to plane contact force block

to define the contact realistically are given in the following table.
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Force Law Linear
Contact Stiffness (N/m) 5000
Contact Damping (N/(m/s)) 500

Friction Law Stick slip Continuous
Kinetic friction coefficient 0.5

Static friction coefficient 0.7

Velocity threshold (m/s) 0.001

Table I - Contact forces parameters.

In addition, contact force block also takes the data of the wheel radius and

dimension of the world plane to apply the forces accordingly.

3.1.2.3 Springs

Flexible links between the leg joints are realized using a 6 degree of
freedom joints. This joint has three translational and three rotational degrees of
freedom represented by three prismatic primitives’ axes along a set of mutually
orthogonal axes, plus a spherical primitive. This joint allows unconstrained 3-D
translation and rotation. The follower origin first translates relative to the base
frame. The follower frame then rotates freely, with the follower origin as the

pivot.
Ports B and F are frame ports that represent the base and follower frames,

respectively. The joint direction is defined by motion of the follower frame

relative to the base frame.
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Figure 11 - Demonstration of the flexible links performing the forward gait
in the configuration with 2 springs in each leg

Exploiting the properties for the internal mechanics of this joint a spring
behavior is achieved. This joint is not visible physically but provides the
relevant force and torques to the follower frame with respect to the base frame.

Specifications of the joint to achieve a spring behavior are given in the following

table.
Spring stiffness in x (N/m) 10400
Spring stiffness in y (N/m) 10400
Spring stiffness in z (N/m) 10400
Spring stiffness in spherical 0.18
primitive (N*m/deg)
Spring equilibrium position in z(m) 0.29

Table 2 - Springs Parameters.

3.1.2.4 Mechanics Explorer

Mechanics Explorer is a tool provided by the MATLAB in a Simscape

Multibody environment. It lets you explore and visualize the multibody in the
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virtual world environment which have been defined in the Simulink and

MATLAB.

P e
Figure 12 - shows the updated diagram of the robot viewed in built in 3D
explorer of the Matlab called mechanics explorer. The robot is in

configuration 2: three springs in each leg.

3.2 Control Architecture

The issue of balanced walking is the most basic issue for humanoid biped robots,
and present solutions are still need to be reconsidered for numerous world

applications.

The humanoid control approach is essentially distinct: One approach assumes
very precise models of the actual robot and its environment. The humanoid
control approach is essentially distinct: One approach assumes very precise

models of the actual robot and its environment. A straightforward and abstract
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model of dynamic behavior is another starting point to reach concordance with
reality with feedback control. The third direction of studies can be subsumed as
control methods inspired by nature. These include techniques based on neural
networks, fuzzy logic or genetic algorithms and are often motivated by the
concept of robots acting and reacting to unforeseen occurrences in unknown

settings.

3.2.1 Low-level Joint Control

The precision of low-level joint controller’s trajectories is a very important
component of humanoid robot control. The low level joint controller algorithm
is utilized. The main functionality of this Low level joint is to minimize the
oscillations around ankle and hip joint by preventing the hard stop in each gait
and by Smoothing the input trajectory by exploiting the linear to curve fitting
techniques. The problem is given by the evaluation input positions (Gait)
provided as a motion input for each joint. By giving the angular position in the
time we calculated the angular velocity and eventually the linear velocity of the

robot. The different velocities configurations are given in the following table.

Velocity 1 (m/s) Lowest 0.025
Velocity 2 (m/s) 0.05
Velocity 3 (m/s) 0.1
Velocity 4 (m/s) Highest 0.2
Table 3 — different velocities configurations which were used for the ROLLO
simulation

By the given positions and the desired time durations the blend times, straight
segment time, Slopes (velocities) and signed accelerations are computed using

the
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linear interpolations as given in the following source.

https://see.stanford.edu/materials/aiircs223a/handout6_Trajectory.pdf

The summary of the solutions evaluated in joint space and Cartesian space is
mentioned below.
e Trajectories in terms of position and velocities are fed to the control system.
e Path generator computes according to the path update rate.
e Injoint Space
o Changes the set of coefficient at the end of each segment by using
the cubic splines.
o check on each update if you are in linear or blend portion and use
the formula appropriately.
o In Cartesian Space:
o Calculate Cartesian position and orientation at each update
point using same formulas

o Convert into joint space using inverse Jacobian and derivatives

o
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Figure 13 - Represents a linear interpolation with blends for the several
segments

This low level control is developed in Matlab using Matlab function blocks

that run our trajectory evaluation and both of them passed in the simulation
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time using the clock. The right leg uses the time as is and the left leg uses the

delay of the half of the gait period.

In the figures below presents the comparison between the joint angles in
degrees. The figure (1) is just a linear and linearly interpolated waypoints

whereas the figure (2) depicts the smoothed out cubic spline trajectory.
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Figure 14 (a) - represents the motion profile (angle of joint w.r.t time) of right
leg defined for the Velocity 4 = 0.2m/s before the Low-level joint control
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Figure 15 - represents the motion profile (angle of joint w.r.t time) of right leg
defined for the Velocity 4 = 0.2m/s after the low level joint control

The difference is not so quite evident but if we would look at the difference in
torques the changes will be evident. The result is discussed in the chapter 4
Figure 34 and Figure 35. By smoothing our curves, we make sure that our

required torque doesn’t change very quickly thus preventing the hard stop.
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3.2.2 Dynamic Filters

Humanoids robots are required to make a variety of motions in dynamic
environment, a promising approach was presented by Yamane and Nakamura
[69] and have been used in a presented simulation of ROLLO robot
conveniently by using along the Passive-Dynamic behavior of the springs.

The fundamental idea is to only define joint trajectories for certain joints and
calculate Cartesian paths from the specified path for the single, arbitrarily
chosen set points of the robot. The Cartesian movements are then returned to a
joint movement. Since the optimization is local, it is not necessary to understand
the total trajectory during the filtration process, therefore the trajectory may be
altered during execution. Another benefit is that the approach can be used
without restrictions in any movement.

The motion equations are provided as a reference input to the low pass dynamic
filter which is then connected to the PID controller in a feedback manner to track
the motion. The ankle joint acceleration can be completely different from the
preference motion. To make sure that the result come closer to the reference
result with the minimum oscillations we define the desired acceleration by

following relation to the PID controller parameters.
Qg == Qgef + KDP(H.;ef - Qp) + Kpp(egef - Gp)

Where Kp and Kp are the coefficient matrices and the parameters of the PID
controller. The controller block in Simulink are shown in the following block

diagram.

37



Joint Servo @ s F @
B ll F
g J
.—> numis) PID(s) | »S PS Bt q
den(s) z N
qRef

Low-Pass Filter PID Controller Revoluts Joint
S PSK
-

Figure 16 - represents Controller block diagram in Simulink used for the
simulation of ROLLO robot

The tuning of the PID controller is done using a robot as a plant, and by
considering different disturbances as shown in the figure 19. The controller is
designed to follow an optimal behavior, while containing the overshoot,

settling time of the robot in the suitable values. The following table details the

controller parameters.
K; 4
K, 20
K, 8
Motion time constant 0.025

Table 4 — Controller Parameters for PID

These parameters are obtained by putting a controller in a closed loop with a
plant and the following issues were considered while designing controller.
e steady state behavior of the tracking error e=r- y in the presence of
the reference r
e steady state behavior of the output yin the presence of the

disturbances.
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Figure 17 - represents the general feedback system consist of plant and
controller

The difference in the wheel actuation before applying the controller and after
controller is shown in the figure 20. The detailed results and the effects on the
robotic stabilization and motion are discussed in chapter 4 Figure 34 and Figure

35.
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Figure 18 - represents difference between the given ankle motion (green)
versus output of the PID (blue)

3.2.3 Passive-Dynamic Walkers

In ROLLO simulation low level motion input control and then dynamics filters
have been used on the foots consisted of wheel, whereas the upper body is
considered as dynamic passive walker.

Passive-Dynamic Walkers have no motors or controllers, yet they manage to
follow the human like motion. The main factor behind is the natural dynamics
of these elements. They have been mechanically designed that under the
minimum actuation they can manage to settle themselves in the steady state and

perform periodic gait.
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Chapter 4

Simulation and Results

The ROLLO robot simulation depended on the work given in [3].
An inventive structural approach centered at rearranging the control of biped
humanoid robot's, in a way to accommodate him in a household situation. The
approach depends on the execution of a passive flexible structure in establishing
the robotic legs, which are then connected to the wheeled feet. The differently
utilized cylindrical helical springs in the adaptable structure of the legs permits
biped robot ready to accomplish a human like alternating leg motion having just
two dynamic motors and staying in a standing position likewise when the

motors are switched off.

4.1 Protocol of the simulation

Different experimentations have been performed on the ROLLO robot while
considering the specific aims and focused on the specific result. The parameters
of the ROLLO robot are tuned as the Domestic environment. Thus, the
experimentation was focused on the analyzation of the oscillations and the
angles of the robotic body. These results have been obtained while performing
the forward motion with alternate steps of the legs and also during the rotation

of 360°.

The measurements of oscillations and angles are performed by utilizing the
transform sensor block. This block consists of a sensor that measures the spatial
relationship between two frames, which in this case is between ankle and ground

frames or hip and ground frames. It can measure different parameters, which
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consists of rotational and translational position, velocity, and acceleration. The
sensor can measure these parameters between any two frames in a model.
Measurement frames include World frame as well as rotating and non-rotating
base and follower frames.

The transform sensor block is attached at the right leg. One is placed at the end
of the springs and start of the wheel body and the other is placed at the hip joint

between the spring and upper body connection. The transform block is shown

'

L

in the figure below.

Transorm

v Sensors
”
‘,(

Figure 19 - the position of the two accelerometers (1 and 2) on the ROLLO
robot in Configuration 1 (two springs for each leg)

4.2 Results

For better understanding of the results two different model configurations are

realized.
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Figure 20 - the configuration 1 (2 springs in each leg) of the ROLLO robot
for the simulation in MATLAB

Configuration 1 is composed of 2 springs in each leg whereas configuration 2 is
composed of 3 springs in each leg. The both configurations are shown in the
figure 22 and figure 25.

Some of the results related to the accelerations of the hip and the ankle joints
for configuration 1 is shown in the figures below whereas the summary of all
the acceleration results related to forward motion in configuration 1 is defined

in the table.

1 . .
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-
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Figure 21 - Hip acceleration in the forward direction (y-axis) in this case.
The P2P value for the acceleration is calculated as 3.881 m/s’ and STD is
0.7030. The velocity is 0.2m/s.
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Figure 22 - ankle acceleration in the forward direction (y-axis) in this case.
The P2P value for the acceleration is calculated as 2.937 m/s. the velocity is
0.2m/s.

The acceleration results related to the different configuration related to the
different velocities are detailed in the tables below. Important thing to note here
is that all the results are given in the (m%/s), P2P defines the peak-to-peak value
of the acceleration i.e. the difference between the highest and lowest values in
acceleration and STD defines the standard deviation in the acceleration. In
summary P2P value gives the information about the highest oscillation obtained
during the motion while STD accounts for the mean oscillations calculated

throughout the motion.

X P2P  0.433 1.268 1.110 1.762 1384 1915 1438  2.248
STD 0.015 0.069 0.0164 0.089 0.014 0.106 0.115  0.167
Y P2P  0.505  0.617  0.856 1.173 1528 2137 2901 3.881
STD 0.084 0.092 0.167 0.182 0334 0365 0.667 0.703
Z P2P 0415 0.839 0438 0956 0.486 1.055 0.529 1.301
STD 0.022  0.618 0.0249 0.693 0.024  0.732 0.1297 0.851

Table 5 - Accelerations during a forward motion in Configuration 1.
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After this test the robot was assembled in a configuration 2, where one spring is
added to each leg and it went through the same test as did in the configuration

1.The ROLLO robot in the configuration 2 is shown in the Figure 23 below.

CFH

Figure 23 - Configuration 2 (3 springs in each leg) of the ROLLO robot for
the simulation in MATLAB

Some of the results related to the accelerations of the hip and the ankle joints
for configuration 2 is shown in the figures below whereas the summary of all
the acceleration results related to forward motion in configuration 2 is defined

in the table.
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Figure 24- Hip acceleration in the forward direction (y-axis) in this case.
The P2P value for the acceleration is calculated as 6.908 m/s’ and STD is
1.105. The velocity is 0.2m/s.
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Figure 25- ankle acceleration in the forward direction (y-axis) in this case.
The P2P value for the acceleration is calculated as 3.271 m/s? and STD is
0.683. the velocity is 0.2m/s.

P2P 0398 | 1.223 1.110 1.561 0397 1.708 1.599 @ 2.765

X STD  0.025 0.125 0.025 0.132 0.0273 0.170 0.068  0.262

P2P  0.631 0970 1.049 1915 1528 3.654 3271 6.908
Y STD 0.086 0.158 0.171 0314 0334 0.608 0.683 1.105
z P2P 0417 0805 0438 2446 0486 3367 1.598 @ 4.899

STD  0.019 0.688 0.022 0.436 0.024 0524 0.115 0.587

Table 6 - Accelerations during a forward motion in Configuration 2.

The results in both configuration shows that the number of passive elements,
in this case which are springs, increases the amount of oscillations generated
in the robotic body. As expected also the oscillations around the hip joint is

more as compared to the oscillations noted at the ankle joint.
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Figure 26 - the acceleration in y-axis in configuration 2. (Green) shows the
acceleration at the hip and (purple) shows the acceleration at the ankle.

If we look closely at the result shown in the figure and table given above, we
can see that the oscillation occurs in acceleration in Hip in the y-axis, during
the forward motion, is greater than the ankles’ y-axis. The P2P value of
acceleration around the hip is 6.908 m/s’ whereas, around ankle it is 3.271
m/s’. The STD at hip is 1.105, which is far more than the one measured around

ankle 0.608.

Figure 27 - the acceleration in z-axis (at the velocity=0.2m/s) around hip
joint in configuration 2: three springs in each leg.
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Figure 28 - acceleration in z-axis (at the velocity=0.2m/s) around ankle joint
in configuration 2: three springs in each leg.

looking at Figures above, it can be seen how the acceleration at z-axis (ankle)
has oscillations absolute minimum and maximum value respectively of -0.321
m/s? and 0.0219 m/s?; the acceleration at z-axis (hip) has oscillations with
absolute minimum and maximum value respectively of -2.697 m/s? and 1.916

m/s?.

(a) (b)

(© (d)
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Figure 29 - represents the values of acceleration in configuration 1: with 2
springs in each leg. The velocity is 0.2 m/s. figure a, c and e represent the
acceleration at ankle at x, y and z axis respectively. Whereas b, d and f
represent the acceleration around hip at x, y and z axis respectively

Figures 29 and 30 shows the detailed result in both configurations reconfirm
these aspects, related to the behavior of the flexible structure of the robot,
showing the difference of the output signals of the accelerometers, and therefore
the relative acceleration of the hip with respect of the foot, during a motion with

the minimum velocity = 0.2 m/s.

h
|

(a) (b)
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Figure 30 - represents the values of acceleration in configuration 2: with 3
springs in each leg. The velocity is 0.2 m/s. figure a, ¢ and e represent the
acceleration at ankle at x, y and z axis respectively. Whereas b, d and f
represent the acceleration around hip at x, y and z axis respectively

The figures (a, ¢ and e) represents the acceleration in X, y and z axis respectively
whereas b, d and f represent the acceleration around hip at X, y and z axis
respectively and it can be seen clearly and also to match the results from the
table that P2P value and STD value in the ankle with respect to hip is much less.
The similar result can be observed by comparing the P2P and STD values of the

acceleration between the two configurations.
4.3 Comparison with ROLLO prototype

The results of this research is briefly compared with the outcome of the ROLLO

prototype created in BrainHuro project [54] and shown in the following figures.
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Figure 31 — Shows the difference in the acceleration (P2P) results between
ROLLO prototype and Simulation done in Matlab. The velocity is 0.2 m/s
and robot is in configuration 1. (2 springs in each leg)
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Figure 32 — Shows the difference in the acceleration (P2P) results between
ROLLO prototype and Simulation done in Matlab. The velocity is 0.2 m/s
and robot is in configuration 1. (2 springs in each leg)
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Figure 33 - Shows the difference in the acceleration (STD) results between
ROLLO prototype and Simulation done in Matlab. The velocity is 0.2 m/s
and robot is in configuration 1. (2 springs in each leg)

The data above definitely reflects the improvement (except some irregularities)

in the results of ROLLO robot, by working on the better control technologies
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and finding an optimized motion profiles there is always a room to improve the
desired result and make the system more efficient. The result is obtained by
introducing a different layer of control and filtration. The detailed result of this

is discussed in the section 4.5.

4.4 Torque w.r.t stiffness

As discussed above about the efficiency of the system as compared to the one
using rigid link. Despite of using more actuation force around all the joints, even
the torque required to derive even a single link is much higher in case of rigid
link than the flexible link.

The test has been carried out with the different stiffness of the links and torque

required by a motor to obtain a same motion profile is much different.
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Figure 34 - the torque required by a motor in configuration one to perform
human like walking at velocity=0.2 m/s. The stiffness of the springs is 1.40
daN/mm and 18Nmm/deg.

On the above mentioned configuration of the spring’s stiffness the P2P value of
the torque produced by motor on velocity=0.2 m/s is 1.268. while the robot with
the same configurations and motion profile but with the different value of the
spring’s stiffness requires much more torque from the motors. The P2P value of
the torque produced by motor with the spring stiffness of 70.4 daN/mm at
velocity=0.2 m/s is 10.737.
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Figure 35 - the torque required by a motor in configuration one to perform
human like walking at velocity=0.2 m/s. The stiffness of the springs is 70.4
daN/mm and 20Nmm/deg.

It is clearly evident from the graphs above that the to present the same motion
at the same velocity the torque can vary with the variation in the stiffness of the

body. Stiffer the body is; more actuation force/torque would be required.

4.5 Controller Results
The close examination in the figures below shows that the derivatives or the

slopes of the torque before smoothing the input trajectory is much steeper as

compared to the smoothed ones.

Figure 36 — Torque produced by wheels to produce the desire motion
without smoothing the motion profile.
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Figure 37 - Torque produced by wheels to produce the desire motion with
smooth motion profile and the implementation of control strategies.

By smoothing our curves and introduction of control, we make sure that our
required torque doesn’t change very quickly thus preventing the hard stop. The
comparison of accelerations P2P and STD values, before and after

implementation of control is presented in the table below.
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Figure 38 - Acceleration in x, y and z axis during the forward motion in the
configuration 1 at velocity= 0.2 m/s before the implementation of PID
controller and filtration (a, c, e) and figure (b, d, f) shows the acceleration in
x, v and z respectively after the implementation of the control strategies.

Without the suitable control, ROLLO robot is still able to perform the biped

locomotion but with far less efficiency and unnatural gait. As shown in , The

table below contains the detailed comparison of parameters such as acceleration

Torque produced

by motor 8.537 1.062
Acceleration x- pP2p 3.960 1.438
axis (ankle) STD 0.703 0.115
Acceleration y- pP2p 5.629 2.901
axis (ankle) STD 2.325 0.667
Acceleration z- P2P 1.670 0.529
axis (ankle) STD 0.316 0.1297

Table 7 — depicts the comparison of the system performing the alternating
biped locomotion at velocity=0.2 m/s at configuration 1 , with and without

control
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at ankle joint and torque while performing a forward alternative leg motion on

velocity=0.2 m/s in configuration 1 (2 springs in each leg).

4.6 Summary and future work

Above mentioned research is based on the simulation of creative design and
simulation inspired by ROLLO robot (developed in BrainHuRo project) [54],
The main focus of this project is to produce a humanoid robot which is able to
move flexibly in the human space, without consuming an extravagant amount
of energy. Which is less complex to control but at the same time perform the

tasks of humanoid robots by maintaining the lower impact on the environment.

This novel approach is the result of the extensive understanding of traditional
ZMP based control used in the traditional humanoid and provide us with a
bypass to this approach. The approach experimentally suggest that it is not
necessary to have a complex structure with excessive number of DOFs, the same
functions can be provided by comparatively less complex structure. It is done
by introducing wheels on the feet and replacing the rigid links in the legs with
the flexible link. By exploiting the torsional and flexural behaviors of the
flexible links, the presence of actuated joints in the knee and hip is avoided,
replacing them with the passive joints instead. This allowed the robot to perform
an alternating leg human like motion by using only two motors. There are 2
free wheels on each leg, which allows the robot to maintain the standing position
without any actuation. Unconventional use of the cylindrical helical springs
would improve the power consumption of the robot as well as they would pose

much safer in the domestic environment.
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The modelling and simulation of the ROLLO robot to create a dynamic
simulation of the human like movement has been realized using 2 different
software Solid works and MATLAB. The 3D-modelling of the Robot is done
in solid works (except springs). The torsional and flexural behavior of the
springs and the control of the ROLLO robot in the world environment was
performed in MATLAB. The various level of controls has been utilized for the
stable gait. The low level of control was developed to smoothen the input
trajectory to avoid the hard stop thus reducing the oscillations. Filtration and
PID controller was also used, they have been tuned by considering the system
into feedback loop and different kind of disturbances were added to set the
controller parameters and get the nominal steady state response. The tradeoff
between balance, energy consumption and the oscillations have been performed
in the different level of controls. The different results are obtained on 4 distinct
velocities and 2 different configurations of the leg (one with 2 springs in each
leg the other one is 3 springs in each leg) while performing the forward motion

and rotation (clockwise anticlockwise) on the planar surface.

This simulation of the ROLLO in MATLAB is the initial point of a broad
spectrum of other possible future works: from the control structure completion
and whole-body control application, to deep learning and reinforcement
learning for human locomotion, from testing in the flat domestic environment
and testing in the rough terrain with obstacle and certainly the transition from
simulation to practice on the real platform such as ROLLO developed at
BrainHuRo. Exploiting the vast availability of different functions in MATLAB

would allow the researchers to get the interesting results.
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