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Abstract

This thesis deals with the design principles, which are based on the coupling of two
mechanical structures. The criteria for optimal design and the types of combined units
are different. However, all the tasks are considered in coupling of given mechanical
units. The thesis consists of 5 chapters, conclusions, appendices and bibliography.

The critical review given in the first chapter is divided into three sections due to the
nature of the examined problems: legged walking robots, gravity compensators used in
robots and collaborative robots. It is shown that the design principles used for the
development of these devices and robots can be represented as the coupling systems of
different mechanical units. The optimal coupling of these units and their improved
design can significantly enhance the performance of robots.

Chapter 2 deals with the development of single actuator walking robots designed by
coupling of two mechanisms. The advantage of such systems is the simplicity of the
design and its control system. Three various design concepts are considered. In the first
section of the chapter 2, the single actuator walking robot is designed via coupling of
two four-bar linkages. For this purpose, the geometric synthesis of the four-bar linkage
through the prescribed path has been developed. Based on the Genetic Algorithm, the
synthesis allows one to ensure the reproduction of prescribed points of the given
trajectory obtained from the walking gait. The actuator mounted on the robot’s frame
moves both legs, which are four-bar linkages. A walking robot designed by suggested
concept can move both forward and backward directions. The observations showed that
such a robot can ensure only a constant step during the walking gait. The adjustment of
geometric parameters of a four-bar linkage to obtain variable lengths of steps is a fairly
complex problem. Therefore, in the next section, the design of a single actuator walking
robot based on the coupling of slider-crank mechanisms is considered. It is shown that
the length of the step can be modified via changing the offset of the slider guide. The
adjustment of the offset of the slider guide allows one to obtain steps with variable
lengths. However, that does not allow one to change the form and the orientation of
steps. Hence, in the last section of the chapter, the design of a single walking robot via
coupling of a cam mechanism and a pantograph linkage is discussed. In this case, the
adjustable parameters are the angle between the cam mechanism and the robot moving
frame, as well as the input points of the pantograph mechanism. The proposed concept
allows significant variations of the walking speed during the horizontal displacements
of the robot and climbing stairs.

Chapter 3 deals with the design and synthesis of gravity balancers. In the proposed
design concepts, a rotating link to be balanced is coupled with a two-link dyad. It is
known that a fully gravity compensation of a rotating link cannot be achieved when a
non-zero free length spring, i.e. conventional linear spring, is used. To use non-zero
length springs, it is necessary to apply auxiliary mechanical systems. The first section
of the chapter 3 deals with a simple and analytically tractable solution permitting to
carry out quasi-perfect balancing of a rotating link by means of a non-zero length
spring. In the proposed design the balancing spring is connected with the rotating link
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by means of an articulated dyad forming a four-bar linkage. Upon rotation of the output
link of the four-bar mechanism moves the end of the spring and changes the length of
the spring creating a variable balancing moment. An optimization method based on the
geometric synthesis of four-bar mechanism and potential energy conservation is
developed, which allows one to control the optimal displacements of the spring
providing a suitable balancing moment. The second section of the chapter 3 deals with
a similar problem by coupling a rotating link to be balanced and an articulated dyad
with prismatic pair, forming with the rotating link a slider-crank mechanism. The
particularity of the suggested structural concept is that the balancing spring is installed
on the fixed frame, which allows one to reduce the errors due to the spring’s weight.
Upon rotation of the link moves the end of the spring and changes the length of the
spring creating a variable balancing moment. A similar optimization method with some
modifications devoted to the geometric synthesis was applied. In the last section of the
chapter, it is proposed an improved solution for reduction the error caused by neglecting
the masses of the spring and associated links. It is based on the inverted slider crank
mechanism considering the masses of the rocker and the spring. It is shown that the
errors caused by neglecting the masses of the associated links lead to a significant
unbalanced moment. Then, it is proposed to use the minimization of the root-mean-
square value of the unbalanced moment to reduce these errors.

Chapter 4 considers the design and study of an exosuit that can provide assistance to
people carrying heavy load. The proposed exosuit presents a symbiosis of two systems:
rigid lightweight support and cable system. The cable system is mounted on the rigid
lightweight support permitting to compensate the gravitational force of a heavy load.
The exosuit is made up of high-intensity polyethylene cables which are very light and
add almost zero inertia to users. A cable winding and locking mechanism has been
designed in order to keep cables in tension while users changing their postures and
meanwhile stop the movement of the cables while users carrying loads. The chapter is
organized as follows. In the first part, the design concept of the exosuit is presented.
Then, the kinematic and dynamic models of the exsuit-human coupled system are
established. In the third section, the static, kinematic and dynamic simulations with the
optimization of the distribution of the cable attaching positions of the proposed coupled
system is considered. Finally, the experimental results carried out on a mannequin test
bench are presented.

In the last chapter, a coupled system including a hand-operated balanced manipulator
(HOBM) and an industrial collaborative robot is presented. The aim of such a
cooperation is to manipulate heavy payloads with less powerful robots. In other term,
in the coupled system for handling of heavy payloads by a HOBM, an operator is
replaced by a cobot. The advantages of the coupled HOBM and cobot are disclosed and
the optimal design of the cooperative workspace is discussed. The Behavior of the
coupled system in a static mode when the velocities of the HOBM are limited does not
present any special problems. In this mode, the inertial forces are significantly lower
than the gravitational one. The payload is completely balanced by the HOBM and the
cobot assumes the prescribed displacements with low load. However, in the dynamic
mode, the HOBM with massive links creates additional loads on the cobot due to the
inertia effect, which can be significant. The determination of inertia effects of the
HOBM on the cobot is considered. Dynamic analysis of the coupled system is
performed and methods for reducing the oscillation of the HOBM at the final phase of
the prescribed trajectories are proposed.
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In the first chapter of the thesis, the critical review of the coupling
systems is given. Due to the variety of the coupling system, this chapter
is divided into three sections with respect to the nature of the examined
problems: legged walking robots, gravity compensators used in robots
and collaborative robotics.

It is shown that the design principles used for the development of
these devices and robots can be represented as the coupling systems of
different mechanical units. The optimal coupling of these units and their
improved design can significantly enhance the performance of robots.

The known solutions are summarized through the suggested critical
review and some of their drawbacks are disclosed.
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Chapter 1: Introduction

1.1 Legged Walking Robot

Since the term “robot” was firstly used by the Czech writer Karel Capek in his fictional
play “R.U.R” in 1920 [I], the robot industry has been through a prosperous
development in the past fifty years. As its initial object in the play, a robot is designed
as a machine to take place of humans for doing the jobs which are dangerous or
physically intensive.

As an important part of robot family, legged robots more versatile than track or wheeled
robots when they work in unconventional environments including rough terrains and
steeps stairs. However, achieving such versatility require increased complexity and
power consumption.

The typical walking consists of a repeated gait cycle. The cycle itself contains two
phases: the propelling phase and the non-propelling phase. Figure 1-1 shows a classic
two-stage cycle of bipedal walking gait where the thicker line represents the supporting
leg (right leg) in propelling (stand) phase and the thin line represents the swing leg (left
leg) in non-propelling (swing) phase. While in stand phase, the leg is in contact with
the ground and generating a propelling force to push the body moving forward. And
while in swing phase, the leg is leaving the ground and swinging from back to forth,
the foot trajectory is a curved line.

Right
leg

Stride length

Figure 1-1. Two-stage step cycle of bipedal walking gait.

In this section, a review of the development of legged walking robots since the born of
the first humanoid legged walking robot WABOT 1 is presented.

1.1.1 Multi-degree-of-freedom legged walking robots

The pioneering works in the field of legged robots were started in Japan around 1970.
Ichiro Kato and his team at Waseda University designed two bipedal walking robots
WL-1 and WL-3 based on a human leg mechanism in 1967 and 1969 respectively [2].
WL-3 (Figure 1-2a) has an electro-hydraulic servomotor and performed humanoid
walking locomotion in the swing phase and stance phase using a master-slave control
method. While in 1973, they created the world’s first full-scale anthropomorphic legged
robot — WABOT-1 (Figure 1-2b) [3]. WABOT-1 has disproportionately large feet to

2|Page



1.1 Legged Walking Robot

maintain its balance. It was hydraulically powered and controlled by a minicomputer
and experiment showed that it was able to realize a few slow steps in static equilibrium.
Followed by the way paved by Kato, researchers from Waseda University have
developed several generations of WL and WABIAN family walking robots where the
latest generation named WABIAN-2 (Figure 1-2¢) [4], [5]. WABIAN-2 is 1.53m tall
and 64.5kg weight, it has 41 DOFs and the joints designed for bio-mimicking the actual
human’s one. Experiments showed that it can walk steadily with the speed of 1.8km/h.

Copymght (C) 2008 Atsuo Takaniehi Lad.
‘Waseds Universty, Japan Al Rights Reserved

(b) WABOT-1 (c) WABIAN-2
Figure 1-2. Legged Walking Robot

In the same period with Kato, in Europe, M. Vukobratovic and his team from the
Mihailo Puppin Institute, Belgrade, Yugoslavia were very involved in the problems
generated by functional rehabilitation. They designed the first active exoskeletons, and
several other devices such as the Belgrade’s hand [6], [7]. But the most well-known
outcome remains their analysis of locomotion stability, which exhibited around 1972
the concept of zero-moment point (ZMP), widely used since that time [8]. This was the
first attempt to formalize the need for dynamical stability of legged robots; the idea was
to use the dynamic wrench in order to extend a classical criterion of static balance (the
center of mass should project inside the convex hull of contact points).

In the next decade, the breakthroughs came from the United States. Robert McGhee
and Kenneth Waldron achieved the design of the world’s largest hexapod which is a
man-driven quasi-industrial system able to walk on natural irregular terrain called
adaptive suspension vehicle (Figure 1-3d) [9]. The vehicle uses a parallelogram
mechanism and two jack actuators for each of its legs. Simultaneously, Marc Raibert
started to study dynamically stable running at Carnegie Mellon University. Then, he
launched the Massachusetts Institute of Technology Leglab, where he and his
teammates designed a 3D one-leg hopper (Figure 1-3e) which can be actively balanced
in dynamic locomotion with simple control algorithms [10]. After the one-leg
prototype, they also designed a sequence of biped and quadruped versions where the
biped hopping machine could even perform a flip [11]-[13].
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Chapter 1: Introduction

(d) Adaptive suspension vehicle (e) 3D one-leg hopper (f) Passive biped robot
Figure 1-3. Legged Walking Robot (Continued)

In the 1990s, Tad McGeer pioneered the field of passive walking robots by proposing
the idea of studying purely passive mechanical systems (Figure 1-3f). He has shown
that there exists a class of two-legged machines for which walking is a natural dynamic
mode: once started on a shallow slope, such a machine will settle into a steady gait quite
comparable to human walking, without active control or energy input [14]. His work
led the way of designing a walking robot by adding a minimum set of actuators to a
passive system in order to just compensate for the loss of energy when the system is on
flat ground. Because of the energy efficiency of this kind of design, several researchers
have followed the tracks open by Tad McGeer [15], [16].

The end of the millennium was a period of intense technological activities. Industrial
breakthroughs showed to the world that building true humanoids was now possible.
Several international industrial enterprises started to conduct research in the field of
humanoid walking robots. In Japan, Honda designed one of the world’s famous
humanoid robots - ASIMO (Figure 1-4g) and it was firstly unveiled in 2000 [17], [18].
ASIMO has 34 DOFs and it is the first humanoid robot capable walking and running
autonomously with the maximum speed of 2.7km/h at walking and 9km/h at running
for the latest version. Similarly, Kawada also designed a series of biped robot and the
latest version — HRP-4 (Figure 1-4h) can even accomplish some complicated tasks like
dancing and pouring drinks [19], [20]. In recent years, an American robot company,
Boston Dynamic, has designed several biped and quadruped robots with great
breakthroughs [21]. Its biped robot, Atlas (Figure 1-41), has an impressive dynamic
balancing ability and it can even perform some acrobatic movements like the backward
somersault.
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1.1 Legged Walking Robot
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(g) ASIMO (h) HRP-4 (1) Atlas
Figure 1-4. Legged Walking Robot (Continued)

1.1.2 Reduced-degree-of-freedom walking robots

To create biped robots walking like a human is necessary to use a large number of
actuators. Therefore, these robots are automorphic and flexible. However, there are
several drawbacks: complexities of the design and the control system, low energy
efficiency due to the masses of motors, as well as an overly high price complicating
practical use.

To make a biped robot more attractive, a different methodology can be considered such
as constructing a biped robot with reduced number of degrees of freedom. One of the
effective ways to design a walking robot with reduced DOFs is to use leg mechanisms
which is an assembly of links and joints intended to simulate the walking gait of humans
or animals.

Russian mathematician Pafnuty Chebyshev suggested the very first walking machine
by using a four-bar mechanism which converts rotational motion to approximate
straight-line motion with approximate constant velocity (as known as Chebyshev
Linkage). A quadruped prototype of this machine named “The Plantigrade Machine”
(Figure 1-5 shows a 3-D reconstruction model) was first shown in Paris on the
Exposition Universelle in 1878 [22]. Inspired by the work of Chebyshev, several
designs of single DOF walking robot based on Chebyshev linkage have been achieved.
Funabashi et al. from the Tokyo Institute of Technology designed a human-driven
walking chair where its leg mechanism is a Chebyshev linkage jointed with a
pantograph mechanism (Figure 1-6) [23]. The fixed point of the pantograph mechanism
can change both vertically and horizontally which gives the possibility to deal with
different terrains. Another unique feature of this walking chair is that it has a hybrid
actuation system including two assisting actuators for reducing the effects of variations
in user’s driving velocity [24]. Similarly, Marco Ceccarelli and his team at the
Laboratory of Robotics and Mechatronics in Cassino University have proposed various
solutions for Low-Cost Easy-Operation leg design where the Chebichev four-bar
linkage has been successively used for generating a foot trajectory (Figure 1-7) [25],
[26]. In order to amplify the produced motion of the Chebyshev linkage, a pantograph
mechanism has been applied.
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Chapter 1: Introduction

Figure 1-5. A 3-D reconstruction model of “The Plantigrade Machine”.

Figure 1-7. A prototype of one DOF biped robot built at Cassino University.

Researchers from the University of Maryland has designed a walking mechanism by
using a modified four-bar mechanism and a pantograph mechanism (Figure 1-8) [27].
A unique feature of this mechanism is that it contains a leg lift mechanism which can
change the position of the fixed point of pantograph mechanism. Hence, this lift
mechanism is capable of changing the leg height as well as the stride length. And a few
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1.1 Legged Walking Robot

years later, they designed a six-link leg mechanism which is essentially a four-bar
linkage with an embedded skew pantograph [28]. This mechanism can generate a A-
shaped gait with sufficient height for the walking machine to step over obstacles or to
climb stairs. With the embedded pantograph design, the mechanism size can be slender
and compact.

Figure 1-8. Leg mechanism of University of Maryland’s walking robot

Except for the four-bar linkage, other linkages have been also used for the design of the
single-DOF walking robot. Simionescu and Tempea designed an eight-bar leg
mechanism based on Watt II linkage [29]. An RRR dyad was articulated for amplifying
the output path. The Klann linkage is another famous leg mechanism designed by
Joseph Klann [30], [31]. It has six links including the frame, a crank, two grounded
rockers, and two couplers connected by pivot joints. Klann linkage is categorized as a
modified Stephenson III kinematic chain and the proportions of each its links are
defined to optimize the linearity of the foot for one-half of the rotation of the crank.
Several legged walking robots have been designed based on Klann linkage (Figure 1-9)
[32]-[34].

Dutch artist Theo Jansen designed a planar single-DOF leg mechanism for his kinetic
sculptures “Strandbeest” where he intended to build large mechanisms which are able
to move on their own (Figure 1-10) [35]. Jansen’s leg mechanism has 12 links including
a crank which is the input of the mechanism and a fixed link which is part of the chassis
of the legged system. Several researchers have conducted studies on the kinetic and

dynamic of Jansen’s mechanism and some new walking robots have been designed
[36]-[39].
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(a) The Walking Beast (b) An underwater walking robot
Figure 1-9. Walking robots using Klann linkage.

Figure 1-10. “Strandbeest”

1.2 Gravity Compensation in Robotics

While the industrialization spreading throughout the world from the 19" century, robots
have been a crucial part in manufacture because of their efficiency, high precision and
not being restricted by the environment. Since the first commercial industrial robot was
brought out by George Devol in 1954 [40], the industry of robot has drastically
prospered through the past decades.

The performance of a robotic system is often related to the capacity of the actuator. The
dynamic equation of the robotic system is [41]:

t=[ 100 + £(0,0) + GO ]

Inertial moment  Coriolis and centripetal moment ~ Gravitational moment

(1-1)

where 7 is the vector of actuator torques, I the inertia tensor of the robotic system and

the inertial moment on each joint is the inertia tensor times the joint acceleration 0 , f
is the Coriolis and centripetal moment which is a non-linear function of joint position

0 and joint velocity 0 and G is the gravitational moment which is a function of 0.

It can be seen that for a robotic system operated with relatively low speed and low
acceleration, a large part of the actuator’s torques are used to compensation
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1.2 Gravity Compensation in Robotics

gravitational effect. And since many robotic systems are operated at low speed to ensure
the different tasks, gravity compensation would be very beneficial by which a robotic
system can be operated with relatively small actuators generating less torque.

A robotic system is statically balanced if its potential energy is constant for all possible
configurations. In this condition, robotic systems work similarly in a zero-gravity
environment which means that nearly zero actuator forces are required when the
mechanism is in slow motion. The static balancing of rotating links, which are often
elements of serial or parallel manipulators, is well known. Different approaches and
solutions devoted to this problem have been developed and documented [42], [43]. The
nature of the compensation force used for balancing of rotation links may be various:

= The gravitational force of a counterweight arranged on the opposite side of the
rotating link or via an auxiliary linkage;

= Forces generated by auxiliary actuators;

= The elastic force of a spring jointed directly with links or via an auxiliary
mechanism, which can be a cable and pulley arrangement, a linkage, a cam
mechanism or a gear train.

1.2.1 Gravity compensation by counterweights

The using of counterweights is one of the classical ways for eliminating gravitational
effect in mechanical systems [44], [45]. The application approach is adding
counterweights on the rotating links in order to make the total center of mass at a fixed
point.

Comparing with the spatial manipulator, gravity compensation by counterweights
mounted on the links is more appropriate for serial and planar parallel manipulators
(Figure 1-11).

Figure 1-11. Gravity compensation by adding counterweights on links: serial (left)
[46] and planar parallel (right) [47] manipulators.

It is obvious that by directly adding the supplementary mass as a counterweight on the
robot is not desirable since it leads to the increase of the total mass and the overall size
of the robot. Therefore, in many industrial robots, for example, KUKA R360 and ABB
IRB 6700 (Figure 1-12), the masses of the motors are often used for gravity
compensation [48].
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Figure 1-12. KUKA R360 (left) and ABB IRB 6700 (right).

Except for joining counterweight directly with the initial system, another way of gravity
compensation by counterweights is to connect counterweights with original structure
via auxiliary linkages. The goal of these linkages is to improve the compensation and
design conditions via optimizing the location of balancing elements.

Fukushima et al. designed a mine detection vehicle where a weight balanced
manipulator was installed (Figure 1-13a). A counterweight was linked with the
manipulator via pantograph mechanism [49]. It has been shown that the robot arm with
properly dimensioned balancing counterweights can be efficiently actuated with very
low power and energy consumption. Similarly, Bruzzone and Bozzini studied the
balancing of the SCARA robot by means of a counterweight via auxiliary linkages
(Figure 1-13b) or a spring. The obtained simulation results showed that for low-speed
motions the counterweight balancing is more efficient, while for high-speed motions
the elastic balancing is advantageous [50].

(a) Mine detection vehicle with weight (b) Gravity compensation of a
balanced arm SCARA robot

Figure 1-13. Gravity compensation by counterweights mounted on the auxiliary
linkage connected with the initial system.

Although many studies illustrate the promising results of gravity balancing of parallel
manipulators comprising auxiliary systems equipped with counterweights. However, in
reality, such a method often becomes complicated for application because of the
limitation of the overall size of manipulators and the possibility of collision of extended
moving links carrying counterweights.
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1.2 Gravity Compensation in Robotics

1.2.2 Gravity compensation by auxiliary actuators

Because of the limitation of gravity compensation by counterweights, in some designs,
pneumatic, hydraulic or electromagnetic actuators are used for the gravity balancing of
serial manipulator [51] or parallel robots [52] (Figure 1-14).

Rod of the
~ power
cylinder

compensation
mechanism

Figure 1-14. Gravity compensation by auxiliary actuators.

Lacasse et al. from the University of Laval developed a gravity compensation system
for a 7-DOF robotic manipulator using remote counterweights connected to the robot
via a hydraulic transmission [53], [54]. The experiment showed that the built prototype
of the 7-DOF robot is able to adapt its balancing counterweights to a payload of up to
10 kg, which was a maximal payload for the tested prototype.

It should be noticed that in comparison with the gravity compensation of planar
manipulators, the gravity compensation of spatial architectures is more complicated
because it can be achieved either by an unavoidable increase of the total mass of moving
links or by a considerably complicated design of the initial mechanism. One of the
promising approaches is to combine auxiliary linkages with actuators.

Baradat et al. proposed a gravity balancing mechanism for the Delta robot which
combines a multi-loop pantograph linkage with actuator. The active force of the
actuator generates a vertical force applied to the platform via added linkages [52], [55].

Unlike the previous designs whose object is to eliminate the gravitational effect of the
original systems, for the robotic manipulators, another approach is to eliminate the
gravitational effect of the payload which is significant when manipulating heavy loads.
A method for the automated movement of a gravity-compensated payload and an
automated handling system for gravity compensation of the payload were presented by
Brudniok et al. (Figure 1-15) [56]. It involves supporting a payload by a holding unit
that is connected with an end-effector flange of the robot for automatically moving of
the load body. Similar studies were successfully carried out in [57], [58].
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connecting
clement

Figure 1-15. Automated movement of a gravity-compensated payload.

Another promising application of gravity balancing by using actuators is walking assist
devices and rehabilitation exoskeleton. In therapeutic situations, therapists often apply
full or partial support to a paretic limb to help reduce the effect of gravity on the patient's
motion. For the patients whose muscles are weak or lacks normal neuromuscular
control due to a neurological disease like stroke, it is extremely difficult to do during
walking, where the weight of the leg may create problems [59].

MoonWalker (Figure 1-16a) is a lower limb exoskeleton [60], which is able to sustain
part of a user's body weight. This system can be used for rehabilitation, to help people
having weak legs, or to help those suffering from a broken leg to walk. The main
characteristic of MoonWalker is that a passive force balancer provides the force to
sustain bodyweight. It is controlled using an actuator that requires very low energy to
work on flat terrains, as it is used only to shift that force the same side as the leg in
stance. That motor is able also to provide a part of the energy to climb stairs or slopes.
The authors believe that this approach can help to improve the energetic autonomy of
lower limb exoskeletons.

Active
force

sharing
s
] / evice - ;;i ; :
(&— Motor
and gear
Control computer
Frame A Battery
/ pack
»
Rigid Y 1
shoes % Curved
O sticks L
Shoes with
foot force
sensor
(a) MoonWalker (b) Honda’s walking assist device

Figure 1-16. Walking assistive devices.

Honda's walking assist device (Figure 1-16b) [61] helps support bodyweight to reduce
the load on the user's legs while walking. This could lead to reduced fatigue and less
physical exertion. Honda's device lightens the load on the user's legs and helps maintain
a center of gravity via special mechanisms developed by the company. There are plenty
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of use cases for this product helping people afflicted with mobility issues or leg
problems. It can also be used for rehabilitation.

1.2.3 Gravity compensation by springs and auxiliary mechanisms

As was mentioned above, for an equilibrium system, its total potential energy stays
constant at any of its configurations. The spring as an element which has the property
of storing and releasing energy is often used for gravity balancing. For a robotic system
balanced with springs, the gravitational potential energy of the robot system and the
elastic potential energy of the spring transfer between each other, hence the total
potential energy can stay as a constant.

Before introducing gravity balancing mechanisms by spring, let us firstly disclose the
differences of two types of springs which are used for gravity compensation in robotic
systems: zero-free length and non-zero-free length springs.

Zero-free length spring is a term for a specially designed coil spring that would exert
zero force if it had zero length. Whereas for the non-zero-free length spring, zero force
will be exerted at its non-zero initial length.

Obviously, a coil spring cannot contract to zero length because at some point the coils
will touch each other and the spring will not be able to shorten any more. Zero-length
springs are made by manufacturing a coil spring with built-in tension, so if it could
contract further, the equilibrium point of the spring, the point at which its restoring
force is zero, occurs at a length of zero [62]. The force-length characteristics of springs
of these two types of springs are shown in Figure 1-17.

Ty

zero free-length

~ non-zero free-length

-

Figure 1-17. Force-length characteristics of springs.
In order to better understand the difference between the gravity compensation by zero-

free and non-zero-free length springs, let us consider the gravity compensation of a
rotating link by directly linking a spring.
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Figure 1-18. Gravity balancing by spring directly linked with the rotating link.

For the system shown in Figure 1-18, the system will be fully balanced if the moment
of the gravitational forces equals to the moment of the elastic force of the spring, i.e.

mgssing0=(FSpar/l)singo (1-2)

where m is the mass of the rotating link, s = l,s is the distance of gravity center S from
axis O, ¢ 1s the angle between the vertical axis and the link axis, Fsp, = Fo + k(I —lp) 1s
the elastic force of the spring, Fy is the initial force of the spring (the initial force is the
internal force that holds the coils tightly together), k is the stiffness coefficient of the
spring, lo is the initial length of the spring, a = los is the distance of point B from axis
O, r = loa 1s the distance of point A from axis O and [ = lap is the length of the spring
at current angle ¢.

It can be seen from Equation (1-2) that a fully gravity compensation can be achieved
when Fo= klp, 1.e. when a zero free length spring is used. In the case of a non-zero-free
length springs with Fyp = 0 or Fo # klo, only partial gravity compensation of a rotating
link can be achieved.

However, zero-free-length springs are often applied in theoretical solutions, but they
are very rare in real robotic structures. Therefore, the use of conventional linear springs
for gravity compensation often considered with auxiliary mechanisms. The additional
parameters of the auxiliary mechanisms can be used for optimizing gravity
compensation efficiency.

A simple scheme of gravity compensation by a spring and an auxiliary mechanism is
shown in Figure 1-19. The adding of the cable and pulley allows full compensation of
gravity by using non-zero-free length spring. The condition of the gravity compensation
of the rotating link can be rewritten as:

mgssing =F_h (1-3)

where h=(ar/lag)sing. Thus, Expression (1-3) is similar to (1-2) when the length [ of
the spring is equal to /4. However, in this case, thanks to the cable, it is possible to
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consider that lap=I[ - lp, which leads to the condition mgs = kar, with Fyp=0. So, the
rotating link can be balanced with non-zero-free length spring.

Figure 1-19. Gravity compensation by a spring joined with a pulley and a cable.

Apart from using the conventional round pulley, Endo et al. designed a gravity
compensation mechanism with non-circular pulleys and springs. After the preliminary
verification of the design methodology for a single pendulum system, the authors
extend the compensation mechanism to four-bar and five-bar linkage arms. It has been
shown that the introduction of the weight compensation mechanism reduces the
maximum static torque up to 50-80% [63].

Although theoretically, the method of joining springs with pulley-cable mechanism is
an effective approach for gravity compensation, several error sources in the practical
implementations decrease the actual efficiency [64]. The condition of maximum
elongation of the spring that should be not more than 25% of its initial length leads to
the design concept, in which the spring must often be installed along the rotating arm
and the number of pulleys should be at least two. Considering the diameter of the cable
with protection, the diameter of the pulley turns out to be relatively large, which leads
to a perturbation of the theoretical conditions of the balancing. Furthermore, the
frictional forces between the pulley and the cable are also not low. All these factors lead
to an unbalanced moment of more than 10-15% of the moment of gravitational forces.

Except for cable-pulley arrangement, gravity balancing systems with non-zero-free
length spring are often considered with auxiliary linkages as well.

Figure 1-20 shows two gravity equilibrators based on inversed slider-crank mechanisms
[65], [66]. In the left system, rotating link 1 is connected with coulisse 2 and slider 3.
The elastic force generated by the compression spring 4 is proportional to sin(¢p/2)
which let the whole system fully balanced. And in the right design, the lengths of links
of the mechanism must satisfy to the condition loa = lop leading to the displacement of
the spring proportional to sin(¢/2), which ensure the complete gravity compensation of
the rotating link 1.
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Figure 1-20. Gravity compensation based on inversed slider-crank mechanisms.

Several of the other design concepts carried out by adding auxiliary linkages are shown
in Figure 1-21 [67]—[71]. In these designs, the geometrical dimensions of the auxiliary
linkages, 1.e. the lengths of the links, are functioned as adjustable parameters. While
changing these parameters, the relationship between the rotational angle of the balanced
link and the length of the spring will be changed as well. Numerical minimization
methods are used for obtaining optimal parameters.

Gravity compensation with springs can be also applied for upper-limb or lower-limb
rehabilitation. Unlike the rehabilitation devices driven by motors, for the designs with
springs, no external active force (or low active force for hybrid designs) is needed.
Hence, these designs will not be affected by the size of the motors or battery duration
etc.

Figure 1-22 shows two rehabilitation devices by using springs for upper limb and lower
limb respectively [72], [73]. For the upper-limb design, a parallelogram linkage joined
with two springs was used for the gravity compensation of the whole arm. While for
the lower-limb design, a hybrid method was employed where the center of mass of the
leg is geometrically located using a parallelogram mechanism and then the springs are
placed at suitable positions in order to fully compensate the effect of gravity over the
range of motion. A hybrid design was also proposed where a motor was added for
compensating the errors caused by friction [74].
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(e) ®

Figure 1-21. Gravity balancer with auxiliary linkages.
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Figure 1-22. Upper-limb and lower-limb rehabilitation devices by using springs.

In several designs, cam mechanism joint with linear springs were used for gravity
balanced where the optimal profiles of cams were found in order to compensate the
gravity of links or a payload [41], [75]. In addition, for some multi-DOF manipulators,
gear trains like bevel gears were used for the gravity compensation of each link of the
manipulators [76], [77].

1.3 Collaborative robotics

In the past decades, our society benefits a lot from the booming development of the
robotic industry. With the automatic systems and pre-programmed settings, robots can
accomplish plenty of tasks more efficiently, and the physical burdens of human have
also been relieved.

However, up to now, there are still some tasks which cannot be fully automatized (due
to the complexity of the task or the unpredictability of the workspace) or need the
involvement of human. But for these tasks, robots can still be beneficial while working
with human and sharing the same workspace and we call these robots - collaborative
robots or cobots (the portmanteau of collaborative robots). Cobots were invented in
1996 by Colgate and Peshkin, professors at Northwestern University. A 1997 US patent
filing describes cobot as "an apparatus and method for direct physical interaction
between a person and a general purpose manipulator controlled by a computer" [78].
Despite its very specific initial meaning, the word cobot now often refers to the robot
having direct interaction with the human within a shared workspace. Cobots provide a
variety of benefits such as weight compensation, inertia masking, strength
amplification, and guidance via virtual surfaces and paths [79].

In this section, a brief review of three kinds of widely-used cobots: hand-operated

balanced manipulators, wearable robotic devices and collaborative industrial robots is
proposed.

1.3.1 Hand-operated balanced manipulator (HOBM)

The creation of a new class of mechanical systems called manual balanced manipulators
(HOBM) was a logical stage in the field of the improvement of the means for the
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mechanization of production. HOBM is a handling system with a simple mechanical
actuator in which the manipulated object in any position of the workspace is balanced.
Such a state of constant balance allows displacements of heavy objects manually.
HOBMs are used in such conditions as when the application of hoisting machinery is
not efficient and automation by using industrial robots is expensive and consequently
unjustified. [80]

The creation and industrial application of HOBM began in 1964 when Robert A. Olsen
suggested a new original balanced assembly [81], [82] (Figure 1-23). This invention
was the basis for the development of the manual balanced manipulator proposed by
Reizou Matsumoto in 1975 (Figure 1-24) which is the prototype of the modern HOBM
[83] (Figure 1-24).

Lt

Figure 1-23. HOMBs designed by Robert A. Olsen.
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Figure 1-24. HOMB in [84]. Figure 1-25. HOBM «KCH-160».

In the suggested solution of Reizou Matsumoto, the following property of the
pantograph is used: if three points (see Figure 1-24: points 5, 6 and 7) of the pantograph
lie on the same straight line A-A, then any path traced by point 5 is reproduced by point
7 (for fixed point 6) and any path traced by point 6 is reproduced by point 7 (for fixed
point 5). Thus, if points 5 and 6 are located in the vertical and horizontal guides, the
displacement of point 7 in the horizontal plane may be realized by the horizontal
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displacement of point 6 combined with the rotation of the system about the vertical axis
(for fixed point 5). In a similar manner, the vertical displacement of point 7 may be
realized by the vertical displacement of point 5 (for fixed point 6). The interesting
characteristic of such a system is the following: if the pantograph system is balanced
about axis through point 5, the displacements of the manipulated object in the horizontal
plane may be realized without effort (the only resistance being due to friction in the
joints) because the gravitational forces are always perpendicular to the displacements.
Thus, the displacements in the horizontal plane may be realized manually. For the
vertical displacement, a suitable driver may be used, which can balance the weight of
the manipulated object or produce the vertical displacement directly.

The pantograph applications are often used in the HOBMs since they allow the
transformation of the small displacements into the large displacements. For example,
in Figure 1-26, the small displacements of the points A and B lead to a large
displacement at the end effector G, which gives a large working space to the
manipulator.

Figure 1-26. HOBM with pantograph actuator.

The term "balanced manipulator" shows that, for the HOBMs, in the operating
procedure of these systems, it is very important to achieve an accurate mass balancing.
The general approach for determination of balancing conditions was proposed by the
study of the motion of the center of mass of the pantograph actuator.

It should be noticed that the basic function of a HOBM is that operators can move the
manipulated object horizontally, overcoming only the forces of friction, the total work
done by the forces of gravity of the elements of the actuator must be equal to zero. For
this purpose, the center of mass of the pantograph mechanism must only move in the
horizontal direction (or must be fixed).

Which are the advantages of these manipulators relative to industrial robots? Primarily
it is the simplicity of their construction and the low-cost price. They have a very simple
command system, a great weight-carrying capacity (up to 2500 kg) and a very large
workspace (in the horizontal direction the gripper can reach to approximately
3000mm). This allows the HOBM to be used for moving workpieces between machine
tools very smoothly because it is controlled manually. The implantation of HOBM in
existing production is very simple without the need for important additional surfaces,
special auxiliary devices or essential reorganization of the production layout.
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It is obvious that the balancing condition achieved by a counterweight leads to a
significant augmentation of the inertia of the whole system which increases the effort
for manipulation. Therefore, instead of using a counterweight, there are also balancing
schemes based on the application of springs (Figure 1-27). [83], [85]-[87]

02

Figure 1-27. Balancing schemes with springs.

It should be noticed that, during the usage of HOBM, most of the works are used to
overcome the frictional forces. Therefore, how to diminish friction is one of the
essential parts in the design process of a HOBM. Practical applications show that the
operation of the manual balanced manipulator is easier when the mechanical actuator
contains only revolute pairs. In this case, the frictional forces are low and,
consequently, the manual effort exerted by the operator is less. Figure 1-28 shows a
version of a manual balanced manipulator with only revolute pairs [88], [89]. It can be
seen that, in these designs, pneumatic/hydraulic actuators were used.

The design of the drive system in manual balanced manipulators also determines the
construction of the manipulator, its functional capacity, as well as its reliability and
speed. In industry, one can find manipulators with electric, pneumatic and hydraulic
drives. For manipulators having up to 150 kg load capacity, one uses electric motors
or pneumatic drives; if the load capacity is up to 500 kg one uses electric motors. With
regard to manipulators with very great load capacity (up to 2500 kg), essentially one
uses hydraulic drives.
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Figure 1-28. HOBM with parallelogram mechanism.

Figure 1-29. Some examples of HOBM applications («dalmec» Italy).

The applicability of HOBM in the different fields is very wide, including: loading and
unloading of machine tools, presses and other production equipment; displacement of
heavy objects during machine assembly; movement of foundry ladles; handling of
heavy objects as, for example electric motors, various devices, etc.; as well as handling
of objects during storage. Figure 1-29 represents some examples of their application.
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1.3.2 Wearable robotic devices for power assistance and rehabilitation

The wearable robotic devices, also known as exoskeleton, have strong advantages given
their unique features such as their outstanding physical performance, exceeding that of
humans, and their mobility. As a result, attempts to adopt these devices in the
rehabilitation and the industrial field provide a huge benefit for their users [90].

Assistive robots have applications in the industrial field as well as for patients and the
elderly with mobility impairments. They free people from much labor and the burdens
of many kinds of manual work. There have been many approaches to the reduction of
labor that do not only fully assist but also partly aid workers, such as in the use of
extremely heavy payload-oriented construction equipment, which is manipulated by
humans. Manual or semi-automatic machine tools are mostly used in contemporary
industries. In particular, without manpower, especially without the manipulability and
mobility of human limbs, full automation will be incompatible with today’s
technologies.

According to which part of the user’s body is assisted, the exoskeletons can be divided
into two classes: lower-limb designs and upper-limb designs.

(a) Lower-limb designs

Locomotor disability is the most commonly reported type of disability. It is defined as
a person's inability to execute distinctive activities associated with moving both himself
and objects, from place to place and such inability resulting from the affliction of the
musculoskeletal and/or nervous system. All over the world, several dozen million
people suffer from the effects of post-polio, multiple sclerosis, spinal cord injury,
cerebral palsy, paraplegia, quadriplegia, muscular dystrophy etc. and could benefit from
the advances in robotic devices for rehabilitation [91]. The temporary or permanent loss
of human motor functions can be compensated by means of various rehabilitation and
assistive devices.

Wearable robotic systems or exoskeletons for rehabilitation or for walking assistance
in daily living offer real advantages. In the last decade, the interest in this field has
raised mainly due to the growing demand caused by an increasing number of lower-
limb disabled patients.

Hybrid Assistive Limb (HAL, Figure 1-30a) is an exoskeleton that is targeted for both
performance-augmenting: heavy works, physical training support and rehabilitative
purposes [92], [93]. HAL employs controller, computer, harmonic drive motors at the
hip, knee, and ankle joints. Power for the motors is supplied by a battery pack mounted
on the backpack. HAL system utilizes a number of sensors for control: skin-surface
EMG electrodes (Electromyographic electrodes for measuring the activation level of
the muscles), potentiometers for joint angle measurement, ground reaction force
sensors, a gyroscope, and accelerometer mounted on the backpack for torso posture
estimation. The total weight of the device is 21kg. HAL supports activities like standing
up from a chair, walking, climbing up and down stairs.

Similarly, ARGO Medical Technologies Ltd. designed a wearable, motorized quasi-
robotic exoskeleton that can be used for therapeutic activities named ReWalk (Figure
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1-30b) [94]. ReWalk comprises light wearable brace support suit, which integrates DC
motors at the joints, rechargeable batteries, an array of sensors, and a computer-based
control system. Upper-body movements of the user are detected and used to initiate and
maintain walking processes. ReWalk allows paraplegic patients to walk, sit and stand-
up, climb up and down the stairs. It lacks body weight support and stability, hence for
that reason, there is a need to utilize crutches, to maintain upright position and balance.

Shoes with
foot force
sensor

(a) HAL (b) ReWalk (c) WADBSA

(d) WADSM (e) X1

Figure 1-30. Exoskeletons for walking assistance and rehabilitation.

Japanese company Honda has several devices for walking assistance. One of them
named Walking Assist Device with Bodyweight Support Assist (WADBSA, Figure
1-30c) helps support bodyweight to reduce the load on the user's legs while walking
[61]. This could lead to reduced fatigue and less physical exertion. The device
comprises of 2 motors and gears, rechargeable lithium-ion batteries, control computer,
shoes with foot force sensors and a seat. The motors can lighten the load on the user's
legs and helps maintain a center of gravity via special mechanisms developed by the
company. There is plenty of use cases for this product, not the least of which would be
helping industrial workers, people afflicted with mobility issues or leg problems. It can
also be used for rehabilitation. Another exoskeleton designed by Honda is Walking
Assistive Device with Stride Management (WADS, Figure 1-30d) [95]. This device is
developed for patients with weakened leg muscles who are still able to walk. It is
comprised of 2 brushless DC motors, rechargeable lithium-ion battery, angle sensors,
control computer and operates about 2 hours. A motor helps lift each leg at the thigh as
it moves forward and backward. This helps lengthen the user’s stride, making it easier
to cover longer distances at a greater speed. Its lightweight and simple design with a
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belt worn around the hips and thighs reduces the wearer’s load and fits different body
shapes. The device weighs 2.8kg with batteries.

Dexterous Robotics Lab (DRL) at the NASA Johnson Space Centre in Houston
developed an exoskeleton named X1 (Figure 1-30e) in cooperation with the Florida
Institute for Human and Machine Cognition (IHMC) in Pensacola [96]. Initially
designed as a mobility device for people with paraplegia, X1 had been tailored as an
in-space countermeasures device and a dynamometry device to measure muscle
strength. The X1 exoskeleton currently has four active degrees of freedom (DOF) at the
hips and the knees, with powered movement constrained to the sagittal plane which can
assist or resist human movement. It also has six passive degrees of freedom for
abduction and adduction; internal and external rotation; and dorsiflexion and
plantarflexion. Any of these passive DOFs may be left free to move or locked out to
intentionally constrain movement.

Except for the application on walking assistance and rehabilitation, the exoskeletons
can be also used for the human power augmentation.

The Berkeley Lower Extremity Exoskeleton (BLEEX, Figure 1-31a) is powered by an
internal combustion engine which is located in the backpack [97]. The hybrid engine
delivers hydraulic power for locomotion and electrical power for the electronics. The
exoskeleton is actuated via bidirectional linear hydraulic cylinders. BLEEX consumes
an average of 1143 Watts of hydraulic power during level-ground walking, as well as
200 Watts of electrical power for the electronics and control. In contrast, a similarly
sized, 75 kg human consumes approximately 165 W of metabolic power during level-
ground walking. The control system utilizes the information from eight encoders and
sixteen linear accelerometers to determine angle, angular velocity, and angular
acceleration of each of the eight actuated joints, a foot switch, and load distribution
sensor per foot to determine ground contact and force distribution between the feet
during double stance, eight single-axis force sensors for use in force control of each of
the actuators, and an inclinometer to determine the orientation of the backpack with
respect to gravity. This control algorithm essentially minimizes the interaction forces
between the human and the exoskeleton and instead, utilizes mainly sensory
information from the exoskeleton. BLEEX can support a load of up to 75 kg while
walking at 0.9 m/s and walk at speeds of up to 1.3 m/s without the load.

Hercule (Figure 1-31b) is another exoskeleton designed for accompanying persons and
providing assistance to carry and manipulate heavy loads, developed by the French
company RB3D and CEA LIST Interactive Robotics Laboratory [9]. It uses highly
efficient electric actuators allowing the current prototype to carry a 40 kg load at 4 km/h
speed with an electric autonomy of 4 hours. Only the flexion /extension joints of the
knee and hip are actuated. The controller principle is that actuated joints are providing
torques to counteract the load weight. The high back-drivability of the actuators (CEA
patents) is a key feature to have machine following the user smoothly. The back of the
exoskeleton can transmit the load carried by the arms to the exoskeleton legs.
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(a) BLEEX (b) Hercule

Figure 1-31. Exoskeletons for human power augmentation

While for the previous designs, rigid links are used for forming their structure and
transmitting force to the users. However, the use of rigid components leads to several
drawbacks. For example, the caused adding inertia effects which must be compensated
by users or actuators, and the misalignment of the links will cause the discomfort and
even dangerous injuries to the users.

For solving the previous problems, several soft, suit-like exoskeletons (also known as
“exosuit”) have been proposed in recent years. Because of using soft materials like
fabrics and cables, the exosuits much lighter than the exoskeletons, therefore, only a
little inertia is added to the wearer’s movement. Additionally, since there is no rigid
joints or frames exist in exosuits, so there is no problem relating to the joint
misalignment. Unlike conventional exoskeleton, exosuit does not contain any rigid
elements which can transfer loads to the ground hence the wearers must sustain all the
compressive forces by their own bones. Two prototypes of lower-extremity exosuit
have been designed by researchers from the Wyss Institute for Biologically Inspired
Engineering at Harvard University [98]-[101]. The first one is a lower-extremity
exosuit actuated by custom Mckibben style pneumatic actuators (Figure 1-32a) which
can assist the hip, knee, and ankle. The actuators attach to the exosuit through a network
of soft, inextensible webbing triangulated to attachment points. Because of the use of
soft material, this exosuit itself (human interface) weighs only 3.5kg, and experiment
shows that it can comfortably transmit joint torques to the user while not restricting
mobility. However, it also has some drawbacks like the air supplier is not portable
which can limit its mobility. The second one is a soft cable-driven exosuit (Figure 1-32b)
that can apply forces to the body to assist walking. The exosuit is fixed on the body by
straps and actuated cables can generate moments at the ankle and hip with magnitudes
of 18% and 30% of those naturally generated by the body during walking, respectively.
The geared motors are used to pull on Bowden cables connected to the suit near the
ankle. Like the first design, the worn part of the suit is extremely light, hence the suit’s
unintentional interference with the body’s natural biomechanics is negligible.
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(a) Pneumatically actuated exosuit (b) Cable-driven exosuit

Figure 1-32. Lower-limb Exosuits.
(b) Upper-limb designs

Work-related diseases of muscle and skeletal system are prevalent among physically
demanding labors. Despite the industrialization has already proceeded for hundreds of
years, the number of occupational diseases, as well as cumulative trauma disorders
(CTD) caused by overwork, is still significant nowadays. They are caused by
ergonomic factors of the work environment, such as physical overload, compulsive
working postures, local stiffness of definite muscle groups and an adverse microclimate
[102]. When workers carry the load, the gravity and dynamic force of the load will
induce quite significant moments to the elbow, shoulder and trunk joint which will lead
to the fatigue and even injury of muscles like the bicep, anterior deltoid, spinal extensor
etc. [103].

Unlike the lower-limb designs which are mainly focused on the walking assistance,
upper-limb exoskeletons can be used for heavy load carriage and upper-limb
rehabilitation.

In some factories, workers need to operate hand tools like driller and welding gun and
using these tools for a long time can not only be physically exhausting but also lead to
muscle fatigue and injury. An exoskeleton recently designed by Lockheed Martin
named FORTIS (Figure 1-33a) allows its operators to support heavy tools and
enhancing their strength and endurance [104]. FORTIS weighs less than 12.3kg and it
transfers the weight of tools to the ground through a series of joints at hips, knees, and
ankles. One of the great advantages of FORTIS is that it does not need any actuators
(i.e. unpowered) and it can be used in different environments from factory to field work
because it is a wearable device and it moves along with the operator’s natural movement
while standing, bending, leaning or kneeling.

A French company, EXHAUSS, offers a range of exoskeletons, each intended to relieve
and protect operators, for various constraints related to handling or carrying loads or
tools [105]. In one of their designs, Cinemaker (Figure 1-33b), springs are used for
gravity balancing of carrying loads. Cinemaker has 6 DOFs which ensure the user
holding load with different postures.
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(a) FORTIS (b) Cinemaker
Figure 1-33. Upper-limb Exoskeletons.

Similar to the lower-limb designs, several researchers have also conducted their
research on the exoskeleton with soft materials for upper-limb rehabilitation and power
augmentation.

MAXFAS (Mechatronic Arm Exoskeleton for Firearm Aim Stabilization, Figure
1-34a) was designed by researchers from U.S. Army Research Laboratory [106]. This
exoskeleton aims at sensing and damping involuntary tremors in the arm during
shooting activities, and it consists of three carbon fiber braces: one attached to the
forearm and the rests attached to the upper arm. Six cables which control SDOF of the
arm terminated at the braces and the motors are mounted on a fixed frame. Due to its
cable-driven architecture and carbon fiber construction, MAXFAS adds very little
weight to the arm and unlike passive shooting aids that restrict natural voluntary motion
of the arm, it allows such motions due to its control algorithm and the lack of rigid
joints at the shoulder and elbow. In the test of a small group of mostly inexperienced
shooters, MASFAS significantly improved shooting performance and reduced arm
tremors. However, one of the major defects of this exoskeleton is that it can not move
because of the fixed motors.

Another assistive device with cables for handling heavy objects has been proposed by
STRONGARM (Figure 1-34b). The handling system has a rigid frame with a cable
winding system. The rigid frame is worn on the user’s body and the other end of the
cable with the is on the user’s finger. When users want to pick up the load, they stretch
their arms to the load with the cable locking mechanism on their fingers. Then when
they pick up the load, because of the pressure between the load and hands, the cable
locking mechanism will be engaged to stop the releasing of the cable. Hence, the gravity
of the load will be transferred to the user’s body through the cables.
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(2) MAXFAS (b) STRONGARM

Figure 1-34. Upper-limb exoskeleton using soft material.

1.3.3 Collaborative industrial robot

In the late 20 century and the new millennium, industrial robots have been widely used
in the manufacturing industry with various applications, ranging from spot welding in
the manufacturing in automobiles to the pick-and-place operations in the packaging
process. The deployment of industrial robots has many advantages, such as: the
repeatability as a tool to achieve consistent quality, the speed and force they make
available for the manufacturing processes, the flexibility for different tasks brought by
the programmability, the possibility to directly participate hazardous production tasks,
and the reduction of the manpower needed. Although industrial robots have drastically
increased the efficiency of manufacturing, however, they still have some drawbacks.
The installation and commissioning of industrial robot applications are associated with
appreciable effort and cost, the underlying assumption in their large-scale deployment
in production environments still rests on the economy of scale, which means that for
small-scale production or customized production, the deployment of industrial robots
is not favorable in terms of the cost. Besides, according to ISO standards, industrial
robots are hazardous machines that require safeguarding against human intervention,
therefore, investments in protective guards and safety equipment are non-negligible and
large spaces are needed for creating safe space for the workers.

Recent years have seen a rather rapid development of more complex safety
functionality for industrial robots, driven by the advances in microprocessors and safer
components on all levels. In this context, small-scale industrial robots which allow the
physical interaction between robot and human have been developed by the top
industrial robot manufacturers and technology start-ups. This kind of robot is called
collaborative industrial robot (cobot for short). Collaborative industrial robots are
highly complex machines which are able to work hand in hand with human beings and
support and relieve the human operator in a conjoint workflow. Compare to
conventional robots, collaborative robots have their unique features in terms of safety
concerns. According to the International Standards ISO 10218 [107], there are four
general safety features for cobots:

(] Safety Monitored Stop: This kind of collaborative feature is used when a robot is
mostly working on its own, but occasionally a human might need to enter its
workspace. For example, if a worker had to perform a certain operation to a part
while the robot was still handling it or remove that part from the cobot’s end effector,
the cobot will cease movement, but not completely shut down to easily resume its
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tasks when the human leaves. Notice that these types of robots are most efficient
when people work mostly apart from the robot, but might get closer for a small
amount of time. Otherwise, a lot of time could be lost as the robot continuously
stops for human interruptions.

7 Hand Guiding: Hand guiding is a collaborative feature used for path teaching a
robot — literally guiding the robot through a sequence of motions required to
complete a task, like pick-and-place applications. These cobots often using end
effector technology to sense its position and read forces applied to the robot’s
tooling, allowing a cobot to learn through the demonstration of an operator. It
should be noticed that, this type of collaboration only applies to the robot while it
is performing this particular function, which means that while the robot is
functioning in its other modes, the robot still needs to have safeguarding in place.

[1 Speed and Separation Monitoring: For applications requiring more frequent
human intervention with larger cobots, a laser vision system can be installed in the
environment to allow the robot to sense a human’s proximity. The robot will act
within the functions of the safety zones that have been pre-designed for it. If the
human is within a certain safety zone, the robot will respond with designated speeds
(generally slow) and stop when the worker comes too close. So, when the workers
are approaching the robot, it slows down, as the workers approach even closer, the
robot slows down even more or stops. The robot will resume its task and slowly
accelerate its motion as the operator moves further away.

(1 Power and Force Limiting: Force limited collaborative robots can read forces in
their joints, like pressure, resistance or impacts using embedded sensors. The cobot
can feel abnormal forces in its path. In fact, it is programmed to stop when it reads
an overload in terms of force. The new ISO/TS 15066 technical specification
specify the maximum forces and energy that can be applied to a human without any
harm.

With the great benefits and potentials of cobots, conventional industrial robot
companies start to develop their collaborative versions of robot. German-based
industrial robot pioneer KUKA released the first cobot LBR 3 in 2004. This computer-
controlled lightweight robot was the result of a long collaboration with the German
Aerospace Center since 1995 [108]. The LBR 3 has 7 degrees of freedom and with the
capability of handling a payload up to 14kg. After the LBR 3, KUKA developed the
succeeding models with more advanced collaborative features: the KUKA LBR 4 in
2008 and the KUKA LBR iiwa (shown in Figure 1-35a) in 2013. It can be seen that the
KUKA LBR-series robots are all designed with round shells which are expected to
dissipate forces in case of impact on a wide surface. Additionally, they all have internal
motors and wiring which is intended to shrink their overall size as much as possible.

Following the step of KUKA, a Danish technology start-up Universal Robots which
was founded by three engineers at the University of Southern Denmark, released its
first cobot, the URS (shown in Figure 1-35b), in 2008. After the URS, Universal Robots
released the UR10 which has a higher lifting ability and a tabletop cobot UR3, in 2012
and 2015 respectively. All these three cobots have six degrees of freedom and the
number in their name denotes the maximum payload in kg they can manipulate.
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(b) Universal Robots: UR 5

(d) Denso: Cobotta

%?

(e) Rethink Robotics: Baxter (f) ABB: Yumi

Figure 1-35. Collaborative industrial robots.

After the success of cobots from KUKA and Universal Robots, Japanese robot
manufacturer Fanuc released its first cobot CR-35iA (shown in Figure 1-35¢) in 2015.
CR-35iA is one of the biggest cobots from now with the maximum payload up to 35kg.
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Another Japanese company Denso released a tiny table top 6-DoF cobots Cobotta
(shown in Figure 1-35d) in 2017 which is one of the smallest cobot with a maximum
payload of only 0.5kg.

Apart from the previously mentioned cobots which are all single-arm design, dual-arm
cobots are also developed for having more flexibility and being more anthropomorphic.
Dual-arm cobots function more like a human, hence during co-working with workers,
they have more autonomy which operates similarly to a co-worker instead of a robot.

The American startup Rethink Robotics which was founded by the former professor of
MIT Rodney Brooks, released their first industrial cobot Baxter (shown in Figure 1-35¢)
in 2012 and a smaller, faster collaborative robot Sawyer in 2015, designed for high

precision tasks. Baxter is a dual-arm cobot which has 7 degrees of freedom for each of

its arm (14 degrees of freedom in total). It has an animated screen for a "face" that

allows it to display multiple facial expressions determined by its current status. There

are sets of sensors on its head that allow it to sense people nearby and give Baxter the

ability to adapt to its environment. These sensors give Baxter the ability to adapt to its

surroundings. Similar to Baxter, the Swiss-based industrial robot manufacturing giant

ABB also released a dual-arm cobot Yumi (shown in Figure 1-35f) in 2015.

Although the collaborative industrial robots provide a lot of merits in terms of its
collaborative features, however, it should be noticed that for most of the cobots, the
maximum payload they can handle is below 10kg. Hence, if we want a robot by itself
to take an operation on a have payload, the only choice is the conventional industrial
robot.

The critical review has shown that in each of the three examined parts there are design
concepts that can be improved. Therefore, the following tasks have been considered in
the thesis.

1.4 Outline of the thesis

The following problems have been discussed in the next chapters.

- Chapter 2 deals with the development of single actuator walking robots
designed by coupling of two mechanisms. Three various design concepts are
carried out via coupling of two units, which are either linkages or cam
mechanisms. The designs presented in this chapter have more flexibility related
to reviewed solutions. They allow one to create the walking robots with different
step lengths, with possibility to climb up stairs.

- Chapter 3 considers the optimal design and synthesis of gravity balancers,
which consist of a rotating link to be balanced and a two-link dyad. It is known
that a full gravity compensation of a rotating link cannot be achieved when a
non-zero free length spring, i.e. conventional linear spring, is used. To use non-
zero length springs, it is necessary to apply auxiliary mechanical systems. In
this chapter, three gravity balancers with different coupled units are proposed.
An optimization method based on the geometric synthesis of mechanism and
potential energy conservation is developed, which allows one to control the
optimal displacement of the spring providing a suitable balancing moment. The
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minimization of the unbalanced moment by taking into account the mass of the
added rocker and the spring is also considered.

- Chapter 4 presents a robotic suit (exosuit) designed for assisting people while
carrying heavy loads. Unlike the designs with rigid structures which have some
drawbacks like additional inertia and the incompliant interface between them
and users, for the proposed exosuit, polyethylene braid-style cables are used and
attached to the user’s body through anchors and attachment points, which
function as auxiliary muscles to apply force on both upper arm and forearm. The
weight of the cables is negligible and adds nearly zero inertia to users. One of
the characteristics of the proposed exosuit is that it has two operation modes:
passive and active modes. The kinematic and the dynamic models of the exsuit-
human coupled system are developed. And the static, kinematic and dynamic
simulation of the coupled system, as well as the optimization of the distribution
of cable attaching positions, are discussed. Finally, the experimental results
carried out on a mannequin test bench are presented.

- Chapter 5 considers a coupled system including a hand-operated balanced
manipulator (HOBM) and an industrial collaborative robot (cobot) is presented.
The advantages of the coupled HOBM and cobot are disclosed and the optimal
design of the cooperative workspace is discussed. Dynamic analysis of the
coupled system is performed for investigating the oscillation of the HOBM at
the final phase of the prescribed trajectories. Two methods for reducing the
oscillation of the HOBM though introducing a telescopic axis and damping
moments are proposed. The additional load exerted on the cobot by the inertia
effects of the HOBM is studied and the admissible trajectory of the coupled
system is determined.

- This thesis ends with conclusions.
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Chapter 2

Design and synthesis of single actuator walking
robots via coupling of linkages

2.1  Design and synthesis of a single actuator walking robot via coupling of four-
DT TINKAZES ...eeeeeiiiie et st 37

2.2 Design and Synthesis of a Single Actuating Walking Robot via Coupling an
adjustable slider-crank MeChaniSm ..........cceeeviiiriiieniiienieeeee e 46

2.3  Design and synthesis of a single actuator walking robot via coupling of the
driven cam system and the pantograph mechanism ........cc..cccooceeiniiiiniiinnennnienns 53

2.4 SUITIMATY ..eeiniiieeiieeiiieeeiteeeieeeetteesiteeeebeesseaeestaeesssaeessseeessseessaseesnnseesnsseesnnns 60

This chapter deals with the development of single actuator walking
robots designed by coupling of two mechanisms. The advantages of such
robots have been disclosed in chapter 1. It is the simplicity of the design
and its control system. In this chapter, three various design concepts are
considered. All proposed concepts are carried out via coupling of two
units, which are either linkages or cam mechanisms.

In the first section of the chapter, the single actuator walking robot
is designed via coupling of two four-bar linkages. For this purpose, the
geometric synthesis of the four-bar linkage through the prescribed path
has been developed. Based on the Genetic Algorithm, the synthesis
allows one to ensure the reproduction of prescribed points of the given
trajectory obtained from the walking gait. The actuator mounted on the
robot’s frame moves both legs, which are four-bar linkages. A walking
robot designed by suggested concept can move both forward and
backward directions. The observations showed that such a robot can
ensure only a constant step during the walking gait.

The adjustment of geometric parameters of a four-bar linkage to
obtain variable lengths of steps is a fairly complex problem. Therefore,
in the next section, the design of a single actuator walking robot based
on the coupling of slider-crank mechanisms is considered. It is shown
that the length of the step can be modified via the changing the offset of
the slider guide. The CAD simulations show that the proposed design
concept allows one to vary the offset of the slider guide from 0 to 60cm
and obtain lengths of steps from 120cm to 160cm. Thus, the adjustment
of the offset of the slider guide allows one to obtain steps with variable
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lengths. However, that does not allow one to change the form and the
orientation of steps.

Hence, in the last section of the chapter, the design of a single
actuator walking robot via the coupling of a cam mechanism and a
pantograph linkage is discussed. In this case, the adjustable parameters
are the angle between the cam mechanism and the robot moving frame,
as well as the input points of the pantograph mechanism. The proposed
concept allows significant variations of the walking speed during the
horizontal displacements of the robot and climbing stairs.

All suggested design concepts have been validated through CAD
simulations carried out via ADAMS software.

361Page



2.1 Design and synthesis of a single actuator walking robot via coupling of four-bar
linkages

2.1 Design and synthesis of a single actuator walking robot via coupling
of four-bar linkages

2.1.1 Introduction

The four-bar mechanism is one of the simplest but practically widespread mechanisms.
It has been used in various industrial fields, such as automatic door-closing systems,
train suspensions, front loader mechanisms, wiper-blades mechanism, etc. In order to
adopt the four-bar mechanism into different engineering fields, many researchers
[109]-[112] have conducted their researches on the graphical and analytical methods
of the synthesis of the four-bar mechanism. However, these methods are often with low
precision and will increase the complexity when the prescribed points increased [113].

In the last three decades, with significant development of the computer industry, the
computational ability of computer has been greatly increased which allow researchers
via numerical methods to solve sophisticated optimization problems in the field of
geometrical synthesis. Genetic algorithm (GA) is a kind of mathematical algorithm
which is inspired by the process of natural selection. Nowadays, GA is widely and
commonly used for solving complex optimization problems [114].

In this section, the design of a single actuator walking robot via coupling of four-bar
linkages 1s considered. Therefore, firstly, let us consider the synthesis of the four-bar
linkage with GA.

2.1.2 Synthesis of the four-bar linkage via genetic algorithm
a) Optimization method

In GA, a population of candidate solutions (individuals) to an optimization problem is
evolved toward better solutions. Like the creature, each individual has a set of
properties (chromosomes) which can be mutated and altered.

Normally, the GA starts from a population of individuals which are randomly
generated, and the population in each iteration is called a generation. In each generation,
there is an objective function to evaluate the fitness of each individual in the population.
The more fit individuals are stochastically selected from the current population, and
each individual’s genome is modified (recombined and mutated) to form a new
generation. The new generation of candidate solutions is then used in the next iteration
of the algorithm. Commonly, when the maximum number of generations or a
satisfactory fitness level is reached, the GA will be terminated. The general procedure
of GA is shown in Figure 2-1.
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Figure 2-1. General procedure of Genetic Algorithm.

The selection procedure chooses parents for the next generation based on their fitness
values. During each successive generation, a portion of the existing population is
selected to breed a new generation. Certain selection methods rate the fitness of each
solution and preferentially select the best solutions. Other methods rate only a random
sample of the population, as the former process may be very time-consuming.

In the present study, the stochastic uniform method is used in the selection procedure.
It lays out a line in which each parent corresponds to a section of the line of length
proportional to its expectation. The algorithm moves along the line in steps of equal
size, one step for each parent. At each step, the algorithm allocates a parent from the
section it lands on. The first step is a uniform random number less than the step size.

In GA, the crossover is a genetic operator used to vary the programming of a
chromosome or chromosomes from one generation to the next. It is analogous to
reproduction and biological crossover, upon which genetic algorithms are based. Cross
over is a process of taking more than one parent solutions and producing a child solution
from them. There are methods for selection of the chromosomes (i.e. Scattered, Single
point, Intermediate).

Scattered has been used in the Crossover process of the present study. Scattered creates
a random binary vector. It then selects the genes where the vector is a 1 from the first
parent, and the genes where the vector is a O from the second parent, and combines the
genes to form the child. This method can be shown as

pp=labcdef gh]

p, =112345678]

random crossover vector = [11 0010 0 0]
child = lab34e678]

2-1)
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Mutation is a genetic operator used to maintain genetic diversity from one generation
to the next. It is analogous to biological mutation. Mutation alters one or more gene
values in a chromosome from its initial state. In mutation, the solution may change
entirely from the previous solution. Hence GA can come to a better solution by using
mutation. A mutation occurs during evolution according to a user-definable mutation
probability. This probability should be set low. If it is set too high, the search will turn
into a primitive random search.

There are several algorithms for Mutation in GA, for example, Gaussian, Uniform, and
Adaptive feasible. In the present study, the Adaptive feasible has been used in the
Mutation procedure. It randomly generates directions that are adaptive with respect to
the last successful or unsuccessful generation. A step length is chosen along each
direction so that linear constraints and bounds are satisfied.

Let us consider the application of the GA to the optimal synthesis of the four-bar linkage.
b) synthesis of four-bar mechanism with prescribed path trajectory

To adapt the GA to the path-generation based optimal synthesis of the four-bar
mechanism (Figure 2-2), the goal function in the GA must be defined at first.

|
Y
r E
X J
lex I3 m
D 4
8 Y,
(2] 2 B
2 r 0,
Yo A “o,
O Xg X

Figure 2-2. A planar four-bar mechanism with design parameters.

The ultimate goal of the path-generation based optimal synthesis is to optimize a four-
bar mechanism which can generate a path (the trajectory of point C in Figure 2.2) as
close as possible to the prescribed points (also known as design points). Hence, the first
part of the goal function is the difference between actual points and design points, which
can be expressed by:

i[(% -Gy =(Cy, =G| (2-2)

i=1

where N is the number of design points, Ci=[Cy, Cy]=[Cx(0 ), Cx(6; )] is the coordinates
of actual path points of the optimized four-bar mechanism, C, =[Cy, Cy] is the
coordinates of the design points.

In the optimal synthesis, the design variables are 7, r2, 13, 4, rex, Fey, G0, X0, Yo, and input
angle 02 as shown in Figure 2.2. However, to calculate the coordinates of actual points
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C;, the value of 63 must be solved first. In order to calculate 63, the closed equation of
the four-bar mechanism has been introduced:

rsing, +r,sind, =r,sin 6, (2-3)
1,080, +1,c080, =1, +r,cos 0,
It can be rewritten as:
cos@, =(r,cosb, +r,cosd,—r)/r, (2-4)
sin@, = (r,sinb, +r,sin6,)/ r, )

By squaring both the equations of Eq. 2-4 and adding them together, we can obtain a
quadratic equation with respect to cos#3;. And the solution can be represented as
flowing:

2 2 2 172
AB AB B -C
COS 93 = F + |:(FJ - D2 :| (2-5)

where:
A=2r3(r2cos02-r;)
B=r,-r -1 -1, +2rr2c0s6>
C=2r>r3sin6>
D=(A2+C2)"”

then 65 and 64 can be easily calculated:

AB [(aBY B-C*]|
0, =arccos —*|| — | — 5
] D D D

(2-6)

6, = arccos[(r, cos 6, +r;cos 6, — 1) / 1, ]

Thus, the position of point C in the local reference O2X,Y,, which has been defined in
Figure 2-2, is:

Cy, =r,c086, +r, . costh—r, sinb,

2-7
Cy, =r,sind, +r, sin6 +r, cost, -7
and it can be transferred to the global coordinate in reference OXY:
C cosf, —sinf, || C X,
X — ' 0 0 Xr + 0 (2-8)
G, sing, cos@, || C,, Yo
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The first part of the goal function can be calculated from Eq. (2-2).

In order to obtain a desirable four-bar mechanism, there are several constraints which
have to comply with. For example, the Grashof condition which allows at least one link
has the entire rotation, sequence condition of input angle &> which guarantee the
continuity of input angles, and the limitation of design variables. Therefore, in the
second part of the goal function, these constraints have been introduced. Now, the
synthesis conditions can be described as follows:

i=1

N
min {ZB%(X)—@(X)Y+<C;d<X>—C;<X>>2]}
subject to:
(a) Grashof condition: 2(¥max+¥min)<(r1+r2+r3+rs)

(b) Sequence condition: & <@,V <, <@y Y

(c) Limitation of design variables: x, [L, L/ ]Vx, € X

where rnax is the length of the longest linkage, rin i the length of the shortest linkage,
0, is the value of 6; in its i position, #;=min{6; }, X is the set of all design variables,
L; and L} are the lower and upper limit of i”* design variable.

In GA, the limitation of design variables can be prescribed. With the addition of the
penalty of the constraints, the entire goal function can be written as:

N
min {2[(%(}() (X)) +(Cpy(X) = C(X))* |+ BA(X)+ szz(X)} (2-9)

i=1
where fi(X)=0 when Grashof condition is satisfied

f1(X)=1 when Grashof condition is not satisfied

J2(X)=0 when Sequence condition is satisfied

f2(X)=1 when Sequence condition is not satisfied

and P; and P; are the penalty coefficients of Grashof and Sequence condition, which
are usually set to a high value in order to have suitable results.

2.1.3 Design of the walking robot with one actuator via four-bar
mechanism

In the present study, Matlab and its GA toolbox have been used for the implementation
of the method described in the previous part. The general setting of the problem is
showed by Table 2-1. During the optimization, the best fitness values with respect to
the generation are shown in Figure 2-3. The optimization satisfied the stopping criteria
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at 50™ generation with a final error of 0.029 and the best optimized parameters are: r/=
34.38 mm; r2=12.45 mm; r3= 33.19 mm; r4= 40.85 mm; re=14.66 mm; r,=34.20 mm;
00=0.249; xp=44.95 mm; yo=25.73 mm; 0;=5.806; 6;=6.209; 65=0.221; 6:=0.524; &,
=0.949; 63 = 3.481. Figure 2-4 shows the trajectory generated by the designed
mechanism and prescribed points. As we can see, this is a very desirable trajectory for
design a walking robot. Figure 2-5 shows the change transmission angle of the optimal
mechanism with the rotation of the input link. It can be seen that the optimal mechanism
is a proper design since the transmission angles are between 35° and 80° [115].

Table 2-1. General Setting of the optimization

C, (i=1-6) (mm) (20,20), (30,20), (40,20), (50,20), (60,20), (40,4)

Optimized Parameters Fi, 12, 13, T4, Fex, Tey, 60, X0, yo, 053 =1,2,...,6

Fi, 12, 13, T4, Fex, Fey, X0, Y0€[0,60];

Limits of the Parameters
0o, 0; €[0,27]; i=1,2,...,6

Amount of population: 1000; Crossover fraction: 0.8;

Setting of GA Maximum generation: 1000

8000

o)
S
S
S

Best Fitness Value
P
(e2)
o

0 10 20 30 40 50
Generation

Figure 2-3. Best fitness values with respect to the generation.
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Figure 2-5. Change of transmission angle with respect to the input bar angle.

After obtaining the parameters of the optimal four-bar mechanism, the design the
walking robot can be carried out. Figure 2-6 shows the relationship between input link
motion and leg trajectory. It can be seen that the input link motion with respect to the
stand and swing phase are equally divided where the input link motion with respect to
the stand and swing phase is represented by the thick and thin dot lines respectively.
The thick and thin part of the foot trajectory represent the leg in stand and swing phase
respectively; the difference of the angles of input bar between two legs is always 180
deg, hence the left and right leg can be driven by a single actuator. The CAD model of
the suggested walking robot was built by using dynamics simulation software ADAMS
(Figure 2-7). It should be noted that two feet are connected at the output points of the
four-bar mechanisms by torsion springs and dampers which maintain the balance of the
robot during walking.
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Figure 2-6. Leg trajectory with respect to the motion of input link.
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Figure 2-7. CAD model of the walking robot.
2.1.4 Illustrative example with CAD simulation results

To validate the capability of the proposed walking robot, simulations were carried out
via ADAMS software.

In order to simulate the proposed design in both different speeds and different walking
directions, there different rotational speeds of actuator have been set, which are 60deg/s,
120 deg/s, -60 deg/s respectively. The total simulation time of each simulation is 30s.

Figure 2-8 and Figure 2-9 show the snapshots of part of the motion of the walking robot
during simulation when it’s walking forward and backward with the speeds of the
actuator are 60 deg/s and -60 deg/s respectively. The simulations validated that the
robot has the ability of both walking forward and backward.
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1

£

Figure 2-8. Snapshots of the simulation when robot moving forward.

Figure 2-9. Snapshots of the simulation when robot moving backward.

The displacements of the mass center of the robot’s moving frame along the walking
direction with different actuator speeds are shown in Figure 2-10. As we can see from
these two figures, the robot was walking at a constant speed with both low and high
speeds and different walking directions.

Figure 2-11 shows the power consumption with respect to the different phase of the gait
cycle. It can be seen that, during the two transition phases (about 0~10% and 50~60%),
the power consumption is fluctuating since in these phases, the front foot is transiting
from the swing phase to the stand phase and the contact force between the foot and the
ground will exert perturbation to the robot.
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Figure 2-10. Displacements of the mass center of robot’s moving frame along
walking direction with different walking speeds.
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Figure 2-11. Power consumption in different phase of gait.

2.2 Design and synthesis of a single actuator walking robot via coupling
adjustable slider-crank mechanisms

2.2.1 Introduction

As shown in the previous section, leg mechanisms have a lot of advantage like having
only a single DOF and not requiring a complicated control systems. However, for a leg
mechanism with certain lengths of links and revolute joints, only a fixed gait can be
generated. If one wants to change the gait, for example, increasing the stride length, we
have to redesign the mechanism and change the lengths of its links. Thus, the
adaptability of the leg based on the four-bar linkage is limited.

To create a leg with variable gaits, in this section, an adjustable slider-crank mechanism
is proposed.
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2.2.2 Synthesis of adjustable slider-crank mechanisms

The proposed adjustable slider-crank mechanism is shown in Figure 2-12. In the
mechanism, the crank OA rotates about the fixed pivot O, and the slider is linked with
crank OA via connecting rod AB. A second rod AC is fixed with link AB for generating
the output trajectory at point C.

Figure 2-12. The adjustable slider-crank mechanism.

For a given input angle of the mechanism 6;, coordinates of the point A can be
expressed as:

{x =1 cos(-6) 2-10)

v, =1, sin(=6))

where /; is the length of the link AB.

Then the position of slider B can be calculated by:

Xp=a
2-11
Ys = Ya+yl —(a—x,)’ 1D

where /> i1s the length of connecting rod AB and, a is the distance between the slider
guide and the fixed pivot O.

The counterclockwise angle between the links OA and AB is:
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—arccos[MJ (X, Y5 — Vx5 20)
[Voul [V as]
0, = (2-12)
Vo,V
—arccos[MjJrn (x, ¥ — y,%x5<0)
[Voul [V as]

where voa and vag denote the vector from point O to point A and from point A to point
B respectively.

Thus, the coordinates of the coupler point C can be written as:

{xc =1, cos(~0) +1,cos(~0, +0, + ) 2-13)

Ve =1, 8in(=6,) + L, sin(—6, + 6, + )
where /3 is the length of the link AC.

For the proposed adjustable slider-crank mechanism, when the lengths of the links are
determined, its capability of generating various path is ensured by the adjustment of the
offset of slider guide a and the angle £ between the links AB and AC. The output path
at the point C is constrained by the geometric property of dyad OAC where all the
generated paths are tangent to two concentric circles with radii of R =/ +/, and

R, = |ll _l3

the point C is at the maximum distant Rimax or minimum distance Rmin to pivot O.

, and lie inside the range of them. When link OA is colinear with link AC,

Different paths generated by adjusting the value of a and f of the proposed slider-crank
mechanism with the non-dimensional lengths of links /;=1, [>=5, [5=10 are show in
Figure 2-13. The various adjustable parameters of the paths are as following: path (a):
S =20 deg, a =2; path (b): p =10 deg, a =2; path (¢): p =20 deg, a =3; path (d): f =10
deg; a =3.

Figure 2-13. Different paths generated by the adjustable slider-crank mechanism.
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2.2.3 Design of the single actuator walking robot via adjustable slider-
crank mechanism

In order to apply the proposed mechanism for designing the single actuator robot, let
us first assume that for a full range of motion of the driving link OA (6, € [O, 27[] ), the
input angles corresponding to the stand and swing phases of walking are equally divided.

Hence the phase difference between the two legs of the robot is always 7, which gives
the possibility for actuating the robot by only one motor.

For ensuring the output trajectory of the mechanism is not skew, we let the coupler
point at its maximum and minimum distance to the fixed pivot when input angles equal
90 deg and 270 deg respectively. Hence the angle between the coupler AB and
connecting link AC is:

Y’ :g—arcsin [ZEJ (2-14)

Thus, to ensure this constraint, only one adjustable parameter a should be considered.

The two input angles of the left and right leg, 6 and ;" corresponding to the

situation when both legs are touching the ground can be calculated by solving Eq. (2-
15).

Y6, =6") = y.(6,=6"") 2-15
‘Hllefft _leighr =7 ( - )

Then the step length /s, of the leg mechanism can be obtained by:
Ly = |%c (6, =61) = x.(6, = 6*) (2-16)

In the proposed design of the single-actuator walking robot, the lengths of each link of
the leg mechanism are chosen as following: /;=20mm, /2=100mm, and /5=400mm. And
the moving range of the slider guide isa € [0, 60mm].

The step length with respect to the slider guide position is shown in Figure 2-14. It can

be seen that, while the slider guide is moving away from the fixed pivot, the step length
of the leg mechanism is increasing exponentially.
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Figure 2-14. Step length with respect to the slider guide position.
2.2.4 Illustrative example with CAD simulation results

For illustration and evaluation of the performance of the proposed design, a CAD model
has been built via ADAMS (Figure 2-15). As shown in the figure, the grey box is the
body frame of the robot which contains the actuator, battery, transmission system and
payload. Two adjustable slider-crank mechanisms are linked with the body on the left
and right sides. In order to keep the feet always being parallel to the ground,
parallelogram mechanisms have been created between the leg mechanisms and the feet.

Body Frame

Parallelogram
mechanism

Figure 2-15. ADAMS model of the proposed design.

In the simulations, four configurations of the adjustable slider-crank mechanism are
chosen and their offset of slider guide (a), fixed angle (f), and step length are shown in
Table 2-2. Figure 2-16 shows the gait generated by the slider-crank mechanism with
adjustable parameters.
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Table 2-2. Variation of adjustable parameters and step length of the leg mechanism

No. of gait 1 2 3 4
a (mm) 0 20 40 60
pf (deg) 0 11.54 23.58 36.87
Step length (mm) 120 123.43 135.25 162.53
340F ' ' [—a=0
—a=20mm
-360 a=40mm
—a=60mm
_ -380 —
=)
E-400t
>
-420 +
-440 +
-460

-80 -50 -20 10 40 70 90
X (mm)

Figure 2-16. Different gaits generated by the walking robot.

Simulations with different step lengths of the walking robot have been carried out via
ADAMS. All the simulations have been carried out with the input rotational velocity
of the input crank as 30 deg/s.

Figure 2-17 shows the snapshots of the animation of simulations while the robot is
walking with different configurations of the leg mechanism. It can be seen that, for all
the simulations, the robot can walk steadily and the distance between the two snapshots
is increased when the offset of the glider is increased.

The horizontal displacement of the robot with different configurations is shown in
Figure 2-18. For all the simulations, the robot can walk with a constant speed and the
speed changes with the variation of the offset of the slider guide. Figure 2-19 shows the
energy consumption of the robot while the leg in the different phase of gait cycle. It can
be seen that during the swing phase (0-50% of the gait cycle), the energy consumption
is very low since the energy is only used for moving the leg. And during the stand phase
(50%-100%), the energy is used for actuating the robot to walk forward and the energy
consumption is increased as the robot’s walking speed is increased.
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Figure 2-18. Horizontal displacement of the robot.
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Figure 2-19. Energy consumption with respect to the phase of gait cycle.

2.3 Design and synthesis of a single actuator walking robot via coupling
of the driven cam system and the pantograph mechanism

2.3.1 Introduction

The previous sections have shown that the single-actuator walking robots can walk
steadily on the flat terrain. Thus, the leg mechanisms produce either a constant or
variable step length.

In this section, a single actuator walking robot with the adjustable parameters for
changing output gait is proposed. It allows not only to produce a walking motion on a
horizontal surface but also to climb stairs.

2.3.2 Design of the walking robot with adjustable parameters

The proposed 1 DOF leg consists of a cam mechanism with a variable angle of

inclination connected with a pantograph mechanism permitting to amplify the input
motion. Two adjustable parameters are included in the proposed walking robot: an
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angle of inclination of the cam mechanism permitting the robot to climb stairs and a
pantograph mechanism having the possibility to be fixed in two different axes.

Figure 2-20 shows the motions of the proposed leg mechanism with two different points
of fixation. As can be seen from Figure 2-20(a) and Figure 2-20(b), for the same input
trajectories of the point C of the cam mechanism two output trajectories are produced.

a) b)

Figure 2-20. Leg mechanism with two output trajectories.

The pantograph mechanism is used to amplify the input trajectory of point C into the
output trajectory with the same shape of point A. In the suggested design concept, the
fixed point can be either B, or B, . Changing the position of the fixed point

B (i =lor 2) on the body frame allows one to obtain two output trajectories with

different magnitudes. The amplify ratio of the pantograph mechanism depends on the
length of links. For the first case shown in Figure 2.20(a), the amplify ratio is
k, = B,A/ B,C and for the second case shown in Figure 2.20(b), the amplify ratio is

k,=B,A/ B,C . Thus, given the need of walking gait, two different possible steps can
be produced with small or large stride length.

The choice of adjustable parameters Bi(i =1lor 2) can be carried out taking into

account the size of the obstacles and the imposed speed of walking.

The second adjustable parameter is the angle of inclination of the cam mechanism. The
rotation of the axis a-a of the cam mechanism at an angle of « (Figure 2-21) allows
one to change the orientation of the input trajectory. Such an adjustment allows the
walking robot to climb stairs. The value of the angle « depends on the stair’s
parameters (height and width). Based on the stair’s parameters, the walking robot can
be adjusted with inclination angle « as well as with small or large stride length.
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Output trajectory -~

Figure 2-21. Leg mechanism with a rotated input cam mechanism.

To illustrate the efficiency of the suggested walking robot let as consider CAD
simulations carried out via ADAMSA software.

2.3.3 Properties of the proposed walking robot and its CAD model

The CAD model of the legged walking robot was created via CATIA software, Figure
2-22 shows the robot’s body without the pantograph mechanisms. The robot’s body
includes a main body, two cams on each side which can rotate relative to the main body,
two rolling balls were inserted into the profile of each cam, two rolling bars on each
side, which rotate about the center of each cam. Two sliders link to the rolling balls on
one side and link to the input point of pantograph mechanism on the other side and have
translational motion with rolling bars.

Body frame Cam

Rolling bar/r<,
Slidel/

Rolling ball

Figure 2-22. Robot’s body without pantograph mechanism.

Once the CAD model had been built, it was imported to ADAMS and pantograph
mechanism was created. And in order to keep the balance of the robot, a movable
counterweight was added on the robot. The ADAMS model of the legged walking robot
is shown in Figure 2-23. And Table 2-3 shows the geometrical coordinates of this
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pantograph mechanism. For this pantograph mechanism, when B is the fixed point, the
amplify ratio is 2, and when Bz is the fixed point, the amplify ratio is 1.

Table 2-3. Coordinates of the axes, input and output points of the pantograph
mechanism.

Point X(mm) Y(mm)

A 0 -600
B1 0 -200
B2 0 -300
C 0 0

D -100 -66.67
E -300 -200
F -150 -400
G 50 -266.67

— )

Counterweight

Figure 2-23. ADAMS model of the legged walking robot.
2.3.4 Simulation results

In order to validate the feasibility of the proposed walking robot, simulations via
ADAMS have been conducted with different adjustable parameters and different
environments.

First, two simulations were performed when the robot was walking on the plain road
and the fixed point of the pantograph mechanisms was on B1 and B: respectively. The
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same input motion speed was set for both of the simulations. Figure 2-24 shows the
horizontal displacement with the fixed points on B; or B». And the snapshots of the
simulations are shown in Figure 2-25. It can be seen that, with different fixed positions,
the walking robot can generate different gait with different length. And the power
consumption of the actuator of the robot’s left leg while walking on the plane road is
shown in Figure 2-26. From 0 to 50% of the gait is corressponds to the stand phase and
the rest is corresponds to the swing phase.
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Figure 2-24. Horizontal displacement with fixed points: B and Bo.
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(b) fixed point on B>

Figure 2-25. Snapshots of simulations with different fixed points of pantograph
mechanism. (walking on plane surface)
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Figure 2-26. Power consumption of the actuator of the left leg when fixed point on B
and B2 (walking on a plane surface)

The second set of two simulations were performed when the robot was climbing stairs.
Similar to the previous simulations, the same input motion was executed on each side
of the rolling bars, the angle between two cams and the body of the robot was adjusted
to 20 deg. Figure 2-27 shows the horizontal and vertical displacements of the walking
robot when the fixed point is on B or B,. Figure 2-28 shows the snapshots the two
simulations with different fixed points. It can be seen that, after changing the cam angle
a, the robots can generate tilted gatis which allow them to climb stairs. Additionally,
the change of fixed points of the pantograph mechanism allows the robot to climb
different sizes of stairs. Figure 2-29 shows the power consumption of the actuator of
the robot’s left leg while climbing stairs.

6000 T T T T . ! 2500 : .
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= 4000 b=
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Figure 2-27. Horizontal and vertical displacement when the fixed point on B1 and B2
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Figure 2-28. Snapshots of simulations with different fixed points of pantograph
mechanism. (climbing stairs)
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Figure 2-29. Power consumption of the actuator of the left leg when fixed point on B
and B: (climbing stairs)
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2.4 Summary

In this chapter, the various techniques of the design of single actuator walking robots
have been considered. These designs were achieved via the coupling of different kinds
of mechanisms.

In the first section, a walking robot with reduced degree of freedom has been designed
based on a four-bar mechanism. In order to let the four-bar mechanism generate the
desired trajectory, a mechanism synthesis based on the Genetic Algorithm has been
developed. The proposed geometric synthesis of the four-bar linkage allows one to find
the lengths of links that ensure the reproduction of prescribed points of the given
trajectory. The suggested walking robot consist of a moving frame connected with two
synthesized four-bar linkages. The actuator of the walking robot is mounted at the
center of its moving frame and moves both legs. Simulation results showed that the
robot is capable to walk steadily both forward and backward at different constant speeds.

However, such a robot can only generate a fixed gait pattern. Hence, in the next section,
a 1 DOF robot with adjustable slider-crank mechanism has been proposed. The output
trajectory of the suggested mechanism can be changed while changing the offset of the
slider guide. The step length of the robot is exponentially increased when the slider
guide is moving away from the fixed pivot. Simulations have been done with 4 different
given combinations of adjustable parameters, and results showed that the robot can
walk steadily for all the simulations.

To design a single actuator robot which has the ability of both walking on the plane
surface and climbing up the stairs, the robot must generate a tilted gait for reaching
higher\lower stair. In the last section, a 1 DOF legged walking robot using cam and
pantograph mechanism with adjustable parameters is proposed. The adjustable
parameters are the angle between the cam mechanism and the robot body and the fixed
point position of the pantograph mechanism. Simulations were performed via ADAMS
software. The obtained results showed that the change of fixed point position of the
pantograph mechanism can significantly change the speeds of walking and climbing
stairs, and it also can also change the power consumption. On the other hand, the
variation of the angle between cams and the robot’s body can let the robot be able to
climb stairs, and the angle can be adjusted to adapt the slope of stairs.
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Design and synthesis of gravity balancers with
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This chapter deals with the optimal design and synthesis of gravity
balancers, which consist of a rotating link to be balanced and a two-link
dyad. The proposed balancers use non-zero length springs.

In the design concept described in the first section, the balancing
spring is connected with the rotating link by means of an articulated
dyad forming a four-bar linkage. An optimization method based on the
geometric synthesis of the four-bar mechanism and potential energy
conservation is developed, which allows one to control the optimal
displacement of the spring providing a suitable balancing moment.

The second section of the chapter deals with a similar problem by
coupling a rotating link to be balanced with a dyad including a prismatic
pair. The added dyad combining with the rotating link forms a slider-
crank mechanism. The particularity of the suggested design concept is
that the balancing spring is installed on the fixed frame, which allows
one to reduce the errors due to the spring’s weight. An optimization
approach is applied to create a suitable balancing moment.

In the last section of the chapter, a balancer based on the inverted
slider-crank mechanism is considered. It is proposed to use the
minimization of the unbalanced moment by taking into account the mass
of the added rocker and the spring.
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3.1 Design and synthesis of a gravity balancer via coupling a rotating
link and a dyad with revolute joints

3.1.1 Introduction

As the literature review of gravity balancers mentioned in section 1.2, the use of
counterweights is a simple and not expensive solution. However, it leads to an increase
in the overall dimensions of manipulators, as well as to a substantial increase in inertia
of links. Increasing the inertia of links is undesirable because this creates additional
dynamic loads on the actuators that are not taken into account in static balancing, i.e.
in balancing of gravitational forces.

Balancing by means of springs is one of the promising ways to balance the gravitational
force of the robotic arm since it is easy to implement and does not need any further
energy consumption. However, it is known that a conventional linear spring directly
jointed with a rotating link cannot fully balance its gravitational forces. This requires
the use of special springs called “zero free length springs” [43]. These springs are often
applied in theoretical solutions, but they are very rare in real robotic structures.

One of the efficient ways to solve this problem is to add an auxiliary linkage to the
rotating link thus increases the number of free parameters, allowing the optimization of
the gravity balancing.

Various mechanisms and numerical optimization methods have been proposed in
previous researches that have been reviewed in the first chapter. It is understandable
that the use of numerical methods will lead to the minimization or cancellation of the
unbalanced moment due to gravitational forces. However, it is still more attractive to
find an analytically tractable solution that can be easily applied for the optimal design
of the mechanism.

The aim of this section is to contribute to the development of new balancers with non-
zero length springs. A gravity balancer via coupling a rotating link and a dyad with
revolute joints has been designed. In addition, an analytically tractable solution based
on the geometric synthesis of four-bar linkage and conservation of potential energy is
developed.

3.1.2 Design concept of a gravity compensator by creating a four-bar
mechanism

In the proposed design, shown in Figure 3-1, a dyad formed by links 3, 4 has been added
and connected with the rotating link 2 to be balanced. It can be seen that the added dyad
with original link 2 has formed a four-bar linkage OABC. To carry out the gravity
balancing, a spring is installed between the frame and the link 4 (Figure 3-1).
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Figure 3-1. Gravity compensator with a four-bar linkage.

The created linkage brings new geometrical parameters, which can control the
deformation of the spring. For achieving better balancing effect, optimization of these
parameters is carried out in the next section.

3.1.3 Optimization of gravity balancer based on the geometric synthesis of
four-bar linkage and potential energy conservation

a) Conservation of potential energy

At first, let us consider the balancing conditions from the conservation of potential
energy.

The potential energy of gravity can be written as follows:
P. =Gs(1+cos@,) (3-1)

where G is the gravitational force of the rotating link 2; ¢, is the rotational angle of link
2 and s =1, is the distance between the center of mass of the link 2 and its center of
rotation.

And the potential energy of the spring:

1
P, = EkAlz (3-2)

where, k is the stiffness coefficient of the spring and Al is the deformation of the
spring.

The whole potential energy of the system:
P=F,+P, (3-3)

where P¢ denotes the gravitational potential energy of rotating link 2 and Py, denotes
the elastic potential energy of the spring.
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It is known that the system will be balanced if:

dpP

—=0 (3-4)
do,

That means for every configuration of the system, the whole potential energy will
remain as a constant C.

Hence for a C=const, the balancing condition can be expressed as:
|
Gs(1+cose,) +§kAl =C (3-5)

and for a given C, the determination of the spring will be:

Al= \/2C—2Gs§<1+cos ,) (3-6)

Thus, [ =1, + Al, where [y is the initial length of the spring.

The angle ZOCB (see in Figure 3-1) of the four-bar mechanism OABC can be
represented by the expression:

(3-7)

2 N2 g2
AOCB:arcco{a +(h=b) l}

2a(l, —b)

where, a =1, is the distance between the centers of joints C and E; [, is the distance
between fixed pivots O and C; b is the distance between fixed pivots O and D.

The output angle y, of the four-bar mechanism OABC is:
v, =180°-Z0CB (3-8)

Hence, by imposing C and ¢}”, where i=1, ..., n is the number of given positions of

the rotating link 2, the output angles .’ can be determined. In another word, for a
balanced system, the output angles w.” is determined by given position of link 2 and

constant potential energy C.

b) Synthesis of four-bar mechanism

Let us denote the lengths of links of the four-bar mechanism OABC as follows: /;=loc,
[2=loa, I3=Iap and l4=Ipc. For the proposed geometric synthesis, it is better to use non-
dimensional lengths of links. Thus, admitting L;=1, the lengths of three other links
arel,=10>/1;, L3=I3/l;and Ls=14/1;.

According to the geometrical relationship of the quadrilateral ABCD [116], we can get:
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A" cos v, + B’ cos v, + C = cos(y, —v,) (3-9)

where, A" =1/L,, B =1/L,, C" =(1+L§ +L§—L§)/2LZL4 , ¥, and y, are shown in
Figure 3-1.

Let us now consider the synthesis of the balancing mechanism for 3 prescribed
positions. For three given input angles ", \”,w{" and three given output angles

1 2 .
v P, we will have:

cosy” cosy’ 1| A"| | cos(wl’ —w")
cosyl? cosyl? 1| B |=|cos(pl? —wi?) (3-10)
cosy cosytY 1|/ C | |cos(y —yi)

It can be seen that with three pairs of y, and y,, by solving eq. (3-10), we can get the
value of A", B", C" and the non-dimensional lengths of four-bar mechanism ABCD.

Then, with given length of fixed link /;, the real lengths of other links />, /5 and /4 can

be obtained. For the case with more than three prescribed, numerical methods like the

least square method can be used for approximately solving the equations.

¢) Parameter optimization of the balancing mechanism

Although we know that for a balanced mechanism, its total potential energy stays

constant, however, the value of this total potential energy is unknown. In order to

determine this value, let us first consider the moments of the balancing mechanism

generated by the gravity of the link 2 and the spring 5.

The moment produced by the gravity of the rotating link 2 with respect to pivot O is:
M, =-Gssing, (3-11)

According to the geometrical relationship of triangle CDE, we can get the length of
spring [:

l=a’+(l,—b)’ +2a(l,—b)cosy, (3-12)
Then we can get the elastic force of the spring Fip:
F,=k(-1) (3-13)

According to the geometric relationship of the mentioned triangle, we get:

(3-14)

2 2 2
@ = arccos a +l =0 -b)
2al
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. L L0 EI L] _ 2
o' = arccos L+ =7+ =211, cos(r —,)) (3-15)
211,
0, = arccos L+1; -7 +1; +2L1, cosy, )’ (3-16)
21,1,
where @ = ZCED , ¢, = Z/CBAand ¢, = ZBAO.
Thus, the force acting on the rotation link 2 through link 3 will be:
F asin@
b T (3-17)
[, sin g,

The moment produced by the elastic force of the spring acting on the rotating link 2
through the four-bar mechanism OABC is:

MSp =F,l sing, (3-18)
Hence the unbalanced moment of the whole system is:

M, =M_+M, (3-19)
And the total unbalanced moment for all the prescribed positions is:

M:])]zal = Z Muh (Q), 12,13,14) (3_20)

P=P;

From the previous part, it has been seen that the values of />, /53 and /4 depend on input
angles and their corresponding output angles of the four-bar mechanism. And the output
angles depend on the prescribed position of link 2 and the constant potential energy C.

Hence the total unbalanced moment M " can be described as a function of prescribed

positions and constant potential energy. However, taking into account that the
prescribed positions are given, the single variable of the total unbalanced moment

total -
M is C.

For minimizing the total unbalanced moment, the following condition should be
satisfied for given configurations of the four-bar linkage:
total
My~ _ 0 (3-21)
oC

Thus, by solving eq. (3-21), the constant potential energy C can be calculated and then

the optimal parameters />, /3 and 4 of the balancing mechanism can be determined as it
was disclosed above.
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3.1.4 Illustrative example with simulation results

Firstly, the balancing via 3 prescribed positions of the rotating link 2 is considered. The
initial parameters of the rotating link and the spring are the following: k=8000N/m,
lo=0.98m, G=63N and s=0.5m. The parameters with respect to the spring position and
length of fixed link are a=1Im, b=0.8m and [;=1m. Three prescribed positions of the
rotating link are the following: @5’ =30°, @5’ =90°and @5’ =150°. These positions can be
any others. The stages of the solution will be the same.

From Eq. (3-21), the constant potential energy has been determined: C=1797. Thus, by
solving the system of linear equations (3-10), three unknown parameters have been
determined: L= 0.019m; I3= 1.175m and l4= 0.193m. With these parameters, the
moment of the gravitational forces before balancing and the remaining moment after
balancing are shown in Figure 3-2 and Figure 3-2.
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Figure 3-2. Moment of the gravitational forces before balancing (a) and the
remaining moment after balancing (b).

The obtained results show that the maximum absolute value of the remaining moment
after balancing is 1.11 Nm. Thus, 98 % reduction in the gravity forces is achieved.

The same example has been simulated for 120 positions between angle 30° and 150°,
re. with a step of one degree. However, the obtained results showed that the
improvement of the balancing quality is insignificant (less than 1%).

3.2 Design and synthesis of a gravity balancer via coupling a rotating
link and a dyad with a prismatic pair

3.2.1 Introduction

In the previous section, a gravity balancer via coupling a rotating link and a dyad with
revolute joints has been considered.

Let us now consider the design and synthesis of a gravity balancer via coupling a

rotating link and a dyad with a prismatic pair. Note that the choice of fixed installation
of spring is due not only to constructive practicality but also to the fact that the mass of
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the spring does not affect the balancing conditions of the rotating link. An optimization
method of the geometric parameters of the dyad is proposed, which is similar to the
approach examined in the previous section.

3.2.2 Design concept of a gravity compensator by creating a slider-crank
mechanism

In the proposed gravity balancer, shown in Figure 3-3, the axis B moving by the rotation
link 2 through the cable 3, controls the elastic force of the spring 5 mounted between
the slider 4 and the fixed frame 1.

Comparing to the design in the previous section, the proposed design has many
advantages. For example, the weight of spring will not distort the balancing effect. And
because the spring force is single-directionally transmitted to the rotating link, a cable
can be used for the force transmission rather than much heavier rigid rod.

Figure 3-3. Gravity compensator by forming a crank-slider mechanism.

As in the previous case, for achieving the optimal balancing result, optimization of the
geometrical parameters of the slider-crank mechanism OAB should be carried out.

3.2.3 Optimization of gravity balancer based on geometric synthesis of
slider-crank mechanism and potential energy conservation

a) Conservation of potential energy

Similar to the optimization method proposed in the previous section, let us first consider
the balancing condition with respect to the potential energy.

The potential energy of the gravity of the rotating link 2 can be expressed as:
P, =Gs(1+cos o) (3-22)

where, G is the gravitational force of the rotating link 2; ¢ is the rotating angle of the
link 2 and s =1, is the distance between the center of mass of the link 2 and its center
of rotation.
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The potential energy of the spring is:

1.
P, = 5 kAy (3-23)

where, Ay is the deformation of the spring and & is its stiffness coefficient.
The whole potential energy of the system is:

P=F,+P, (3-24)
As it was mentioned in the previous section, the system will be balanced if:

P

—=0 3-25
do (3-25)

This means, for all the configurations of the system, the whole potential energy will
remain as a constant.

Hence for a C=const, we can have:

1 5 (3-26)
Gs(1+cosp) + EkAy =C
and for a given C determine
Ay= i\/2C—2Gs(1+cos ®) (3-27)
k
and
y=Ay+l, (3-28)

where [o is its initial length of the spring.

Thus, by imposing C and ¢, (i =1,...,n), where n is the number of given positions of the
rotating link, the displacements y, with respect to each input angle ¢, can be
determined.

b) Synthesis of the balancing mechanism for prescribed positions of the rotating
link

For the balancing mechanism showed in Figure 3-3, there are three main parameters r,
[ and f, where, r =1, is the distance between the centers of joints O and A; y is the
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position of the axis B with respect to O; [=1,, is the length of the rod 3; /S is the

angle between the axes created by the line passing through the centers O and A, and the
line passing through the centers O and S (see Figure 3-3).

In this section, with the prescribed positions, geometric synthesis is used to determine
the parameters r, /, and f.

For the mechanism OAB, we have
(y, —rcos(p. — )’ +r’sin(p, — B)* =1’ (3-29)
or
v} =2y,rcos(p, — B +r> =1’ (3-30)
Eq. (3-30) can be rewritten as:
v —2y,r(cos @, cos f+sing,sin B) =1> —r’ (3-31)
or
v} —=2y,rcos@, cos B—2yrsing,.sin f=1>—r’ (3-32)

Let’s introduce new unknowns, which will allow one to transform the non-linear system
of eq. (3-32) to a linear system of equations:

z, =rcosf (3-33)
Z, =rsinf (3-34)
=0 —r (3-35)

Now, the obtained linear system of equations is the following:
v} =2y, cosp.z, —2y,sinpz, —z,=0 (3-36)
or
a;z,+bz,+z; = (3-37)
where,a, =2y, cos@,, b,=2y,sing, and ¢, = y’.

Thus, the unknowns r, [, and £ can be determined by:

[ = arctan [ﬁ] (3-38)

4
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__ % __ %
sinff  cosf

¢) Parameter optimization of the balancing mechanism

The moment produced by the gravity of the rotating link 2 is
M, =-Gssing
From OAB triangle can be written:
r+y> =1 =2rycos(p—f)
Rearranging eq. (3-42) gives the following relationship:
y> —=2rycos(p—B)+r’ [cosz((p — B)+sin*(p —,B)] =0
and
[y— rcos(go—ﬂ)]2 =1*—r’sin*(p- )

Hence the displacement of the slider 4 is:

y=rcos(p— L) +\/l2 —r’sin’*(p—p)
Thus, spring force Fj, will be:
F,=k(y=1y)
Therefore, the component of spring force F§, acting on the rod 3 is:
F, =F,cos0

where, 6 = ZOBA :

2,72 2
0 — arccos| 2L
2yl

The moment generated by the spring force through the rod 3 is:
M, =F,rsiny

where, v = ZBAO :

(3-39)

(3-40)

(3-41)

(3-42)

(3-43)

(3-44)

(3-45)

(3-46)

(3-47)

(3-48)

(3-49)
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y =arcsin {w} (3-50)
Thus, the unbalanced moment of the whole system is:
Mub = _(Mxp +MG) (3—51)
The total unbalanced moment for all the prescribed positions is:
M;Zm/ = ZMub((o’l’ r,ﬁ) (3_52)

P=P;

From the previous part, it can be seen that the values of /, r and  depend on input angles
and their corresponding slider’s positions. And the slider’s positions depend on the
input angles and the constant potential energy C. Hence the total unbalanced moment
M " can be described as a function of input angles and constant potential energy.

Taking into account that the input angles are prescribed, the only variable of the
function M is C.

For minimizing the total unbalanced moment, the following condition should be
satisfied for given configurations of the gravity balancer:

total
oMy

3-53
5C (3-53)

By solving Eq. (3-53), the constant potential energy C can be calculated and then the
optimal parameters /, r and f of the gravity balancer can be determined.

3.2.4 Illustrative examples with simulation results

Balancing via 3 prescribed positions of the rotating link. The initial parameters of the
rotating link and the spring are the following: K =1000N/m , [, =1m , G = 75N and
s =0.84m . Three prescribed positions of the rotating link 2 are the following: ¢, =30°

, ¢, =60° and ¢, =150°.

From Eq. (3-53), the constant potential energy has been determined: C=184. Thus, by
solving the system of linear equations (3-37) and taking into account relationships in
eq. (3-38) — (3-40), the three unknown parameters have been determined: r =0.132m ;
[=0.526mand f =-0.662°.

With these parameters, the moment of the gravitational forces before balancing and the
remained moment after balancing are shown in Figure 3-4a and Figure 3-4b.
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Figure 3-4. Moment of the gravitational forces before balancing (a) and the remained
moment after balancing (b).
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As we can see from these figures, via the proposed gravity compensation solution, the
maximum value of the unbalanced moment has been reduced from 63 Nm to 2.92 Nm,
i.e. 95.37%.

Balancing via n prescribed positions of the rotating link. The initial parameters of the
rotating link and the spring are the following: K =1000N/m , /[, =1m , G = 75N and

s =0.84m . The prescribed locations of the rotating link 2 were given for n =120
positions between angles 30°and 150°, i.e. with a step of one degree.

In this case: C=195 and the following parameters of the crank-slider mechanism have
been obtained: r=0.125m ; [ =0.502m and £ =0.08°.

With these parameters, the moments of the gravitational forces before and after
balancing have shown in Figure 3-5a and Figure 3-5b.
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Figure 3-5. Moment of the gravitational forces before balancing (a) and the remained
moment after balancing (b).

a]
)
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The obtained results show that the maximum value of the unbalanced moment quite
small, about 1.87 Nm, which is better than the three given position case. The reduction
of the moment of the gravitational forces is 97.03%.

Thus, one can state with certainty that a quasi-perfect balancing has been achieved.

3.3 Improved design of gravity compensators based on the inverted
slider crank mechanism

3.3.1 Introduction

As mentioned in the literature review in section 1.2, in many cases the masses of the
auxiliary links and springs used for gravity balancing are mainly neglected because they
are considered much lighter than the principal rotating link. However, it does not always
correspond to reality and for many balancing schemes it is the source of errors.

For diminishing these errors, in the previous section, an idea of installing spring on the
fixed frame and replacing the rigid links by much lighter cables have been considered.
In this section, the mass of auxiliary links and the spring will be taken into account in
the design of gravity balancer based on the inverted slider crank mechanism. This
structure can be obtained via coupling a rotating link and a dyad with a prismatic pair.
However, it is different from the system examined in the previous section by forming
a slider-crank mechanism. In this case, an inverted slider crank mechanism is created.
Such a gravity balancer is known [117]. In the present section, the design of this
mechanism will be considered taking into account the mass of the added dyad and the
spring.

For this purpose, the torques due to auxiliary links are determined. Then, they are
introduced into the balancing equation for minimization of the residual unbalance. In
this way, a more accurate balancing of gravity compensators is achieved. The efficiency
of the suggested approach is illustrated by numerical simulations.

3.3.2 Improvement of the balancing accuracy by taking into account the
masses of auxiliary links coupled with the rotating arm

The gravity compensator based on the inverted slider crank mechanism is shown in
Figure 3-6 [117].

Firstly, let us consider the balancing via an inverted slider crank mechanism without
the gravitational forces of auxiliary links.
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1
e
o

Figure 3-6. Gravity compensator based on the inverted slider crank mechanism.

The equation for a fully balanced system can be written as follows:
Msp+MG=O (3-54)

where, M, is the moment produced by the elastic force of the spring; M, is the

moment produced by the gravity of the rotating link 2.

The moment produced by the elastic force of the spring can be written as follows:

M, =F,h (3-55)

with
F, =—kx=—k(l,-1) (3-56)

and
h=lpulps /s )sing (3-57)

where, F, is the elasticity force of the spring 5; his its lever arm, i.e. the straight line

perpendicular to the axis of the coupler 3 and passing through the center of the joint O;
@ 1is the rotating angle of the link 2; k is the stiffness coefficient of the spring, x is the

deformation of the spring; [/ is the length of the spring at current angle @ ; [ is the
initial length of the spring, /,, is the distance of the center of joint A from axis O; [,
is the distance of the centre of joint B from axis O; [, is the distance between the
centres of joints A and B.

Considering that the moment produced by the gravity of the rotating link 2 is the
following:

M; =m,gl, sing (3-58)

the balancing condition Eq. (3-54) can be rewritten as:

751Page



Chapter 3: Design and synthesis of gravity balancers with coupled units

Kloalos Uy =D /1, = m, 8l (3-59)

where, m, is the mass of the rotating link 2; /, is the distance of gravity center of the

rotating link 2 from axis O; g is the gravitational acceleration.

This implies that when x=1[,—-[=1,,, the complete balancing of gravitational forces

can be reached by the choice of the stiffness coefficient of spring 5:
k= nglos2 /ZOAZOB (3-60)

It is quite a simple solution since the masses of the coupler 3 and the spring 5 have been
neglected. To improve the balancing accuracy, the masses of associated links must be
taken into account.

First of all, it should be noted that the length of the link 3 is considerably large. This is
due to the fact that the working zone of the spring 5 cannot exceed 30-40% of its initial
length. Thus, the design of a gravity compensator with reasonable lengths /,, and [,

produces a spring that is fairly long. Therefore, in certain cases, it is advisable to take
into account the mass of the link 3 and the spring 5. With regards to the rotating slider
4, its center of mass can be on the axis B and will not influence the balance of the
system.

It is conspicuous that the masses of the associated link 3 can be balanced by adding
counterweights or supplementary springs. However, this will complicate the design of
the load balancer. Hence, this study examines the gravitational compensation via an
inverted slider crank mechanism without supplementary means of balancing or cables
with pulleys, i.e. without modification of the initial structure of the gravity
compensator.

In Figure 3-7 that presents the active and reactions forces on the coupler 3 due to its
mass and the spring’s mass, four unknown bearing force components can be observed:

R),,R},,R;, and R;,, which are the reactions of links j (j=2,4) on coupler 3 in the x and

y directions respectively. Since the directions of the reactions are unknown, we take
them to the positive side [118]. After determining the value of reactions, it will help to
direct the corresponding vectors correctly.
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Figure 3-7. Active and reaction forces due to the gravitational forces of auxiliary
links.

It should be noted that the spring 5 is attached to links 3 and 4. Therefore, the spring’s
mass m, can be substituted by two concentrated spring m., = 0.5mg and m,, = 0.5m;.

The first m_ is located at the end of the link 3 and the second m,; is located at the
axis B of the slider 4.

Thus, the moment with respect to the axis A can be written:
Ryl —(myl, g +0.5msl, ) g cosy =0 (3-61)

where, m; is the mass of the coupler 3; m; is the mass of the spring 5; [, is the

distance of gravity center S, of the coupler 3 from the joint center A; [, is the distance
of the axis C from the joint center A; v is the angle defining the angular position of the
coupler 3, determined from AOAB (Figure 3-6):

w=@—r/2+sin”' {M} (3-62)
AB
with
Ly = lon + 135 = 2ol cOS @ (3-63)
From equation (3-61), the reaction R,; can be found:
Ry =] (mil,,, +0.5md,.)g cosy |1, (3-64)
Then, the reaction components:
R, =R, siny (3-65)

and
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R}, =R, cosy (3-66)

The following reaction components can be found from the equilibrium equations on the
coupler 3:

Ry, =-R,; (3-67)
and
Ryy = (my +0.5m5) g — Ry (3-68)

Now, taking into account that R;, =—R,, and R, =—R;;, the torque due to the gravity

of the coupler 3 and the spring 5 can be determined:
AM =R\, sinp—R;,l,, cosp (3-69)
or
AM =1,, [R43 sin(y — @) + (m; +0.5m;) g sin (p] (3-70)

So, the balancing condition taking into account the added moment AM can be written
as:

M,,=Ms+M , +AM = (nglos2 —kloslog + Roslo ) sing—Ryly, cosp  (3-71)

where, M, is the unbalanced moment.

Assuming that the coupler 3 has the shape of a rod, its mass will be equal to:
m, = pyry’l, (3-72)
where, p, is the material mass density and r, is the rod radius.
Hence, given that the mass of the coupler 3 is symmetrically distributed, we get:
L,s, =0.51, (3-73)

With regard to the spring 5, its mass can be expressed as [119]:

my = x\k (3-74)

2= prLy| lz)Gn (3-75)

with
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where, G is the Shear modulus calculated from the material’s elastic modulus E and
Poisson ratio v (G = E/ 2(1 + v)) , D is the mean diameter of the helix, n is the number

of active coils, p is the material mass density, L, is the length of wire.

With added masses of the coupler 3 and the spring 5, the complete balancing of the
rotating link 2 is impossible. As a result, an approximate solution must be considered.

In order to do so, the minimization of the root-mean-square value of unbalanced
moment must be applied:

N 2
M = \/Z(MGi +M,+AM,) /N (3-76)

unb
i=1

where, N is the number of calculated positions of the linkage.

For the minimization of M "', it is necessary to minimize the sum:
N ) ‘
Z(MGi+Mspi+AMi) _)mkln (3-77)
i=1
or
N 2
Z [(mz 8los, —kloalos + Rasilo, ) sin @, — Ry;,l,, cos ¢, J —> min (3-78)
i=1

Eq. (3-78) can be rewritten as:

N 2
Z[(CM + G,k +C k) }ﬁmkin (3-79)
i=1

where,

Lys, cosy;sin (v, —¢,)
2y +12, =201, cos g

C. nglos sin @, +m3gZOA{ +sin gol.] (3-80)

! 91 . —@.
ACCOSW,SID(W, (/),) +Sin¢i] (3-81)

Cz,i = O-SZZOAg > >
Ji2y 412, = 21p,0,, cOS @,

G, = ~loalop SIN @, (3-82)

The minimum of Eq. (3-79) can be reached when the partial derivative with respect to
k is zero:
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ai[(qi +Cy ik + Cs,l.k)z} /ak 0 (3-83)

i=1

From Eq. (3-83), we obtain the following cubic equation:

2 +az+bz+c=0 (3-84)

where

N N
a=15)C,,C;, / 2> C;, (3-85)

i=1 i=1

N N
b=05y(C3,+2C,C,,) / >, (3-86)
i=1 i=1

N N
c=05>.C.C,, />.Ci (3-87)
i=1 i=1

2=k (3-88)

The solution of equation (3-84) with real coefficient can be expressed in algebraic form
by means of Cardano's method.

For determination of roots, first of all, we shall calculate:
0=(a*-3b)/9 (3-89)
R=(2d’~9ab+27c) /54 (3-90)

When R <Q, the cubic equation has three real roots, determined by the following

expressions:
7, =—2+JQcos(t)—al3 (3-91)
2, =—24JQcos(t+27/3)—al3 (3-92)
23 =—2Qcos(t-2x/3)—al3 (3-93)

r=acos(R/\Q) /3 (3-94)

When R* > Q°, general cubic equation case has one real root and two real roots for the
confluent case.

For determination the complex roots, it is necessary to calculate:
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A= —sign(R)$/|R| +R*-Q° (3-95)

/A ifA#0
b= {% ((ifA = 0)) (5-96)
The real root is:
z,=(A-B)—al3 (3-97)
In the case, when A=B, the complex roots become the real roots:
z,=—A—-al3 (3-98)

After determination of z, we determine the stiffness of the spring from Eq. (3-88).
Let as now consider an illustrative example with error analysis.

3.3.3 Illustrative example with error analysis

Consider the gravity balancing of a rotating link with parameters: m, =10kg ;

los, =0.3m; @0 = 45° and ¢, , =155°.

The variation of the moment M ; produced by the gravity of the rotating link 2 is given
in Figure 3-8.

w
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Figure 3-8. Moment produced by the gravity of the rotating link 2.

Let us now balance the rotating link 2 via the gravity compensator based on the inverted
slider crank mechanism with the parameters: [,, =[,, =0.2475m .

Firstly, it will be balanced without the masses of associated links 3, 4 and 5. Hence, we
get k =480N /m with F, =91N /m. Thus, without the masses of the associated

links, the system will be fully balanced.

reload

Given that I, =0, L,=1m, I, =0.5m, p,=7800kg /m’, r,=0.008m , we get
m, =1.56kg .
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With regard to the spring, we will apply the following parameters: G =8.1-10" N/m”,
p=7800kg/m’ , D=0.04m, n=100 and L, =12.6m. Thus, we get m, = 1.34kg .

Consequently, with k =480N /m and F

preload

m, of the associated coupler 3 and the mass of the spring 5, an unbalanced moment

=91N / m, taking into account the mass

will be appeared (Figure 3-9).
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Figure 3-9. Moments produced by the gravity of the rotating link 2 (a) and by the
gravity of the linkage with the spring (b).

On that account, we can see that there is more than 13% difference between the two
studied cases.

Now considering the balancing, taking into account the masses of the coupler 3 and the

spring 5 with the same parameters selected for the previous case, from Eq. (3-80) - (3-
82), we obtain the following cubic equation:

224091z -495.127-147.34=0 (3-99)

With R> <Q’, we have three real roots determined by (3-91) - (3-94) : z, =-22.56,
Z, =21.95 and z; =-0.30. Taking z = z,, we determine the stiffness of the spring
k=484 N/m.

The simulation results are shown in Figure 3-10.
The obtained results show that in comparison with the previous case where the masses
of auxiliary links are neglected, more than 40% reduction of the residual unbalance can

be achieved.

Please keep in mind that for comparison, the absolute values of torques must be noted
because the signs will change in the opposition movement.
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Figure 3-10. Residual moments without taking into account the masses of auxiliary
links (c¢) and with them (d).

3.4 Summary

In this chapter, the design of gravity balancers via coupling of a rotating link and a two-
link dyad is considered. It is known that a full gravity compensation of a rotating link
cannot be achieved when a non-zero free length spring, i.e. conventional linear spring,
is used. To use non-zero length springs, it is necessary to apply auxiliary mechanical
systems. The first section deals with a simple and analytically tractable solution
permitting to carry out quasi-perfect balancing of a rotating link by means of a non-
zero length spring. In the proposed design the balancing spring is connected with the
rotating link by means of an articulated dyad forming a four-bar linkage. Upon rotation
of the output link of the four-bar mechanism moves the end of the spring and changes
the length of the spring creating a variable balancing moment. An optimization method
based on the geometric synthesis of four-bar mechanism and potential energy
conservation has been developed, which allows one to control the optimal
displacements of the spring providing a suitable balancing moment. The illustrative
example has shown that the proposed design ensures gravity compensation for up to
98%.

The second section deals with a similar problem by coupling a rotating link to be
balanced and a dyad with prismatic pair, forming with the rotating link a slider-crank
mechanism. The particularity of the suggested structural concept is that the balancing
spring is installed on the fixed frame, which allows one to reduce the errors due to the
spring’s weight. Upon rotation of the link moves the end of the spring and changes the
length of the spring creating a variable balancing moment. A similar optimization
method with some modifications devoted to the geometric synthesis was applied. The
efficiency of the suggested mechanism design is illustrated via numerical simulations.
By selecting three prescribed positions of the rotating link has been reached a quasi-
exact gravity balancing. It has been shown that the maximum value of the unbalanced
moment reduced from 63 Nm to 2.92 Nm (95.4%), and in the case of 120 prescribed
positions of the rotating link, the maximum value reduced up to 1.87 Nm (97%).

In the last section, it is proposed an improved solution for reducing the error caused by
neglecting the masses of the spring and associated links. It is based on the inverted
slider crank mechanism considering the masses of the rocker and the spring. Firstly, it
is shown that the errors caused by neglecting the masses of the associated links lead to
a significant unbalanced moment. Then, it is proposed to use the minimization of the
root-mean-square value of the unbalanced moment to reduce these errors. The
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numerical simulations are shown that the error caused by neglecting the masses of the
associated links is more than 13% of the moment to be balanced. The application of the
suggested solution has reduced the residual moment up to 40%. Such an approach can
be applied to other types of auxiliary linkages designed for gravity compensators.
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From the literature reviews in the first chapter, it can be seen that
exoskeletons show impressive results in the rehabilitation, field works,
and military. However, their rigid structures have led to a lot of
drawbacks like additional inertia and an incompliant interface between
them and users. Comparing to the exoskeleton, exosuit is a wearable suit
made by soft material and actuated by cable or pneumatic force, which
is inherently compliant and much lighter.

In this chapter, an exosuit has been designed for assisting people
while carrying heavy loads. For this exosuit, polyethylene braid-style
cables are used and attached to the user’s body through anchors and
attachment points, which function as auxiliary muscles to apply force on
both upper arm and forearm. The weight of the cables is negligible and
adds nearly zero inertia to users. One of the characteristics of the

proposed exosuit is that it has two operation modes: passive and active

modes.

The chapter is organized as follows. In the first part, the design
concept of the exosuit is presented. Then, the kinematic and the dynamic
models of the exsuit-human coupled system are developed. In the third
section, the static, kinematic, and dynamic simulations of the coupled
system, as well as the optimization of the distribution of cable attaching

positions, are discussed. Finally, the experimental results carried out on

a mannequin test bench are presented.
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Chapter 4: Design and optimization of a new robotic suit for load carriage via coupling
cables and a rigid support

4.1 Design concept

In this study, a soft robotic suit to assist users for carrying heavy loads is proposed. This
soft robotic suit is planned to have three features: 1) lightweight: the mass of the suit
adds little extra inertia hence user’s movement will not be impeded while wearing the
robotic suit; 2) compliant: the interface between user and suit is compliant so user will
not be hurt due to the installation error or system failure; 3) passive mode: the robotic
suit can work in a passive mode where no actuation forces are need.

4.1.1 Development of the robotic suit’s rigid frame

The rigid frame of the robotic suit consists of five parts: a main frame which fixed on
the user’s body, two upper arm bracelets which fixed with the user’s upper arm, and
two forearm bracelets which fixed with the user’s forearm. The whole rigid frame is
illustrated in Figure 4-1.

Figure 4-1. Rigid frame of the robotic suit.

In the main frame of the robotic suit, an adjustable plastic belt is at the bottom of the
frame, and when users wear the suit, it fastens on the user’s waist as a fixing component
of the suit. Two shoulder pads are linked with the belt through two adjustable curved
beams which can adapt to users with different height, and between these two beams,
six horizontal beams are fixed between them to increase the whole structural strength.
In order to create a comfortable interface between the shoulder pad, soft foam materials
are stuck at the back of the shoulder pads.

All the four bracelets have a similar structure which consist of two rings a curve pad
linked with the rings. The rings are adjustable which can adapt the size of the user’s
arms. The pads can avoid force concentration since they increase the contact surface
between the bracelet and the user’s arm. Similar to the should pad, soft foam materials
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are also used at the interface between the bracelet and the user’s arm for enhancing
comfortability.

It should be also noticed that on all the bracelets and shoulder pads, there are some pins
combined with some small rings on them, and these are the cable anchors and cable
attachment points. We define an anchor is where the cable starts from, the cable is fixed
with the small ring. And an attachment point is where the cable only passes through the
small ring. For the shoulder pads and upper arm bracelets, the pins are fixed on them,
and for the forearm bracelets, the pins are inserted into the groove on the rings which
allow the pins have a translational movement along the rings. Thus, the
pronation/supination movement of the forearm will not change the position of the
anchors and attachment points on the forearm bracelets.

4.1.2 Coupling of cables with the rigid frame

When humans want to move their arms, their muscles contract for generating tension
forces; then the forces are transmitted to the skeletons through tendons hence moments
will be generated on the articulations for moving their limbs.

In the proposed robotic suit, the cables are used for similar functionality as the human
muscles where the cable tension is the muscle’s contract force. The cables can transmit
forces on the user’s arm through arm bracelets and with accurate control of the tensions
of the cables, a desirable assistive performance can be obtained by users during load
carriage.

The cables for the robotic suit are the polyethylene braid-style cables fabricated by
Caperlan which is originally used for fishing. The diameter of the cable is only 0.4mm
and the weight is extremely light. The cable can hold up a load up to 34kg, while in the
meantime only have a tiny deformation.

Figure 4-2 illustrates a 3D model where a user wears the proposed robotic suit where
cables are coupled with the rigid frame and the batteries, control system and motors are
mounted on the rigid frame. For each of the user’s arm, two cables are started from the
anchors on forearm and upper arm, respectively; then pass through the attachment
points on the arm and shoulder and then through the inside of the hollow beam which
links the shoulder pad and the belt; finally end at spool on the motor which is mounted
on the belt.
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Figure 4-2. 3D model of the robotic suit.

4.1.3 Robotic suit operation

When humans want to move a load from one place to another place, normally the
transportation can be separated into three phases. The first phase is to let the hands
approach the load, then grab it and hold it with a comfortable posture. Then the phase
is to hold the load and walk to the final destination where we want to put the load. The
last phase is a discharge prosses in which we adjust our arms to adapt to the place where
we want to put the load at, for example, a shelf.

(a) Passive mode

It can be seen that during the second phase of the load transportation, one stays at a
quasi-fixed posture, and the moments generated on the arm’s joints are mainly due to
gravity and stay relatively constant. Therefore, in this phase, we can let the all the cables
in tension and stop the movement of the cables, then the movement of user’s arm will
be constrained and the moment induced by the gravity will be transmitted on the
shoulder. Thus, the fatigue of the muscle on the arms due to holding load will be relived.

Instead of letting the motors generating torque to hold the position of the cable which
needs a lot of energy if the distance from the start point and destination is too far, a
cable winding and locking mechanism (shown in Figure 4-3) was designed. This
mechanism includes a cable spool, a torsional spring and a ratchet mechanism. The
cable spool links with the torsional spring and the ratchet. The torsional spring can
provide a suitable passive moment for the spool to keep the cable always in tension
while users moving their arms. And the ratchet mechanism is used as a locking
mechanism to stop the movement of the cable. When wearers pick up the load and hold
it in a comfortable position, the locking mechanism can be engaged by pressing the
controller on their hands. Then the pawl moves down and enters into the gap between
two teeth of the ratchet. Consequently, the spool is stopped from moving and the
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passively generated cable tension can be used for compensating the gravity of the load.
In contrast, when the user is not carrying loads, the pawl will lift up and the spool can
freely rotate.

Figure 4-3. Cable locking mechanism.

(b) Active mode

Unlike the second phase of the load carriage where user’s arms stay at a fixed posture
and only constant forces are needed for compensating the gravitational effect, in the
first and the third phase of the load carriage, wearers need to hold the load and move it
to the expected position. Therefore, in these phases, variable forces will be required
since the dynamic effect will occur and the forces utilized to compensate the
gravitational effect will vary as the user changing their arms postures.

In the proposed design, four DC motors are linked the cable spools providing active
forces to the four cables respectively. The torques of the motors are controlled through
an on-board closed-loop controller. The pose data obtained by the potentiometers
mounted on the joints of the arm can be used by the on-board controller.

For the safety of the users, when robotic suit works in active mode, the maximum force
provided to the cable is limited to 150N for all the cables. Additionally, there is also a
safety button for cutting off the power source if any emergency happens.

4.2 Modelling of the robotic suite
4.2.1 Kinematic and geometric modelling

A planar diagram of a user wearing the exosuit system is shown in Figure 4-4. In this
diagram, two cables start from the anchors on the forearm and upper arm respectively
and end at the cable winding and locking mechanisms fixed on the hip. The cable
arrangements are as following: cable 1 starts form anchor on point 1, pass through
attachment points on point 2, point 4, point 5, point 6, point 7, point 8; cable 2 starts
form anchor on point 3, pass through attachment points on point 4, point 5, point 6,
point 7, point 8. It is assumed that the deformation of the cable is very tiny and
negligible.
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Figure 4-4. Planar diagram of the distribution of anchors and attachment points while
used wearing the robotic suit.

As shown in Fig. 4-4, two local coordinate systems X;0,Y; and X20:Y> are fixed on the
upper arm and forearm respectively. The general coordinate of point i on the global
coordinate system can be calculated by:

P, = (4-1)

<

i

X.
i 0 1
_ { Trans-p,
0 1 1
Trans- ,Trans-p,

p—

where,

cos(3z/2+6)) -sin(Bx/2+6,) O

*Trans =| sin(37/2+6,) cosBx/2+6,) 0
0 0 1

cosd, —sin6, [

‘Trans=| sind, cos#, O
0 0 1

and p; and p; stand for the local general coordinates of point i in local coordinate
systems X;0;Y; and X>02Y2respectively, /- is the length of the trunk and /4 1s the length
of the upper arm.

Thus, the global coordinate of point i is:

o
¢ = (42)
Vi
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4.2 Modelling of the robotic suite

For both of the two cables, they all have a fixed length through attachment points 5, 6,
7, and 8 since all these points are fixed on the user’s trunk. Let’s define this fixed length
as lo. And as shown in Figure 4-4, the local general coordinates of point 1, 2, 3, and 4
are p1 =lanci1], p: =lar-bi,di11, p3 =laz.c21], pi =laz-b2,d2,1], and the global
coordinate of point 5 is ¢s=[b3,a3]. Then the lengths of cable 1 and cable 2 can be
calculated by:

{ll :ﬁ(el’ez) (4-3)

lz :fz(‘91)

Then, using the time derivative of Eq. (4-3), the relationship between the cable velocity
and the angular velocity of the user’s joints can be obtained by:

i1 14
L‘j‘J{ej 4

where fl and fz denote the cable velocities.

Due to the limitation of the space, the detailed information of function f1(6:,0:), f2(61)
and matrix Jv can be found in Appendix A.

4.2.2 Dynamic modeling

The user carrying the load while wearing the robotic suit can be in analogy with a
coupled system including a 2-DOF planar mechanical structure with the load at the end
effector and cables attached on the manipulator for exerting forces.

The general dynamic equations of the coupled system can be obtained from the
Lagrangian formulation where the generalized coordinate is q = [6’1,92 ]T . Lagrange’s

equation can be written in the form of kinetic energy K, potential energy V and
generalized forces or torques Q in the following form:

d (GK((L(])J_ K (q.4) N ov (q) -Q (4-5)

A oq oq

The kinetic energy of the coupled system combines three parts: kinetic energy of the
upper arm K, kinetic energy of the forearm K>, and kinetic energy of the load K3. They
can be calculated by:

K= 1,00+ om0 @-6)
2 2
Kom st (040) +5m, [0+, (G+0) w210, cos0 (6 +00) | @
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K, = %m,md [zjae'f + L0 (6,+ 6, )2 +21 1

cload cl

toaa €08 65 (012 +6,0, )} (4-8)

where 1,, and Iy, are the moment of inertias of upper arm and forearm respectively; muq,
my, and mjeaq are the masses of upper arm, forearm and load respectively; . is the
lengths of upper arm; /... is the distances between the center of mass of upper arm to
the shoulder joint, /. and lc0qq are the distances between the centers of mass of forearm
and load to the elbow joint.

In this study, the elastic and damping effects of cable are neglected and each cable is
assumed to be a force element. Therefore, the potential energy of the system is only due
to the gravitational effect and the total potential energy is:

V=-m,gl, (cos6 —1)+m,g [lua (1-cos 6, )+1,, (1-cos (6, + 92))]

4-9
+m,,8 [lua (l—cos 191)+lc,0ad (1—005(91 + 6’2))] 2

where g is the gravity acceleration.

In the coupled system, the generalized torques are induced by the cable tension trough
anchors and attachment points on the user’s arm. It is obvious that the torques have a
relationship with the geometrical distribution of the anchors and attachment points. The
moments on the elbow and shoulder joint generated by cable 1 and 2 can be calculated

by:

blel *
M e = [Voll XV, T Vo, X(Vy + Vo) + Vo X(Vyp+ V)] T,

shoulder

ablel * *
M iy, =V, X Vi + V4, X(Vy + V)1 T,

elbow

(4-10)

shoulder

McableZ — 0

elbow

ble2 * *
MG :[V023 XVt Vo4 X(Vy3+ V)] T,

where,

VlJ :Cj -C
C.—C
V=
e,/

and the total moments on shoulder and elbow joints induced by the cable tensions can

be calculated by:
cable cablel cable2
Mshoulder _ M shoulder + M shoulder | __ J 71 4 1 1
Mcable - Mcahlel + M(‘ahle2 —YM T ( - )
elbow elbow elbow 2
where,

921Page



4.3 Simulations, optimization, and control of the robotic suite

J. = Vo1 XV +Vy, X(Vy +Vy)+ Vo,4 % (Vi +V,5) Vo,3%X V3 T Vg4 % (Vi3 +Vu5)
M=

*k *
Vo X Vi 7V, % (Vo +Vy) 0

Through substituting Eq. (4-6) - (4-9) into Eq. (4-5), the general dynamic equation of
the coupled system in terms of generalized coordinates can be obtained as the following
form:

M(q)i§+C(q,9)q+G(q)=J,[T, L] (4-12)

where M(q) is the inertia matrix of the system, C(q,Q) is the matrix of Coriolis and

centripetal terms, G(q) is the vector of gravity terms. The detailed form of Eq. (4-12)
can be found in Appendix A.

4.3 Simulations, optimization, and control of the robotic suite
4.3.1 Static simulations and optimization

When people carry an object at a relatively fixed position, their arms undertake the load
generally due to the gravitational effect of the arm. The gravity of object and arm
generate moments on the shoulder and elbow joints which must be compensated by our
muscle force. The moments on the shoulder and elbow joints induced by the
gravitational force is G(q) term in Eq. (4-12) and it can be calculated by:

gravity __
Mshoulder - mua g lcua ua

sinf,+m,,g[1,,sing, +1,sin(6,+06,) | +m,, e[ L, sin6 +1,,,5in(6,+6,)]
4-13
Mgmmy = (m l + m[oadlc[oad ) 8 Sin (91 + 92) ( )

elbow fa"cfa

The average body segment parameters of an adult male with 172.68cm height and
63.97kg weight are given in Table 4-1[120]. Using these parameters, the gravity
moments on waist, shoulder and elbow joint when carrying a 10kg load with different
postures (0; €[0°, 45°], 62€[0°, 90°]) are shown in Figure 4-5. It is shown that when
carrying the load with different postures, the gravitational moments on the joints also
vary and these moments must be compensated by the muscle force.

Table 4-1. Body segment parameters of an adult male.

Mass (kg) Length (m) Location of COM (m)
Upper Arm 2.07 0.364 0.182
Forearm 1.7 0.299 0.149
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Figure 4-5. Gravitational moment on the shoulder(a) and elbow(b) joint when
carrying a 10kg load with different postures.

When a user wears the exosuit which is in passive mode, the cable locking mechanism
is engaged and the gravitational effect of the load and arm can be compensated by
cables and distributed on the shoulder. According to Eq. (4-11), the cable tensions for
compensating the gravitational effect can be solved by:

T | L M
|:7~2gravity :| = JM M gravity (4_ 14)

elbow

and the force applied on the shoulder by cables is:

it = Vs (L7 + T,7™) (4-15)
It can be seen that the elements in the matrix Jm are determined by the geometrical
distribution of anchors and attachment points. To investigate the cable tensions during
the usage of the exosuit in passive mode, at first, we chose the initial positions of anchor
and attachment points as following: a;=0.3m, b;=0.1m, ¢;=0.08m, d;=0.08m,
a2=0.26m, b2=0.1m, c2=0.1m, d>=0.1m, a3=0.65m, b3=0.1m, c3=0.1m, d;=0.1m and
e3=0.1m.

Figure 4-6 shows the cable tensions when the user carries a 10kg load with different
arm postures, where the maximum tensions are 130N and 711N for cable 1 and 2
respectively. It should be noticed that, for the maximum tension in cable 2, the limit of
the max tolerable tension has already been passed. Besides, for some postures, the
tension of cable 2 is negative which is not permissible.

Another thing has to be concerned with is the force exerted on the shoulder by cables,
since a large portion of force has been redistributed on the shoulder. Figure 4-7 shows
the force on the shoulder while the user carrying a 10kg load with different postures. It
can be seen the maximum force on the shoulder reaches up to 1355N, and this amount
of force will be harmful for users.
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Figure 4-6. Cable tensions when carrying a 10kg load with different postures.
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Figure 4-7. Force on the user’s shoulder when carrying a 10kg load with different

postures.

It is obvious that the initial locations of the anchors and attachment points are not
suitable for our robotic suit since the large cable tension and the large pressure on the
shoulder. Therefore, in order to have a suitable arrangement of anchors and attachment
points, their locations must be optimized.

Genetic algorithm (GA) is a kind of mathematical algorithm which is inspired by the
process of natural selection. Nowadays, GA is widely and commonly used for solving
multi-parameter optimization problems.

In GA, a population of candidate solutions (individuals) to an optimization problem is
evolved toward better solutions. Like the creature, each individual has a set of
properties (chromosomes) which can be mutated and altered. Normally, the GA starts
from a population of individuals which are randomly generated, and the population in
each iteration is called a generation. In each generation, there is an objective function
to evaluate the fitness of each individual in the population. The more fit individuals are
stochastically selected from the current population, and each individual’s genome is
modified (recombined and mutated) to form a new generation. The new generation of
candidate solutions is then used in the next iteration of the algorithm. Commonly, when
the maximum number of generation is or a satisfactory fitness level is reached, the GA
will be terminated [121].
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In the optimization, we take GA as our optimization algorithm and the parameters
which are going to be optimized are a;, by, ci, di, az, bz, c2, dz, as, bs, c3, d3, and e; (as
shown in Figure 4-4). For the possible postures of the user, we choose the arm
configurations as 6, €[0°15°,...,45°] and 6, €[0°,10°,...,90°] which gives us 40

possible postures. In this optimization, we are going to minimize the total cable tensions
and force exerted on the shoulder when the user carrying a 10kg load with these 40
possible postures.

Another thing has to be concerned is the constraints. In our problem, there is two kinds
of constraints which are:

(1) For all the configurations, cables must be always in tension i.e. cable tensions are
always positive;

(2) The space constraints of the positions of anchors and attachment points.

Hence the problem in this optimization can be concluded as:

min (ZZ(T T F, )+ Pj (4-16)
subject to: 0.2<a,<0.3; 0.01<hH, <0.1; 0.08<¢, <0.13;

0.08<d, <0.13;0.16<a, <0.26; 0.01<b, <0.1;

0.1<¢, <0.15; 0.1<d, <0.15; 0.55< a, <0.7;

—0.1<b,<0.1;0.05< ¢, <0.15;-0.1<d, <0.1;

0.05<e,<0.15.

where P is a very large value to penalize the goal function when any of the cable tension
is negative for all configurations. The optimization procedure can be seen in Figure 4-8.
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Figure 4-8. Optimization procedure.

The obtained optimal parameters are the followings: a;=0.23m, b;=0.1m, c;=0.11m,
d;=0.08m, a2=0.26m, b>=0.01m, c2=0.14m, d»=0.15m, a3=0.7m, b3=-0.1m, c3=0.15m,
d3=0m and e3;=0.05m. With these parameters, the cable tensions with respect to
different postures are shown in Figure 4-9. It can be seen that after optimization the
cable tensions have been drastically reduced, with maximum values of 65N and 114N
for cable 1 and cable 2 respectively. Meanwhile, as shown in Figure 4-10, the force
exerted on the shoulder has also been generally diminished, with the maximum value

of 304N. Therefore, after optimization, the exosuit is more suitable and comfortable to
wear.
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— (@]
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(a) Tension of Cable 1 (b) Tension of Cable 2

Figure 4-9. Cable tensions when carrying a 10kg load with different postures after
optimization.
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Figure 4-10. Force on the user’s shoulder when carrying a 10kg load with different
postures after optimization.

4.3.2 Workspace analysis

Unlike the traditional exoskeleton in which the actuation forces are transmitted through
rigid links to the user, in the proposed robotic suit, cables are used as the transmission
media. Therefore, limited by the characteristic of the cable, only tension forces can be
transmitted.

While the determination of the workspace of the exosuit, the physical limitation of the
cable must be considered. Hence, we can define the workspace of the exosuit as a set
of joint angles [#), 8] which fulfill the following condition:

7" (6/.6,)20 (k =1and 2) 4-17)

For investigating the workspace of the proposed robotic suit, the arm configurations
which satisfy the condition described in Eq. (4-17) were found taking the optimal
positions of the anchors and attachment point which was obtained in the previous part.

Figure 4-11 shows all the possible arm configuration of the exosuit. It can be seen that
the workspace comprises most part of the real configurations of the human arm except
for some part when the upper arm is in extension (the humerus is rotated out of the
plane of the torso so that it points backward) or upper arm has large flexion angle.
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Figure 4-11. Workspace of the propose exosuit.
4.3.3 Dynamic simulations and controller design

When users want to pick up the load on the ground or put the load on a high shelf, their
posture must be changed in order to adjust the vertical level of the load. Therefore,
unlike the robotic suit works in passive mode, a controller must be needed for providing
the different actuating force with respect to different postures. In addition, the dynamic
effect of the user’s arm and load must be taken into consideration.

In the proposed design, a closed loop control based on a PD controller and a
feedforward term for gravity compensation is utilized for controlling the active force.
Potentiometers are mounted on the user’s arms for the measurement of elbow and
shoulder joint angles. It should be noticed that, for the controlled output forces, only
positive values can be provided since only tension forces can exist in the cables. The
final controlled active force can be expressed as the following:

T, = max{J;A (0)[ K, (0,-0)+K, (6, -9)+G(0,) .o 0] } @18)

where 0, and Gd are the desired joint angles and joint velocities; Kp and Ka are the

diagonal matrices consist of proportional and derivative gains of the PD controller
respectively.

A block diagram of the proposed controller is shown in Figure 4-12. It can be seen that
a prescribed desired state of the system is given as the input. A feedforward loop which
is comprised of the gravity compensation to eliminate the effect of gravitational force.
A feedback loop consists of a PD controller which uses the measured real state of the
system to generate appropriate dynamic forces which actuate the system to the desired
state.
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Figure 4-12. Block diagram of the PD controller with gravity compensation.

Additionally, in order to let simulation model be more realistic to the working
environment, an extra term has been added on the system dynamic model representing
nonlinear external disturbances (e.g., vibration during walking, etc.). These
disturbances are modeled as random white noises in the proposed model.

For generating a smooth trajectory between the initial position and final desired
position, a trajectory generation method based on sinusoidal function has been utilized.
The trajectory of a joint can be represented by the following equations:

dr —4q;| . 1 _z 1
q(t)z qi+—2 |:SIH(T7Z' 2j+ } (t<7) 419)
q; (t>7)

where ¢; is the initial position, gris the final desired position and 7 is the duration of the
sinusoidal trajectory.

Based on the dynamic model described in section 4.3, a Simulink model of the proposed
system has been built, and the detailed information of this model can be found in
Appendix B. Dynamic simulations of the system have been carried out via the Simulink
model for validating the effectiveness of the controller and the exosuit’s operation in
active mode. And for demonstrating the system having the capability of coping with
various trajectories, four different trajectories have been chosen based on previously
proposed trajectory generation method. The parameters of these trajectories are shown
in Table 4-2.
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Table 4-2. Parameters of the trajectories.

qi1 (deg) g (deg) 71(s) gqi2(deg) gp(deg) 72(s)

1 0 0 0
2 0 20 1.11
3 45 0 2.5
4 90 0 5

0

0

45

0

90 5
70 3.89
90 2.5
90 5

In Figure 4-13, the solid lines show the variations of joint angles during simulation and
the dash lines shows the desired input trajectories to follow. It can be noticed that, for
all four trajectories, the robotic suit shows high tracking performance with the help of
the proposed PD controller. The robot suit follows the prescribed trajectories quite

accurately even under the external random disturbances.
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Figure 4-13. Comparison of the actual and desired trajectories.

The cable tensions (which is also the active force in robotic suit system) during the
different trajectory trackings are shown in Figure 4-14. It can be seen that the cable
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tension fluctuates during the simulations, which is a response to the external disturbance
controlled by PD controller. In most of the situations, the cable tension is under 120N
which is a quite safe value since the cable can hold the tension up to 340N.
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Figure 4-14. Cable tensions for the tested trajectories.

4.4 Experimental validation of obtained results

In order to evaluate the performance of proposed passive exosuit, a testbench was
fabricated as shown in Figure 4-15. The test bench was converted from a mannequin
where spherical joints were added on the elbow joints and shoulder joints.
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a) o)

Figure 4-15. Mannequin test bench (a) and the added joints (b, c).

To test the performance of the exosuit when a user is in different postures, several
postures have been chosen in this experiment. For the shoulder extension angle, we
chose 0° and 30°, and for the forearm flexion angle 0°, 30°, 60°, and 90° were chosen.
And for each posture, we put no load, 5kg load, and 10kg load respectively. Then the
cable tensions were measured.

When the experiments were conducted with different postures and different load, with
the help of the exosuit, the mannequin test bench can hold the load steadily in the
designated postures. The change of the cable tensions with respect to the change of
forearm flexion angle when shoulder extension angle is 0° and 30° are shown in Figure
4-16 and Figure 4-17 respectively.
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Figure 4-16. Cable tensions with respect to the change of forearm flexion angle
(shoulder extension angle is 0°).
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Figure 4-17. Cable tensions with respect to the change of forearm flexion angle
(shoulder extension angle is 30°).

4.5 Summary

In this chapter, a robotic suit has been proposed which intends to assist its user in the
carriage of heavy load. The proposed robotic suit presents a symbiosis of two systems:
a rigid support frame and a cable system. The cable system is coupled with the rigid
support frame providing assistive force to its users during load carriage and it is made
up of high-intensity polyethylene cables, which are very light and add almost zero
inertia to users. A cable locking mechanism has been designed in order to keep cables
in tension and to stop the movement of the cables.

The robotic suit has two operation modes: passive and active modes. When wearers
hold the load at a fixed posture, the cable locking mechanism is engaged to stop the
movement of the cable and the robotic suit works in the passive mode where no energy
is needed. When users change their postures while holding the load, the robotic suit
works in the active mode providing variable assistive forces with respect to the
movement.
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4.5 Summary

The kinematic and dynamic models of the robotic suit system have been built. Static
simulation has been carried out via the built model and an optimization of the position
of the anchors and attachment points of the robotic suit has been made based on genetic
algorithm for minimizing the cable tension and force exerted on the shoulder. The
workspace of the robotic suit has been analyzed, and dynamic simulations of the robotic
suit have been carried out with the design of a PD controller. All the simulations showed
that the robot suit had good performances during working in both passive and active
modes.

In order to evaluate the performance of the robotic suit in a more realistic environment
and validate the simulation results, a mannequin test bench has been fabricated and
tested. The test results showed that with the help of the robotic suit, the mannequin can
hold different weights of loads steadily in different postures.
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Chapter 5

Design and optimization of a mechanical system
coupling hand operated balanced manipulator
with cobot
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5.2 Dynamic analysis of the coupled system and methods for reducing oscillations
in the final phase of the trajectories. ........cooviiiiiiiiiiiiiiiie e 111
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In this chapter, a coupled system including a hand-operated
balanced manipulator (HOBM) and an industrial collaborative robot
(cobot) is presented. The aim of such cooperation is to manipulate heavy
payloads with less powerful robots. In another term, in the coupled
system for handling of heavy payloads by a HOBM, an operator is
replaced by cobot. The advantages of the coupled HOBM and cobot are
disclosed and the optimal design of the cooperative workspace is
discussed. The Behavior of the coupled system in a static mode when the
velocities of the HOBM are limited does not present any special
problems. In this mode, the inertial forces are significantly lower than
the gravitational one. The payload is completely balanced by the HOBM
and the cobot assumes the prescribed displacements without any
perturbation.

However, in the dynamic mode, the HOBM with massive links creates
additional loads on the cobot due to the inertia effect, which can be
significant. The present study considers a method for determination of
static and dynamic effects of the HOBM on the cobot. Dynamic analysis
of the coupled system is performed and methods for reducing the
oscillation of the HOBM at the final phase of the prescribed trajectories
are proposed. The additional load exerted on the cobot by the inertia
effects of the HOBM is studied and the admissible trajectory of the
coupled system is determined. The obtained results have been validated
by industrial tests.
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5.1 Design concept of coupling HOBM with cobot

5.1.1 Statement of the problem

Workers in industries such as manufacturing and assembly, frequently manipulate
heavy objects. However, manual processing is often repetitive and becomes tedious, it
reduces efficiency and leads to back pains, injuries, and musculoskeletal disorders. It is
obvious that traditional robot installations can offer several benefits compared to
manual operation: improved repeatability, increased precision, and speed. However,
industrial robots still have many weaknesses compared to humans. For example,
currently, industrial robots have a limited ability to perceive their surroundings, which
requires costly safety arrangements in order to avoid serious injury. These safety
arrangements are particularly important and expensive when working with installations
of large and powerful industrial robots. It is obvious that serial industrial robots have a
poor payload-to-weight ratio. For a six-degrees-of-freedom general-type serial robot, it
is less than 0.15 [122]. For example, a robotic arm handling an object of 50 kg must
have a weight of at least 350 kg. The purchase, installation, and operation of such a
robot are quite expensive. In addition, the heaviness of the robot and of the payload
complicates the dynamics of the system, making it difficult to move accurately and
quickly. This becomes especially noticeable during assembly processes when heavy
parts must be installed on a surface with guiding pins. In such a case, the robotic arm
has to move smoothly and any sudden movement may damage the mechanical surface
of the part. Such a task is not easy to achieve. Thus, autonomous manipulation does not
always provide expected reliability and flexibility.

5.1.2 Proposed coupled system

When robots operate in a relatively slow movement, most of their actuation forces are
used for compensating the gravitational effect of the payload. Hence, if the gravity of
the payload can be compensated by another system, the requirement of the maximum
torque of the robot will be much lower since only the dynamic part of the required
torque need to be provided. In this chapter, we intend to propose a coupled system
including a hand-operated balanced manipulator for compensating the gravity of the
payload and a lightweight collaborative robot for guiding the movement of the payload.
The combination of the motion programming of the cobot and the simplicity of the
HOBM may make the system far better than the application of an individual robot arm.

HOBM is a handling system with a simple mechanical actuator in which the
manipulated object in any position of the workspace is balanced. Such a state of
constant balance allows displacements of heavy objects to be achieved manually. The
advantages of these manipulators relatively to industrial robots are the simplicity of
their construction and their low cost. They have a great weight-carrying capacity and a
very large workspace. The implantation of HOBM in the existing production line is
very simple without the need for important additional surfaces, special auxiliary devices
or essential reorganization of the production layout. The use of such manipulators
includes a mode of operation when mechanical devices and humans cooperate to hold
and move objects. Although the HOBM already compensate the gravity of the payload
and the physical burdens of the operator are relived, however, during some repetitive
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operations like pick-and-place, the accumulative physical activities are still
considerable and may lead to musculoskeletal disorders.

In the proposed system, the operator is replaced by a lightweight cobot UR10. The
utilization of UR10 brings a lot of advantages. For example, it allows human
intervention to control and guide the payload, and such cooperation becomes much
more efficient since it does not exclude the possibility of having a human in the
workspace of a robot. Thus, it can reduce costs for space and safety measures as shared
space is possible. Additionally, compared to the industrial robots, UR10 is much
cheaper and much lighter, hence the robot can be easily moved for adapting different
working environments and different tasks.

The proposed coupled system combining a HOBM and a cobot is shown in Figure 5-1.
The HOBM is connected with the end effector of the cobot trough a cable-pulley system
and a pneumatic cylinder is mounted on the HOBM which provides the balancing force
for compensating the gravity of the payload.

gLl 2

w

HOBM

Lightweight robot

payload

Figure 5-1. Lightweight cobot and HOBM cooperation for handling of heavy parts.
5.1.3 Optimal design of the collaborative workspace of the coupled system

When designing coupled systems, it is necessary to keep in mind that they consist of
two units with different characteristics. However, some of their parameters can be
modified during the cooperation of these units. One of the first is to consider structural
compliance, i.e. any movement of the payload carried out by means of a cobot must be
accompanied by a HOBM. If there is a discrepancy between the movements of these
two units, the coupled system will be blocked.

The proximal arm (arm 1) of the HOBM used in the coupled system is able to rotate
over 360 degrees for providing the largest workspace (Figure 5-2a). It can be seen that
the vertical axis of the HOBM is installed on a heavy platform which can ensure the
static balance of the HOBM. However, in the coupled system with joint workspace, the
HOBM uses only a small portion of its reachable space since the workspace of the
URI10 is relatively small comparing to the HOBM. Hence, during the real application,
only half of the workspace of the HOBM is utilized. Thus, the design of the HOBM can
be modified to be adapted to the new conditions of coupling.

The rotational range of the proximal arm of the HOBM is constrained to 180°.
Additionally, the vertical axis of the HOBM can be brought closer to the cobot, and the
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static balance can be saved with a counterweight on the opposite side of the coupled
system workspace (Figure 5-2b). In our case, the vertical axis is moved 0.15m closer to
the cobot and after calculation for maintaining the static balance, a 200-kg
counterweight need to be placed on the other side of the platform.

Such an arrangement is more optimal in terms of the cooperative workspace as the
platform of the HOBM has fewer impediment to the workers. Practical implementation
of such modifications may look as shown in Figure 5-3.

Pneumatic actuator
for payload balancing

(a) (b)

Figure 5-2. Workspace of the HOBM before (a) and after (b) modification for
cooperating with cobot.

(a) (b)

Figure 5-3. Frame of the usual HOBM (a) and its modified version (b) for balancer -
lightweight robot cooperation.

It should also be noted that the cooperative workspace of the coupled system must be
collision and singularity free. Let’s illustrate with an example. Figure 5-4 presented a
coupled system in which the HOBM is in the singular configuration. In the case of the
conventional usage of the HOBM, this configuration does not present any
inconvenience, since the operator will not move the payload in the radial direction. He
will remove the load from the singular position of the manipulator and then perform the
necessary movements. However, in a coupled system, it is indispensable to take this
into account when planning a trajectory of the cobot, since such a movement cannot be
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performed. Thus, it is necessary to avoid not only the singular configurations of the
cobot but also of the HOBM. Therefore, the moving range of the distal arm of the
HOBM is limited that it cannot pass the singularity position.

Figure 5-5 shows the workspace of the HOBM after the previous modifications where
the vertical axis of the HOBM is situated at the original point.

Figure 5-5. Workspace of the HOBM after modification.

5.2 Dynamic analysis of the coupled system and methods for reducing
oscillations in the final phase of the trajectories

5.2.1 Dynamic modelling and oscillation analysis of the coupled system in
the final phase of generated trajectories

The dynamic performance of the coupled system is quite complicated since the system
is formed by two units and they are flexibly linked through the cable-pulley system.
Thus, the coupled system has some phenomena which will not occur when the two
devices work independently. For example, when cobot is moving through a prescribed
trajectory, after the cobot stop moving, the HOBM will still move due to inertial effect.
Hence the HOBM will oscillate and exert noticeable forces on the cobot which may
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lead to the damage of the cobot. Therefore, it is necessary to investigate the dynamic
behavior of the coupled system.

In order to carry out the dynamic analysis of the HOBM-cobot coupled system, a
dynamic model of the system has been developed via multi-body dynamic simulation
software ADAMS (Figure 5-6). The 3D geometric model of the HOBM (without cable-
pulley system) and the UR10 was firstly built in CATIA and then imported in ADAMS.
In order to simulate the flexibility of the cable, the cable-pulley system was modeled
by using the Cable toolkit in ADAMS.

Figure 5-6. ADAMS model of the coupled system.

For performing the oscillation analysis of the coupled system, the motion of the robot
must be prescribed at first. In this analysis, the cobot is assumed to perform a pick-and-
place task with a payload of 30 kg and the prescribed path is part of a circle. This means
that, for all six joints of UR10, only the first joint has motion and the rest of the joints
have constant angles. The constant angles of the UR10 are 6,=-45°, 6:=90°, 4=-225°,
65=90°, and Os=0°. And the first joint of the UR10 follows a trapezoidal profile (Figure
5-7) in joint space which is often used in robot trajectory planning. Usually, a
trapezoidal trajectory consists of three phases: acceleration phase, constant speed phase,
and deacceleration phase. The motion of the first joint of UR10 can be formulized as
following:

0{+%t2a (0<t<7)

0,(t) = 9f+(t—%)co (r<t<t,—7) (5-1)

|
Hlf —E(tf—t)za (t,—7<t<t,)

where 6 =—40° is the initial angle, 6/ =40°is the final angle, 7 is the time for
acceleration and deacceleration, f, is the total time of the trajectory, wis the constant

speed in the second phase, and « is the absolute value of acceleration.
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Figure 5-7. Trapezoidal trajectory

It should be noticed that the dynamic effects of the coupled system highly rely on the
velocity and acceleration of the motion. Therefore, in order to investigate the dynamic
effects of the coupled system in a wide range, eight different trajectories were chosen
based on the motion function Eq. (5-1), and the parameters of the trajectories are shown
in Table 5-1. It can be seen that the first four trajectories are as the reference trajectories
with different constant velocities and accelerations, and the last four trajectories have
the same constant velocities with the previous ones but have more signification
accelerations and decelerations.

Table 5-1. Parameters of the trajectories.
Trajectory 1 2 3 4 5 6 7 8

1,(s) 12.15 10  6.08 5 10 824 5 413

w(deg/s) 9.41 1143 188 2286 941 1143 18.8 22.86

a(deg/s*) 258 38 1031 1524 627 925 251 36.82

The total simulation time is 20 seconds. Oscillations of the proximal arm of the HOBM
and the distal arm of the HOBM are shown in Figure 5-8 and Figure 5-9 respectively.
It can be seen that the trajectories with larger acceleration and deceleration have a more
significant oscillation after stopping the cobot. The reason for the occurrence of this
oscillation is: the cobot is linked with HOBM through a cable and when the cable is
parallel to the rotational axes of the HOBM, the cable force will not cause the movement
of the HOBM since no moment with respect to the rotational axes is generated by the
cable. However, when the cobot start to move, the cable is no longer parallel to the
rotational axes of the HOBM, moments will be generated by the cable which lead the
movement of the HOBM; after the cobot stops, the arms of the HOBM will still rotate
because of its inertia and the directions of the moment induced by the cable will be
changed as the movement of the HOBM which leads to the oscillation. If the cobot
deaccelerates in a very short time, because of the HOBM still remains in a state with
high velocity and the moment generated by the cable is limited by the cable force, a
large oscillation will occur.

Another thing has to be concerned is the forces exerted on the cobot induced by the
inertia effect of the HOMB which are shown in Figure 5-10. Similar to the movement
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of the HOBM, the force becomes more significant as the cobot has large acceleration
and deceleration movements. It is because that when the cable is perpendicular to the
ground, it exerts a force which is quantitatively equal to the gravity of the payload but
in the opposite direction. However, as the oscillation occurs or the HOBM does not
strictly follow the movement of the cobot, the force exerted by the cable is no longer
collinear with the gravity, which leads to an extra load on the cobot.
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Figure 5-8. Oscillation of the proximal arm of the HOBM
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Figure 5-9. Oscillation of the distal arm of the HOBM

1141Page



5.2 Dynamic analysis of the coupled system and methods for reducing oscillations in
the final phase of the trajectories

Comparison between traj 2 & traj 6

—traj 2
—traj 6

Force (N)
Force (N)
>

w

0 5 10 15 20
Time (s) Time (s)
Comparison between traj 3 & traj 7 Comparison between traj4 & traj 8

——traj 8§
60 1

Force (N)
Force (N)

0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)

Figure 5-10. Force applied on the cobot due to the inertia effect of the HOBM

5.2.2 Redaction of oscillations in the final phase of generated trajectories
by introducing a rigid vertical axis

From dynamic simulations of the coupled system, it can be seen that the oscillations of
the HOBM in the final phase of the trajectories will exert extra loads on the cobot and
in some severe situations, the cobot may engage launch the emergency stop for the its
safety while being subjected to large external force.

The simplest method for reducing the oscillations of the HOBM is to constrain its
movement by linking the cobot and HOBM through a rigid link. In this case, the HOBM
will strictly follow the motion of the cobot which means no oscillation will occur.

For applying this solution, a rigid telescopic axis (Figure 5-13) has been designed for
connecting the HOBM and UR10. The rigid axis is comprised of two hollow cylindrical
links where the inner diameter of one of the links is equal to the outer diameter of the
other one. Hence the translational movement of the two links is allowed as well as the
rotational movement about the vertical axis when the payload is manipulated by the
cobot. Each of the links is jointed with the end effector of the HOBM and of UR10
respectively.

However, although the oscillations in the final phase of the trajectory can be eliminated
due to the rigid connection, it should be noticed that the cobot will be still affected by
the inertia of the HOBM since they are rigidly connected.

In order to investigate the inertial effect of the HOBM on the cobot after the rigid
connection, simulations were carried out by adding the vertical axis in the previously
built ADAMS model. For the simulations, the same trajectories were used as shown in
Table 5-1 and the comparisons of the forces applied on the cobot before and after the
implementation of the rigid axis are shown in Figure 5-12. It can be seen that, although
the force exerted on the cobot after its movement is zero since the oscillation is no
longer occurs, however, the force is still significant during the acceleration and

1151Page



Chapter 5: Design and optimization of a mechanical system coupling hand operated
balanced manipulator with cobot

deceleration phases. Especially for the trajectories with large acceleration and
deceleration, the maximum exerted forces are much larger than the cases without
implementation of the rigid axis.

AT )

HOBM
_— Telescopic vertical axis

Cable ——__|

— Cobot

’ ‘——L;/
Figure 5-11. The rigid axis connecting cobot and HOBM.
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Figure 5-12. Comparison of the force applied on the cobot due to the inertia effect of
the HOBM before and after the implementation of the rigid axis
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Thus, when a telescopic axis is implemented on the coupled system, it is necessary to
take into account the limited acceleration of the cobot in order to limit the inertial effects
of the HOBM on the cobot.

5.2.3 Redaction of oscillations in the final phase of generated trajectories
by introducing damping moments

Apart from the application of rigidly linking the cobot and HOBM by the vertical axis,
another promising method for reducing the oscillation of the HOBM in the final phase
of the trajectory is to introduce damping moments on the joints of HOBM.

The damping moments are generated by two rotary dampers installed on the joints of
HOBM. The dampers will generate damping moments which impede the movements
of the HOBM. Therefore, after introducing the damping moments on HOBM’s joints,
its oscillations in the final phase of the trajectory will decrease.

In order to investigate the effect of the damping moments in the reduction of the
oscillation, simulations have been conducted based on the ADAMS model presented in
section 5.2.1. While performing the simulations, the damping coefficients on the two
joints are the same. For evaluation of the influence of the damping coefficients different
values were applied. It has been assumed that the damping moments are linearly related
to the joints’ rotational velocities. With regards to the trajectory, in these simulations,
the most intense one in Table 5-1 has been chosen which is trajectory 8.

Figure 5-13 shows the oscillations of the two arms of the HOBM after introducing
damping moments. It can be seen clearly that the oscillations of the arms gradually
decrease and the reduction is more significant with higher the damping coefficient.

Although the damping moments show good performance in terms of the reduction of
the oscillation, however, it should be noticed the force applied on the cobot by the
HOBM is still large during the moving phase of the cobot. The force applied on the
cobot after introducing damping moments is shown in Figure 5-14. It can be seen that
the force in the final phase of the trajectory is decreased due to the reduction of the
oscillation. And the reduction is more obvious with higher damping coefficient.
However, during the phase where the cobot is moving, the force still remains
significant.
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Figure 5-13. Oscillations of the rotating arms of the HOBM after introducing
damping moments.
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Figure 5-14. Force applied on the cobot after introducing damping moments
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5.3 Dynamic modeling of the HOBM-cobot coupled system for
determining admissible trajectories of the cobot

From the simulation results in the previous section, it can be seen that the inertia of the
HOBM has a great impact on the cobot. Although after introducing a rigid telescopic
axis and damping moments, the oscillation of the HOBM in the final phase of the
trajectory has been reduced. However, the force exerted by HOBM in the motion phase
of the cobot is still noticeable and this force highly depends on the acceleration of the
cobot.

Therefore, in this section, a dynamic model of the coupled system was built via Matlab
and for preventing the damage on cobot caused by HOBM, the admissible trajectory of
the cobot was determined taking into account the inertia effect of the HOBM.

5.3.1 Dynamic modeling of the cobot UR10

Let us first build the dynamic model of the cobot UR10 having six degrees-of-freedom.
Figure 5-15 shows the coordinate systems of each joint of the cobot UR10 according to
the Denavit—Hartenberg notation.

Figure 5-15. The Denavit—Hartenberg parameterization of the cobot UR10.

Let us now consider the derivation of the velocity term for a point on a link of a robot.
Using p, to represent a point on any link i of the robot relative to frame i, we can

express the position of the point by multiplying the vector with the transformation
matrix representing its frame:

p;, = ‘Ar (5-2)

[

where "A, ="A °A,"A,.." ' A, is the transformation between the base of the robot and

point on any link i; r; represents the coordinates of point i relative to frame i; p; is the
matrix that represents the same coordinates relative to the fixed frame.
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Here we will use the Denavite-Hartenberg transformation matrices i_lAi :

cosf —sinb cose; sinfsina, a,cosb,

. sing, cos6@ cosa, —coslsina, a,sind,
A= : (5-3)
0 sing, cosq, d,
0 0 0 1

where 6;, a;, a; and d; are the DH parameters of the robot.
The DH parameters for cobot UR10 are shown in Table 5-2.

Table 5-2. Denavit-Hartenberg parameters of UR10

Jointi 0; (rad) a;(m) d;(m) a;(rad)

1 0, 0 0.1273 )
2 6, | -0.612 0 0
3 6,  -0.572 0 0
4 0, 0 0163941 w2
5 05 0 0.1157  -n/2
6 0, 0 0.0922 0

The derivative of an i_lAi matrix for a revolute joint with respect to its joint variable
0, is:

—sinf. —cos6@ cosa;, cosésina, —a;sing,

o("'A)) | cosg, -sinfcosa sindsing, a,cosf 5-4
)| 0 : ’ (5-4)
0 0 0 0

However, this matrix can be broken into a constant matrix Q; [123] and the ™A,
matrix such that

alAi —

0" QA (5-5)

Using q; to represent the joint variables (64, 65, ..., for revolute joints), and extending
the same differentiation principle to the °A; matrix, differentiated with respect to only
one variable g; gives
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U _O"A o(°A,'A,.. A,
i oq. oq

J J

="A'A,.Q, A LA, (5-6)

Please note that since °A; is differentiated only with respect to one variable g; there is
only one Q;. Higher order derivatives can be formulated similarly from

u, - 5-7
. (-7

Since the velocity of the point is a function of the velocities of all the joints
41,92, ---,9¢- Therefore, by differentiating Eq. (5-2) with respect to all the joint
variables q; yields the velocity of the point:

_d®) (A )da, | gy day
Vi= dt Z{ dt 6= g )" (5-8)

=1 aqj J=l

Since V; has three components of x;, y;, Z;, it can be written as

2

x; X; Xy, X%
ViViT =y [xi Vi Zi] =| VX, ylz YiZ; (5-9)
g SR

and

) .. ..
X; XY Xg

Trace(Vl.Vl.T ) =Trace|| yx V' vz ||=x +y +2 (5-10)
Z'ixi Z.l' yi le

The total kinetic energy of link i can be obtained by:

K, :—Tmce(ZZU LU.4,4, J (5-11)

p=Il r=l

where I is the Pseudo Inertia Matrix[123].

The potential energy of the system is the sum of the potential energies of each link and
can be written as

P=3P=>-mg ("Ar)] (5-12)

where g is the gravity matrix and r; is the location of the center of mass of a link relative
to the frame representing the link i. Obviously, the potential energy must be a scalar
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quantity, and thus g7, which is a (1x4) matrix, multiplied by the position vector
( OAl-ri), which is a (4x1) matrix, yields a single scalar quantity. Please also note that
the values in the gravity matrix are dependent on the orientation of the reference frame.

The Lagrangian is then

n

L=K-P= %Zn:iiTmce(UiPIiUﬁqPq’r )- [—m,.gT ( ‘A, )] (5-13)

i=1 p=1 r=I i=1

The Lagrangian can now be differentiated in order to form the dynamic equations of
motion by the following:

T _dfoL) o (5-14)
Codr aq; ) 0gq;

By substituting Eq. (5-13) into Eq. (5-14), the final dynamic equations of motion for
the cobot can be summarized as follows:

T :ZDijéij_'_ZZDijkqj‘é[k"'Di (5-15)
j=1 j=1 k=1
where

D, = ZH‘Z -)Trace(UijPUTpi)
p=max(i, j

n

_ T

D, = E Trace(UpjkIpUpi)
p=max(i.j.k)

D, = i(—mPgTUpirp)
p=i

In Eq. (5-15), the first part is the angular acceleration-inertia terms, the second part is
the Coriolis and centrifugal terms, and the last part is the gravity term.

The mass-inertia properties of the cobot UR10 is shown in Table 5-3.
The dynamic model of the cobot UR10 was created by using the described

relationships. The obtained expressions are very voluminous and they cannot be
presented in the manuscript.
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Table 5-3. Mass-inertia characteristics of UR10

Linki m;(ke) I;(m) 7, [¥s,¥iZs] (M) Lykgm?) I, (kem?) I, (kgm?)

1 135 0.038 [0,0.0116,0.0786] 4.62x10°  5.40x10° 4.88x107
2 3.82 | 0.612  [0,0.251,0.0844] 1.20x10" 8.08x10"  6.96x10’!
3 2.04  0.572  [0,0.258,0.0566] 8.03x107 2.96x10" 2.90x10"!
4 0.32  0.164 [0,0.009, 0.0463] | 5.35x10™* 4.79x10* 4.07x10™*
5 032  0.116 [0,0.010,0.0464] 5.37x10* 4.82x10* 4.06x10™
6 0.07 | 0.092 [0, 0, 0.0126] 5.72x10° | 5.95x10°  6.57x10”

5.3.2 Dynamic modelling of the HOBM

Since the arms of the HOBM have only rotational movements about the vertical axis,
hence it can be seen as a two-link serial manipulator as shown in Figure 5-16.

Figure 5-16. Representation of the HOBM

According to the geometrical relationship, the coordinates of the end effector of the
HOBM in the horizontal plane can be obtained by:

{x =1 cos g, +1,cos(g, +,) 5-16)

y=Ising +1,sin(¢, +¢,)

where ¢; and ¢2 are the rotational angles of the arms of HOBM, and /; and /> are the
length of the arms of HOBM as shown in Figure 5-16.

Then the Jacobian matrix of the HOBM is:

—I sing, —L,sin(¢, +¢,) —Lsin(p +9,)

5-17
l,cosg +1,cos(p +¢,) Lcos(p+o,) (>-17)

JHOBM = |:

The kinetic energy of link 1 and link 2 of the HOBM are:
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1 ,., 1 .
E=5mﬁ#+ghﬁ (5-18)

1 ) ) 1 .. ) SN
T, = 512((01 ""(/)2)2 +5m2 {I:_ll¢1 S @ _12 ((pl +¢2)Sm(¢1 L) )]2
(5-19)

+[ll¢1 cosg, +1, ((01 +¢2)COS(¢1 + ¢, )]2}

where m;, I;, and r; (i=1, 2) denote the link i’s mass, moment of inertia, and distance
from the center of mass to the pivot respectively.

And the total kinetic energy of the HOBM is:
T=T+T, (5-20)

Because the arms of the HOBM have no vertical movement which means that no matter
how the rotational angle of the HOBM, the gravitational potential energy always stays
the same, i.e.

ov
—-=0 =1,2 -
o (i ) (5-21)

According to Lagrange’s equation, the dynamic equation of the HOBM can be obtained
by:

. d(@T] oT oV (=12) 5.22)

=— -+
" dit\ogp, ) Op O

Combining Eq. (5-18) — (5-22), the dynamic equation of the HOBM can be rewritten

as:
7Hom [mnr,z +m, (112 +r; +2Lr, COS(02)+I, +IJ¢1 4—[1712 (rf +1r, cos (02)+12]¢2 (5.23)
—m,lr, sin (02(b22 =2myl,r, sin p,0,,
HOBM 2 s 2 .. . .2
7, = [mz (r2 + 1,1, cos qu)+ Iz}(ol +(m2r2 + 12)(/)2 +m,lr, sin @, @, (5-24)

The physical characteristics of the HOBM are shown in Table 5-4.
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Table 5-4. Mass-inertia characteristics of the HOBM

Linki m; (ke) L (m) s, (m) Is, (kgm?)

1 3097 14 0.57 9.28

2 2356 1.5 0.74 5.21

3 213 0.6 0.3 0.06

5.3.3 Loads of inertial forces on the cobot for the HOBM with a vertical
rigid axis

The behavior of the coupled system in a static mode, when the velocities of links the
HOBM are limited, does not present any special problem. In this mode, the inertial
forces are significantly lower than the gravitational ones. The payload is completely
balanced by the HOBM and the cobot assumes low loads. However, when increasing
the accelerations, the inertia forces also increase and, respectively, the efficiency of
gravitational balancing decreases. Therefore, the HOBM with massive links creates
additional loads on the cobot. Let’s consider the inertial forces of the HOBM exerted
on the UR10.

In the coupled system, the payload is moved by the cobot. Thus, knowing the vector 0

of joint angles of the cobot, the vector X of Cartesian velocities of its end effector can
be determined from:

Xcobot = Jcohot6 (5-25)
where, Jopot 15 the Jacobian matrix of the cobot.

The displacements and velocities of the payload are the input parameters for the
HOBM. Hence,

= J o1 X obor (5-26)
where, @ is the vector of joint angles of the HOBM.
Thus, knowing the vector ¢ of joint angles, the inertial forces and moments of the
HOBM can be determined and the loads tTyopMm due to these forces and moments in the

joints will also be established by using Eq. (5-23) -(5-24).

Now, the force-torque vector Fyyopm acting on the payload due to the HOBM can be
expressed by the relationship:

Foopu =J ;{TOBM T Hosm (5-27)

It should also be noticed that, although the gravity of the payload is compensated by
the HOBM, the inertia effect of the payload should still be taken into account especially
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when it has large acceleration. In the dynamic model, the payload is considered as a
point mass and its inertial force can be determined by:

F;’;i?ZZd = mpayloud a payload (5 _2 8)
where a,4yi0aq 18 the acceleration vector of the payload.
Hence, the total load on the end effector of the cobot is:

F

total

FHOBM + Fpayload (5—29)

For validating the correctness of the dynamic model of the HOBM-cobot coupled
system after introducing the rigid telescopic axis, a Simulink model has been built via
Matlab and simulation results have been compared with the results of the ADAMS
model. The mass of the payload is 30kg and the trajectory parameters are the same as
the trajectory 8 shown in Table 5-1.

Figure 5-17 shows the comparison of forces exerted on the cobot simulated by ADAMS
and Matlab models. It can be seen that the difference between the two models in the
acceleration phase is very small, and the larger difference in the constant speed phase
is due to the Coriolis and centripetal effect of the payload.

30 T T 40 :
—ADAMS —ADAMS
L |- -matlab 7 - ~matlab
_ 20 / 20 |
= =
< 10 > 0 S
0] o) T
2 ot e
o o
s s
10} -20
-20 : : : : -40 . : . .
0 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s)
(a) Force along x axis (b) Force along y axis

Figure 5-17. Comparison between the ADAMS and Matlab models

5.3.4 Loads of inertial forces on the cobot after introducing damping
moments

Unlike the case where HOBM and cobot are linked with a rigid telescopic axis, while
cobot and HOBM are only link through the cable, the coordinates of the end effectors
of HOBM and cobot in x-y plane can be different.

Let us define the vector points from the end effector of HOBM to the end effector of
cobot as:

r=x

cobot

X nosm (5-30)
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where Xy 0py 1S the Cartesian coordinate of the HOBM’s end effector.

When the coordinates of the end effectors of HOBM and cobot in x-y plane are not the
same, the force generated by the cable is no longer parallel to the z axis. Hence the
cable force will generate torques which lead to the oscillation of the HOBM’s links.
Figure 5-18 shows the forces applied on the end effector of HOBM when the cable is
not parallel to the z axis. It can be seen that the cable force Fcaple can be decomposed
into three components along the local frame of the distal arm of the HOBM. The
components chjzbze and FZ,;,,,will lead to the torques on the first and second joints of

the HOBM, respectively.

Figure 5-18. Forces applied on the end effector of HOBM

The cable force applied on the end effector of HOBM can be obtained by:

_ mpayload g r

Fcable - |r (5_3 1)
Then, the torques applied on the joints of HOBM induced by the cable force is:
Toe = iom Feae (5-32)

After introducing damping moments on the joints of the HOBM, due to the effect of
dissipation, the oscillation of the HOBM in the final phase of the trajectory will be
reduced. In simulations, it is assumed that the damping moments have a linear
relationship with joint velocities:

HOBM .
Tdamping = C(p (5—33)
where c is a diagonal matrix indicating the damping coefficients.

Thus, the total torques applied on the HOBM is:

HOBM HOBM HOBM (5_34)

T = Tdamping + Tcable

By substituting Eq. (5-34) into Eq. (5-23)-(5-24), the dynamic equation of the coupled
system after introducing damping moments is achieved. Then, by solving the dynamic
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equation, the joint angles of the HOBM can be obtained and also the Cartesian
coordinates of the end effector of the HOBM.

The forces applied on the end effector of the cobot are shown in Figure 5-19. It can be
seen that there are three forces applied on its end effector: cable force, gravitational and
inertial forces of the payload. Hence, the total load on the cobot’s end effector is:

_ gravity inertia
Eotal - Fcable + Fpayload + Fpayload (5 _35 )

A

F inertia

payload

F gravity

payload
Figure 5-19. Forces applied on the end effector of the cobot

For validating the accuracy of the dynamic model of the HOBM-cobot coupled system
after introducing damping moments, a Simulink model has been developed via Matlab
and simulation results are compared with the results of the ADAMS model. The mass
of the payload is 30kg, the damping coefficients for the two joints of HOBM are both
0.2 Nms/deg and the trajectory parameters are the same as the trajectory 8 shown in
Table 5-1.

The comparison of forces exerted on the cobot simulated by ADAMS model and Matlab
model is shown in Figure 5-20. It can be seen from the figure that, for the forces along
all three axes, the results from the ADAMS model and Matlab model are very close.

40

—ADAMS —ADAMS
- -matlab 20} - -matlab

0 1 2 3 4 5 0 1 2 3 4 5

Time (s) Time (s)
(a) Force along x axis (b) Force along y axis
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- —matlab
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(c) Force along z axis

Figure 5-20. Comparison between the ADAMS and Matlab models.

5.3.5 Determination of admissible trajectory of the cobot while payload
and HOBM are connected via a vertical rigid axis

The HOBM-cobot coupled system has the advantage that the gravity of the payload is
compensated by the HOBM which allows the cobot to manipulate heavy load.
However, despite the gravity of the payload was already compensated, noticeable forces
are still applied on the cobot due to the payload’s large mass with large acceleration
and deceleration.

In addition, although by connecting the payload and HOBM through a rigid axis, the
oscillation of the HOBM after the cobot stops its movement was eliminated. However,
due to the significant inertia of the links of the HOBM, extra forces will be exerted on
the cobot especially in the acceleration and deceleration phases.

These forces caused by the inertia effect of the HOBM and payload will create
supplementary torques in the joints of the cobot which must be compensated by the
motors of the cobot. After rigidly connecting the cobot with the HOBM, the dynamic
equations describing the input torques of the cobot with the HOBM action can be
expressed as:

T= Tcobot + JfobotFtolal (5_3 6)

where, T.,pot can be calculated by the dynamic equation of the cobot presented as Eq.
(5-15).
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Figure 5-21. Input torques of the cobot: (a) without HOBM (b) taking into account
inertial forces of the HOBM.

For investigating the inertial effect of the HOBM on the cobot, simulations via Matlab
have been conducted before and after taking the inertial forces of the HOBM into
consideration. The mass of the payload is 30kg and the trajectory parameters are same
as the trajectory 8 shown in Table 5-1. Figure 5-21 shows the input torques of the
cobot’s motors with and without taking the inertial forces of the HOBM into
consideration. It can be seen that the inertial forces of the HOBM added great
impedances during the acceleration and deceleration phases. Hence, during the
determination of the trajectory, the maximum acceleration must be determined in order
to let the required input torques lower than the maximum torques of the motors.
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The maximum acceleration of the trajectory can be defined as the following:
find max {e} subject to max{Tmpm} <T,, , where o is the angular acceleration of the

trajectory, Tinput 18 the vector of input torques of the cobot’s joints, Tmax is the vector of
maximum torques of the motors of cobot.

The maximum torques of the motors of cobot UR10 are shown in Table 5-5. With these
constraints of the motor torques, Figure 5-22 shows the maximum angular acceleration
of the trajectory with respect to the payload mass when the HOBM and cobot are
connected via a telescopic axis. It can be seen from the figure that the increase of the
payloads mass leads to the reduction of the maximum acceleration of the executed
trajectory.

Table 5-5. Maximum torques of the motors of cobot UR10

Joint No. Maximum Torque (N*m)

1 330

2 330

3 150

4 56

5 56

6 56
450

2

1N
o]
=]

(U8 )
N
o

Angular acceleration (deg/s

10 20 30 40 50 60 70
Payload mass (kg)

Figure 5-22. Maximum angular acceleration of the trajectory with respect to the
payload mass when the HOBM and cobot are connected via a telescopic axis

5.3.6 Determination of admissible trajectory of the cobot after introducing
damping moments on the HOBM

From the previous section, it can be seen that, due to the inertial effect of the HOBM,
the maximum admissible acceleration has been restricted. That is due to the inertial
forces induced by the HOBM become quite significant when the cobot operates at a
high acceleration.
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Apart from by rigidly connecting the cobot and the HOBM, another way for reducing
the oscillation of the HOBM in the final phase of the trajectory is to introduce damping
moments the joints of HOBM. However, as shown in the Section 5.2.3, although the
oscillation in the final phase of the trajectory has been reduced after introducing
damping moments, the forces applied on cobot in the moving phase of the trajectory is
still considerable.

Similar to the previous section, after introducing damping moments on the HOBM, the
dynamic equations describing the input torques of the cobot with the HOBM action can
be obtained by substituting Eq. (5-35) into Eq. (5-36).

In order to investigate how the damping moments of the HOBM affect the load applied
on the cobot, simulations via Matlab have been conducted for three cases: (a) no
damping moments, (b) damping coefficients are 0.4 Nms/deg and (c) damping

coefficients are 0.8 Nms/deg . The mass of the payload is 30kg and the trajectory

parameters are same as the trajectory 8 shown in Table 5-1. Figure 5-23 shows the input
torques of the cobot’s motors with different damping coefficients. It can be seen that,
for most of the motors of the cobot, the maximum values of the input torques have
reduced after introducing damping moments on HOBM’s joints. However, the input
torques in the acceleration phase and deceleration phase is still quite significant which
need to be taken into consideration in the trajectory planning.

For finding the maximum admissible acceleration of the trajectory, the same approach
in the previous section is adopted, i.e. finding the maximum acceleration under the
constraints of maximum motor torques. And the maximum torques of the cobot is also
the same as shown in Table 5-5.

The maximum angular acceleration of the trajectory with respect to the payload mass
before and after introducing damping moments is shown in Figure 5-24. It can be seen
from the figure that the damping moments on the HOBM’s joints only leads to a little
improvement on the maximum acceleration when the payload is heavy. That is due to
the total force applied by the HOBM through the cable is equal to the gravity of the
payload. Hence, when the payload is light, the forces applied on the cobot is mainly
due to the inertial force of the payload. Additionally, comparing to the case when the
cobot and the HOBM are rigidly connected, the maximum admissible acceleration is
much higher since the inertial effect of the HOBM is not directly applied on the cobot.
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Figure 5-23. Input torques of the cobot: (a) no damping moments, (b) damping
coefficients are 0.4 Nms/deg and (c) damping coefficients are 0.8 Nms/deg .
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Figure 5-24. The maximum angular acceleration of the trajectory with respect to the
payload mass: (a) no damping moment and (b) damping coefficients are 0.8 Nms/deg

5.4 Summary

Manual handling of loads involves the use of the human body to lift and carry loads.
Most manufacturing systems require some manual handling tasks. When performed
incorrectly or excessively, these tasks may expose workers to fatigue and injury. A
variety of techniques and tools exist for automatic handling of heavy loads. Among
them, collaborative robots and hand-operated balanced manipulators cooperation is an
effective way. In this case, the operator controlling the HOBM is replaced by a cobot.
Taking into account the great capabilities of the cobots, which allow human
intervention to control and guide the payload, such cooperation is efficient since it does
not exclude the possibility of having a human in the workspace of a robot.

This chapter presented the design and dynamic analysis of the HOBM-cobot coupled
system. In the first section, the design concept of the coupled system has been proposed
and optimization of the coupled system has been conducted in order to achieve a
collision and singularity free workspace.

In the second section, the CAD model of the coupled system has been developed and
simulations were carried out via ADAMS software. Simulation results showed that, in
the final phase of the trajectory, oscillations of the links of the HOBM occurred due to
its inertial effects. For reducing the oscillations, two solutions were proposed. The first
is carried out by introducing a rigid telescopic axis linking HOBM and payload. And
the second is carried out by introducing damping moments on the joints of HOBM.
After implementing these methods, simulation results showed that the oscillation of the
HOBM was effectively suppressed. However, the forces exerted on the cobot due to
the inertial effect of the HOBM and payload are still significant.

For preventing inertial forces of the HOBM and payload being harmful to the cobot, in
the last section, the admissible trajectories of the cobot taking into account the inertial
effect of HOBM and after introducing damping moments were determined. The
dynamic model of the cobot and HOBM has been developed for obtaining the cobot’s
input torques taking the inertial effect of HOBM and payload into consideration. The
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maximum accelerations of the trajectory were determined for the payloads weighing
from 10kg to 70kg. Results showed that, when the HOBM and cobot are rigidly
connected through a telescopic axis, the inertial effect of the HOBM has a great impact
on the maximum acceleration of the cobot. And the damping moments on the HOBM
only leads to a little improvement of the maximum acceleration when the payload is
relatively heavy.

The simulation results have been validated by experimental tests carried out in “Saunier
Duval”.
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Conclusion

The work presented in this thesis deals with the design principles, which are based on
the coupling of two mechanical structures. The criteria for optimal design and the types
of combined units are different. Taking into consideration the coupling properties of
given mechanical units the tasks are considered. The design and optimization of four
main parts are considered: single actuator walking robots, gravity balancers, a robotic
suit for load carriage and a handling system coupling manipulators with manual control
and automatic weight balancing with cobot.

One of the effective ways to design a walking robot with reduced degrees of freedom
is to use leg mechanisms intended to simulate the walking gait of a human. Such a
walking robot has been designed by using of four-bar mechanisms. In order to let the
four-bar mechanism generate the desired trajectory, a mechanism synthesis based on
the Genetic Algorithm has been developed. The proposed geometric synthesis of the
four-bar linkage allows one to find the lengths of links that ensure the reproduction of
prescribed points of the given trajectory. The suggested walking robot consist of a
moving frame connected with two synthesized four-bar linkages. The actuator of the
walking robot mounted on its moving frame allows one moves both legs. Simulation
results showed that the robot is capable to walk steadily both forward and backward at
different constant speeds. However, such a robot can only generate a fixed gait pattern.
Therefore, a one degree of freedom robot with adjustable slider-crank mechanism has
been then proposed. The variations of the step length are carried out by changing the
offset of the slider guide. The simulations have been carried out for four given
combinations of adjustable parameters, and results showed that the robot has a steady
walking cycle for all examined cases. To design a single actuator robot, which has the
ability of both walking on the plane surface and climbing up the stairs, the robot must
generate a tilted gait for reaching higher\lower stair. Thus, a similar walking robot
including cam and pantograph mechanisms has been then discussed. The adjustable
parameters are the angle between the cam mechanism and the robot body, as well as
the fixed point position of the pantograph mechanism. Simulations were performed via
ADAMS software. The obtained results showed that the change of fixed point position
of the pantograph mechanism can significantly change the speeds of walking and
climbing stairs, and it also can change the power consumption. On the other hand, the
variation of the angle between cams and main body allows one to climb stairs, and the
angle can be adjusted to adapt the slope of stairs.

In the thesis, the design and optimization of gravity balancers via coupling of a rotating
link and a two-link dyad have been considered. It is known that a full gravity
compensation of a rotating link cannot be achieved when a non-zero free length spring,
i.e. conventional linear spring, is used. To use non-zero length springs, it is necessary
to apply auxiliary mechanical systems. A simple and analytically tractable solution
permitting to carry out quasi-perfect balancing of a rotating link by means of a non-
zero length spring has been proposed. In the suggested design the balancing spring is
connected with the rotating link by means of an articulated dyad forming a four-bar

1371Page



Conclusion and future works

linkage. Upon rotation of the output link of the four-bar mechanism moves the end of
the spring and changes the length of the spring creating a variable balancing moment.
An optimization method based on the geometric synthesis of four-bar mechanism and
potential energy conservation has been developed, which allows one to control the
optimal displacements of the spring providing a suitable balancing moment. The
illustrative example has shown that the proposed design ensures gravity compensation
up to 98%. A similar problem by coupling a rotating link to be balanced and a dyad
with prismatic pair, forming with the rotating link a slider-crank mechanism has been
then discussed. The particularity of the suggested design concept is that the balancing
spring is installed on the fixed frame, which allows one to reduce the errors due to the
spring’s weight. The efficiency of the suggested mechanism design has been illustrated
via numerical simulations. By selecting three prescribed positions of the rotating link
has been reached a quasi-exact gravity balancing. It has been shown that the maximum
value of the unbalanced moment reduced from 63 Nm to 2.92 Nm (95.4%), and in the
case of 120 prescribed positions of the rotating link, the maximum value reduced up to
1.87 Nm (97%). In the next study, an improved solution for reducing the error caused
by neglecting the masses of the spring and associated links has been proposed. In the
inverted slider crank mechanism, considering the masses of the rocker and the spring,
the balancing has been carried out. Firstly, it has been shown that the errors caused by
neglecting the masses of the associated links lead to a significant unbalanced moment.
Then, it was proposed to use the minimization of the root-mean-square value of the
unbalanced moment to reduce these errors. The numerical simulations showed that the
error caused by neglecting the masses of the associated links is more than 13% of the
moment to be balanced. The application of the suggested solution has reduced the
residual moment up to 40%. It was noticed that such an approach can be applied to
other types of auxiliary linkages designed for gravity compensators.

The proposed robotic suit, which intends to assist its user in the carriage of heavy load,
is a symbiosis of two systems: a rigid support frame and a cable system. The cable
system coupled with the rigid support frame provides assistive force to its users during
load carriage. It has two operation modes: passive and active modes. When wearers
hold the load at a fixed posture, the cable locking mechanism is engaged to stop the
movement of the cable and the robotic suit works in the passive mode where no energy
is needed. When users change their postures while holding the load, the robotic suit
works in the active mode providing variable assistive forces with respect to the
movement.

The kinematic and dynamic models of the robotic suit system have been built. Static
simulations have been carried out via built models and an optimization of the position
of the anchors and attachment points of the robotic suit has been made based on genetic
algorithm for minimizing the cable tension and force exerted on the shoulder. The
workspace of the robotic suit has been analyzed, and dynamic simulations of the robotic
suit have been carried. All simulations showed that the robot suit had good
performances during working in both passive mode and active modes.

In order to evaluate the performance of the robotic suit in a more realistic environment,
a mannequin test bench has been fabricated and tested. The test results showed that with
the help of the robotic suit, the mannequin can hold different weights of loads steadily
in different postures.
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The last chapter of the thesis proposed a handling system coupling manipulators with
manual control and automatic weight balancing with cobot. Manual handling of loads
involves the use of the human body to lift and carry loads. Most manufacturing systems
require some manual handling tasks. When performed incorrectly or excessively, these
tasks may expose workers to fatigue and injury. A variety of techniques and tools exist
for automatic handling of heavy loads. Among them, collaborative robots and hand-
operated balanced manipulators cooperation is an effective way. In this case, the
operator controlling the HOBM is replaced by a cobot. Taking into account the great
capabilities of the cobots, which allow human intervention to control and guide the
payload, such cooperation is efficient since it does not exclude the possibility of having
a human in the workspace of a robot.

The thesis presented the design and dynamic analysis of the HOBM-cobot coupled
system. The design concept of the coupled system has been proposed and optimization
of the coupled system has been conducted in order to achieve a collision and singularity
free workspace. The CAD model of the coupled system has been also developed and
simulations were carried out via ADAMS software. Simulation results showed that, in
the final phase of the trajectory, oscillations of the links of the HOBM occurred due to
its inertial effects. For reducing the oscillations, two methods were proposed. The first
is carried out by introducing a rigid telescopic axis linking HOBM and payload. The
second is carried out by introducing damping moments on the joints of HOBM. After
implementing these methods, simulation results showed that the oscillation of the
HOBM was effectively reduced. However, the forces exerted on the cobot due to the
inertial effect of the HOBM and payload are still significant. For preventing inertial
forces of the HOBM and payload being harmful to the cobot, the admissible trajectories
of the cobot taking into account the inertial effect of HOBM with damping moments
were determined. The dynamic model of the cobot and HOBM has been developed for
obtaining the cobot’s input torques taking the inertial effect of HOBM and payload into
consideration. The maximum accelerations of the trajectory were determined for the
payloads from 10kg to 70kg. Results showed that, when the HOBM and cobot are
rigidly connected through a telescopic axis, the inertial effect of the HOBM has a great
impact on the maximum acceleration of the cobot. However, the damping moments on
the HOBM only leads to a little improvement of the maximum acceleration when the
payload is relatively heavy. The simulation results have been validated by experimental
tests carried out in “Saunier Duval”.

Future works

This thesis generally focuses on the design of systems by coupling different mechanical
structures and several examples in different fields are presented. In the last part of this
manuscript, I would like to indicate some points which could be promising in the future
work.

Firstly, for the walking robots with single actuator, it could be valuable to add an elastic
unit on the walking mechanism for passively conserving and releasing energy. It can
be seen from the first two walking robots that their energy consumptions in the
propelling phase can be divided into positive and negative energy consumption which
is due to the displacement of the center of gravity in the vertical axis. Therefore, by
adding an elastic unit to compensate this effect will lead to a more energy-efficient
walking robot.
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Conclusion and future works

Secondly, with respect to the robotic suit for load carriage, experiments were only
conducted while the suit was working in the passive mode. In future, it is very
worthwhile to test the robotic suit while working in the active mode and in the meantime
to design a more sophisticated controller based on the tests in the real application.
Additionally, with respect to the ergonomics, it is also valuable to improve the interface
between cable attachment points and user for achieving better comfort.

Finally, for the cobot-HOBM coupled system, although this kind of system increased
the payload capacity. However, compare to conventional industrial robots, the
workspace of the coupled system is still quite small due to the limitation of the cobot.
Hence, it could be very promising to install the system on a moving platform which can
significantly increase its workspace.
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Appendix A

Kinematic and dynamic equation of the robotic
suit

This appendix shows the detailed form of the kinematic and dynamic equation of the
robotic suit in section 4.2.

The detailed form of the Eq. (4-3) is:

0.0 [d, cos(6, +6,)+(a; —b;)sin (6, +6,)—d, cos 6, —(az—bz—la,)sint9,]2+
1\, )=
[(al—bl)cos(é?l+92)—dlsin(6’1+92)—(a2—192—la,)cos6’1+dzsin01]2

(A-1)
+\/(a3 +a, cos @ —b, cos 6, —d, sin 6, )2 +(by —d, cos 6, —a, sin @, +b, sin 6, )2
B2+ (e —dy ) +1,
£(6) = \/[a3 +(a,—b,)cos 6, —d, sinc9]]2 +| b, —d, cos 6, —(a, —bz)sinﬁlj2
(A-2)
b2 +(c, —d,) +1,
The Jacobean matrix of the robotic suit is:
J,= {’.L‘ J.‘f} (A3)
Ja I

, Where:

L [(a=b)(ay=b,~1,)+dd, |sin6,+[d,(a, ~b, ~1, ) ~d, (a,—b;) |cos b,
12—
[dl cos(6,+6,)+(a,—b,)sin(6,+6,)—d, cos 6, —(a, — b, —lm,)siné?lj2 +

[(a1 —b,)cos (6, +6,)—d, sin(6,+6,)—(a,—b,—1, )cos 6, +d, sin@l]2

o (asb, —asa, +byd, )sin 6, — (bya, —b,b, + ayd, ) cos 6,
Jh=Jn =
o \/[a3+(02—bz)C0891—dzsinel:|2+[b3—dzcos¢91_(az_bz)sinel]z

jZVz:()

1511Page



Appendix A: Kinematic and dynamic equation of the robotic suit

The detailed form of dynamic equation of the robotic suit Eq. (4-12) is:

22 .

cable _ 2 2
Mshoulder - |:mualcua + Iua + m g, (lua ua lcload + Zlualcload Cos 92 ):| 61

2
+ qua + 2lualcfa COS 92) + Ifa +Myy0q (

) 5 . ) S,
+ [mfa (lcfa + lualcfa cos 92) + ]_fa +Mypaq (lcload + lualcload cos 92 ):| 92 - m_falualcfa sin 92 (29192 + 92 )
— Mpuatualeioad SN 03 (26’192 +03 ) + 1,8l SIN G + g, 8 [lua SN + 1.z, sin(6, + 6, )J (A-4)
+ Mypad 8 [lua SING, +lypqq Sin (6 + 6, )]

abl 2 A 2 2
M;ﬁmfy’ = |:mua (lcfa + lualcfa cos 02 ) + Ifa:|'91 + (mfalcfa + Ifa + mlnadlcload )QZ

. 2 .
+ (mfalcfa + mloadlcload )lua sin 0291 + (mfalcfa + mloadlclaad )g sin (01 + 02)
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Appendix B

Simulink model for the dynamic simulation of
the robotic suit

Clock —slg10 [k 1 To Workspace
g o+
o—p® Gain2
= qif 4 a— 3 ti = —
theta initial 1 et
= 2f i
C"—_w & T ceT Band-Limited Scope
I slstept —FDis) White Noise
thetat final I 3
= »step2 PD Controller | (3 | floor | T \_ T *g1 qlck— -b
theta2 initial imposed trajectory ; T || -nolse q1dd { xd's q1d qide} ‘ Gam\EI
Scopes —{q1 . qid | q1 I..qz contraint q2=J .Ib
theta2 final g2 dynamic 924 g2dc Gain1
ol 1
pol———1 —1 ] I 0 lg1d q2ddf[1/s /s constraint
step1 | oq2d q2d qz
i | exosuit dynamic
step2 1

1 €1 1
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ravit;
torque simout1 g Y

To Workspace1

Figure B-1. Simulink model of the robotic suit with PD controller
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Appendix C

Simulink models of the cobot-HOBM coupled
system in Chapter 5

I ] [ T
O L. ] v duldt L-:n
Clock ime - A
thetat |-— um phit phitd phitdd || *gi1d — Hiorque
theta2 I ——»qi1dd
4 fi ‘ 4 + torque| Lsphit 4 Ff—
fcn thetad i T fon phiz}— 92 fen fcn
thetad ki “Lo{g2d hi2
acc kaj IN ‘ [ du/dt q s
theta5 T Inverse Kinematic Balancer'+ - ——*q2dd Force endeffector
acceleration thetab phi2d phi2dd 5 —Ea
load movement du/dt|-+dufdt ek Deance

xdot  xdotdot

thetal
theta2
theta3
thetad 4 tau (1)
thetas  torqueur10 Out1
theta

du/dt {-»{du/dt Vector Gain2
ydot1 ydotdot Concatenate1 |

{7l ey

Torque UR10
Add

Figure C-1. The general system of the cobot-HOBM coupled dynamic model when
cobot and HOBM are linked via a telescopic axis
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thetad |- HPhizd fen
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) theta5 | —1—1 xdotdot
acceleration otoo ——»|du/dt —du/dt zdotdot Ftotall—
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load movement . direct dynamic balancer
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Figure C-2. The general system of the cobot-HOBM coupled dynamic model after
introducing frictions on the HOBM’s joints
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Mots clés : Conception de mécanismes, Robot marcheur, Equilibrage de la gravité, Exosquelette, Systéme couplé

Résumé : Ce mémoire traite de nouveaux principes géométriques des unités congues, il devient possible
de conception qui sont inspirés par le couplage de non seulement d’assurer une marche du robot a des
deux unités représentant les différentes structures pas variables, mais également de monter les
mécaniques. Les criteres de conception optimale et escaliers. Ensuite la conception et la synthése des
les types d'unités combinées sont différents. équilibreurs pour les robots sont considérés. Un
Cependant, toutes les taches sont considérées dans costume robotisé type exosquelette permettant
le couplage de ces unités. d’aider aux personnes transportant des charges
L’examen critique présenté dans le premier chapitre lourdes est examiné dans le chapitre suivant. La
est divisé en trois sections en raison de la nature des conception proposée présente une symbiose d'un
problemes traités : les robots marcheurs, les support rigide et léger et d’'un systéeme de cables
compensateurs de gravité et les robots collaboratifs. monté sur ce support. L’étude et I'optimisation
Le deuxieme chapitre traite du développement de statique et dynamique ont conduit aux tests sur un
robots marcheurs a actionneur unique, congus par mannequin. Le dernier chapitre propose I'étude et
couplage de deux mécanismes ayant les [Ioptimisation d’'un systéme couplé, comprenant un
fonctionnants de jambe. Basée sur [lalgorithme manipulateur équilibré a commande manuelle et un
génétique, la synthese proposée permet d’assurer la robot collaboratif. Le but d’'une telle coopération est
reproduction de la trajectoire obtenue a partir de la de manipuler de lourdes charges avec un cobot.
marche humaine. Par I'ajustement des parameétres

Keywords: Mechanism design, Walking robot, Gravity balancing, Exoskeleton, Coupled system

Abstract: This thesis deals with the design principles, to climb the stairs. The next chapter deals with the
which are based on the coupling of two mechanical design and synthesis of gravity balancers. A robotic
structures. The criteria for optimal design and the that can help people carrying heavy load is the
types of combined units are different. However, all the subject of chapter four. The proposed exosuit
tasks are considered in coupling of given mechanical presents a symbiosis of two systems: rigid
units. lightweight support and cable system. Static and
The critical review given in the first chapter is divided dynamic study and optimization are considered.
into three sections due to the nature of the examined Experiments are also carried out on a mannequin
problems: legged  walking robots, gravity test bench. The last chapter presents a coupled
compensators used in robots and collaborative system including a hand-operated balanced
robots. Chapter two deals with the development of manipulator (HOBM) and an industrial collaborative
single actuator walking robots designed by coupling of robot. The aim of such a cooperation is to
two mechanisms. Based on the Genetic Algorithm, manipulate heavy payloads with less powerful
the synthesis allows one to ensure the reproduction of robots. Dynamic analysis of the coupled system is
prescribed points of the given trajectory obtained from performed and methods for reducing the oscillation
the walking gait. By adjusting the geometric of the HOBM at the final phase of the prescribed
parameters of the designed units, it becomes possible trajectories are proposed.

not only to operate the robot at variable steps,but also
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