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Foreword

The International Symposium on Science of Machines and Mechanisms, SYROM
runs every four years, starting from 1973, therefore the 11th edition in 2013
represents the fortieth anniversary of a scientific and professional meeting which
steadily grew in extent and quality. SYROM is the most representative event
organized by the Romanian Association for the Science of Machines and Mech-
anisms, ARoTMM, the Romanian branch of the International Federation for the
Promotion of Mechanism and Machine Science, IFToMM.

In the past eight years, ARoOTMM Presidency was held by the group in Tran-
silvania University of Brasov; these were important years in defining the place and
role of Mechanisms in the very fast development dynamics registered in all the
knowledge fields; these were years when science, engineering science particularly,
started to be more and more linked to industry, growing to meet the economy
needs for progress and competitiveness. To face these challenges, new R&D paths
must be found along with new education and training solutions. This is why, each
year a working seminar was organized in different locations in Romania and
organized by the ARoOTMM member universities. These meetings represented
opportunities for harmonizing the curricula on mechanisms and machines science,
adapted to the various focus of the engineering study programs and to their levels
(diploma, master’s); as a result, a common view on integrating the design software
was reached, aiming at preparing the graduates for the requirements of the novel
global approach in high-tech product design: interdisciplinary teams, working all
over the world and communicating in the common language of creativity and
innovation. Quality education is the result of a strong link with research.

Starting already with 2007, the R&D trend set for engineering research was for
answering to the needs of the industrial entities, and for stimulating the fast
implementation of the research results into up-scalable processes. This was mir-
rored, at EU and at the Member States levels, complex priorities, focused on the
output results—high-tech products, processes, services, etc., leaving behind the
traditional approach on segmented input knowledge. This led to re-structuring the
research targets which in the mechanisms fields had as consequence a rational
approach of the complex high-tech product where all the components (including
the mechanisms) should be developed and optimized for satisfying the main
function.



vi Foreword

This will be extensively continued during 2014-2020, through Horizon 2020,
the next R&D program launched by EU. Any research program aims at identifying
solutions to the most important problems identified for the community, which in
this case is European Union; for EU this is Energy in all its aspects: production,
consumption, transportation, etc., and the main strategic document that governs the
future seven years is The European Strategic Energy Technology Plan (SET Plan).
The SET Plan is the primary document in defining the R&D priorities in Horizon
2020, having specific energy topics in two out of the three priorities (Industrial
Leadership and Societal Challenges). Modifying the energy pattern by a contin-
uous increase in the renewables share represents one key point and opens a large
field for the development of novel, efficient renewable energy systems. Therefore
mechanisms can well play a key role in the development of the new, green energy
world. At the same time, the best way to protect the energy resources (renewable,
fossil, or nuclear) is to lower the consumption while keeping (or increasing) the
development rate and comfort. This requires complex solutions of energy efficient
use, in high-tech products, industrial processes, buildings, automotive and
transportation, etc., and here mechanisms are expected to bring significant
contributions.

So, as in the past 40 years, SYROM welcomes researchers from all over the
world to present the novel results of their work. The conference is timely sched-
uled for simulative discussions on the future of mechanisms, toward 2020 and
beyond, and for developing partnerships able to meet the needs for sustainable
development.

Prof. Dr. Eng Ion Visa
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Mechanism Design for Robots

Marco Ceccarelli

Abstract Robots are based on mechanical structures with mechanisms that play
an important role on functionality and performance characteristics with a variety
of solutions. A short account of mechanisms in robots is presented in this paper
with significant examples and main concepts by an illustration approach also with
the aim to stressing challenges for future developments.

1 Introduction

Robots are the today machines with the most advanced solutions with such a
mechatronic design and operation that it is often believed that their performance
do not depend of mechanical aspects. It is indeed true that mechanical components
can be less and less and even with reduced influence on the overall design of
mechatronic systems. But when the ultimate goal of a machine, even when it is an
advanced robot, is related to interaction with humans or performing a human-like
tasks, then the role of mechanical aspects are fundamental for the machine success
and mechanism functioning is essential (Ceccarelli 2011).

Indeed, a robot design is generally considered by properly looking at the
mechanical structure as a first step of the design, as indicated in most of the books
and handbooks on Robotics, like for example (Nof 1985; Craig 1986; Siciliano and
Khatib 2008; Ceccarelli 2012). A considerable literature is today available
worldwide on design of robots with different perspective and approaches both in
past and recent publications, like for example (Paul 1982; Popov 1982; Yoram
1987; Kobrinski and Kobrinski 1989; Seling 1992; Ceccarelli 2004; Saha 2011)

M. Ceccarelli (<)

Laboratory of Robotics and Mechatronics, University of Cassino and South Latium,
South Latium, Italy
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2 M. Ceccarelli

just to cite few of the last ones in which a significant role is addressed to
mechanics of robots.

Recently, a specific well-focused attention on mechanism design for robots has
been addressed through a specific conference on the subject. Namely a conference
series Mechanism Design for Robots (MEDER) has been started in 2010 in
Mexico City (Acevedo 2010) with a second event in Beijing (Ding 2012) and a
third event is scheduled in Copenhagen for 2015. The conference topics include all
the aspects of robot design in which the mechanical aspects for mechanism design
pay role and influence in performance and operation of robotic solutions.

In this chapter the topic is discussed with an illustration approach to indicate
aspects of mechanism design for robots that can be considered with a significant
role in robot design and operation.

2 Robot Structure and Mechanism Role

A robot can be defined as a system which is able to perform several manipulative
tasks with objects, tools, and even its extremity (end-effector) with the capability
of being re-programmed for several types of operations. It is obtained as an
integration of mechanical and control counterparts, but it even includes additional
equipment and components, concerned with sensorial capabilities and artificial
intelligence. The simultaneous operation and design integration of all the above-
mentioned systems will provide a robotic system, whose structure is illustrated in
Fig. la (Ceccarelli 2004). The mechanical capability is concerned with versatile
characteristics in manipulative tasks due to the mechanical counterparts, and re-
programming capabilities is concerned with flexible characteristics in control
abilities due to the electric-electronics-informatics counterparts. Therefore, a robot
can be considered as a complex system that is composed of several systems and
devices to give:

(a) Power Unit (b)
| P @D
External Sensors cogmtlv'e‘ cqntrol
Sensors functionalities . equipment
mechanism

s design
Mechanical /
2 Structure /
- J
Pc‘ggﬁ)t;lgr - Motion and Force
—

Controller

Fig. 1 General structure of robots. a Unit components. b Functionalities
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e mechanical capabilities (motion and force);
e sensorial capabilities (similar to human beings and/or specific others);
e intellectual capabilities (for control, decision, and memory).

Mechanical versatility of a robot can be understood as the capability to perform
a variety of tasks because of the kinematic and mechanical design of its
mechanical structure performing manipulation tasks. Re-programmability of a
robot can be understood as the flexibility to perform a variety of task operations
because of the capability of its controller and computer facilities.

In Fig. 1b functionality of a robot system is stressed as function of its structure
in which mechanism design pays a fundamental role for the operation goals in
motion and force transmission.

A mechanism is well understood as a multi-body mechanical system whose
main purposes are related to transmission of motion and force from an input link to
an output body within its structure. Mechanisms include a wide class of
mechanical systems such as linkages, cam and gearing systems, and even multi-
body systems with no-rigid elements. Mechanism Design is the discipline of MMS
which is devoted to all the aspects of mechanism development as concerning with
theory, analysis, synthesis, practice, and construction of mechanisms, Some times
the term mechanism indicate the kinematic structure as well.

As referring to schemes in Fig. 1, emphasis is addressed to the mechanism
structure but a robot can be properly designed and operated when all the units are
fully integrated and cooperating with each other in fulfilling the robot tasks.
Nevertheless, it is evident that the mechanical nature of the interaction with the
environment in performing a task makes the mechanism structure of a robot
fundamental for its success, much more than the other units. But the other units are
necessary for an efficient success both in term of performance characteristics and
the above-mentioned versatility and flexibility.

Mechanism structure in a robot is often studied and designed with specific
mechanisms within the mechanical structure with primary function to facilitate or
to enhance motion transmission from power units to robot links. Thus, mecha-
nisms in robots are in general used with two primary goals, namely to perform the
mechanical tasks and to provide powered motion of its structure.

In the following section, few examples are used to illustrated such a role of
mechanisms in robot designs.

3 Examples of Mechanisms in Robots

A short illustration survey of examples of mechanism designs in robot designs is
presented with the aim to show the structure and role of mechanisms in robot
developments.
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3.1 Industrial Manipulator Robots

Industrial robots have been designed and are still based on serial open kinematic
chains which can be completed with planar mechanisms to increase the static
accuracy and to install actuators near to base frame. Examples are shown in Fig. 2.

Other structures for industrial robots have been recently used with architectures
of parallel manipulators. In these cases the peculiar performance with high stiff-
ness and high speed are due to the mechanism chains as for the robots in the
illustrative examples in Fig. 3.

Mechanisms both as linkages and gearing systems are used even more and more
even for balancing purposes, even within their primary purposes of mechanical
structure.

As outlined in the examples of Figs. 2 and 3 industrial robots are used for
manipulation tasks whose characteristics strongly depend on the mechanism
design of the mechanical structure and its operation performance.

3.2 Legged Walking Robots

In mobile robots locomotion is obtained by using mechanism solutions even by
mimicking the animals in nature. Nevertheless, for legged walking robots linkages
have been the main sources of structure since the early solutions, as in the
examples shown in Fig. 4. Today most of the legged robots show an anthropo-
morphic design or they have a structure which is based on pantograph linkage or
even on parallelograms. Examples are illustrated in Fig. 5.

Fig. 2 Examples of mechanisms in the structure of serial manipulator robots
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Fig. 4 Linkages in early legged mobile robots. a The Chinese cow machine. b Chebyshev
walking machine

Fig. 5 Examples of leg mechanisms in walking robots



6 M. Ceccarelli

The leg mechanisms for walking solutions are examples in which a mechanism
design is essential in achieving the action that a robot is devoted to. This is because
legged locomotion is a mechanical task and its performance is due to kinematic
and dynamic characteristics of the used mechanisms.

3.3 Grasping Devices

Grasping is a mechanism-based task in which both motion and force concur
simultaneously to the robotic function. Grippers and fingers in artificial hands are
designed as based on mechanisms with proper mobility and force transmission
capability both in industrial applications and non-conventional solutions. Exam-
ples are shown in Fig. 6.

Grasp is a function whose mechanical nature requires a careful attention to
mechanical interaction via mechanical solutions and mechanisms are the core this
functioning.

4 Trends for Mechanism Design in Robots

From the above examples it is once again more evident the fundamental role of
mechanisms as multi-body mechanical systems performing motion and force
transmission both for robot operation and task performance. Although it can be
observed that most of the used mechanisms make use of traditional solutions, even
if with smart designs and novel designs, nevertheless the functioning as well as the

Fig. 6 Examples of mechanism designs in grippers and fingers for artificial hands
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size needs to be adjusted to the robot applications. This require very often a novel
attention and approach both to the design and running of those mechanisms.

Thus, problems for a challenging future of mechanism improvements in robots
will be attached with novel attention mainly in:

e mechanical efficiency, for better mechanical transmission and reduced actuating
power

e light design, for larger payload and size reduction

e static accuracy, for better grasping configurations

e dynamic response, for controlling impulsive actions and better consideration of
manipulation dynamics

as concerning traditional subjects but with relationship to the overall robot design.
In addition, new problems can be identified for new solutions in:

topological mechanism structures, for new enhanced designs

materials, for better mechanical design and environment interaction

tribology issues, for reduction of wear and longer accurate functioning with

limited friction

e energy sustainable solutions, for better attention to energy saving and recycling
of wasted components

e contamination free conditions, for considering environment influence of oper-

ation and manufacturing of mechanisms.

The short above lists want to indicate that both new issues and reconsideration
of existing solution and past experiences, even with more subjects, will be the
focus for the challenges in the future mechanism design for robots within increased
mechatronic evolutions.

Summarizing these short notes, mechanisms in robots will always have an
important role since ultimate goals of a robot include its motion and additional task
with mechanical features. Challenges are and will be more demanding in mech-
anism solutions that will enhance those performance with the help of robot units of
different natures in more and more integrated mechatronic solutions both for the
design and operation.

5 Conclusions

In this paper a central role of mechanisms in robots is presented as function of the
mechanical nature of robot functioning and ultimate tasks. The future is shortly
discussed with challenges in making those mechanisms fully integrated in the
quick evolution of other units within a mechatronic solution both for design and
operation.
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A New Algorithm for an Efficient
Stabilized Index Two STF for the Original
ADAMS Computer Program

N. V. Orlandea

Abstract Numerical integration methods such as Index Two (I2) and Stabilized
Index Two (SI2) gave good results. However, one of their drawbacks, especially
for SI2 is an increase of the number of equations with a decrease of sparsity, that
somehow reduces the simulation productivity. At the same time methods like 12
and Index One (I1) that use only velocity and accelerations constraints, when
simulating tough problems, produce a drift in the displacements so that the geo-
metrical constraints are not satisfied anymore. Hence, an ideal solution will be to
use a stabilized method that satisfies the geometric constraints, like the Index
Three (I3), reduces the noise in the acceleration and Lagrange Multipliers, as the
SI2, at the same time, maintaining the number of equation and sparsity of I3. In
this way the simulations produce correct results with good productivity. This paper
discusses such an algorithm.

Keywords Original ADAMS - MCADA - SI2 - 12 - 1 - I3 - Stabilized index -
STF

1 Introduction

In 1973 the first version of Automatic Dynamic Analysis of Mechanical Systems
(ADAMS) computer program was announced and used for the first time to sim-
ulate the dynamic behavior of mechanical systems like car suspension and glassy
carbon lattice that lined nuclear reactors. It was the result of the PhD thesis of this
author. The ideas incorporated in this computer program were at the time inno-
vative. Manly they were captured in the formulation because the idea of non
eliminating variables gave a mixed system of simple equations composed from

N. V. Orlandea (D<)

University of Michigan, Ann Arbor, MI, US
e-mail: orlanico@umich.edu

URL: http://www-personal.umich.edu/ ~ orlanico

L. Visa (ed.), The 11th IFToMM International Symposium on Science 9
of Mechanisms and Machines, Mechanisms and Machine Science 18,
DOI: 10.1007/978-3-319-01845-4_2, © Springer International Publishing Switzerland 2014



10 N. V. Orlandea

“Differential and Algebraic Equations”, in short DAE. Considering the numerical
stability of the numerical integration methods, the Gear implicit Backward Dif-
ference Formula method or BDF, described in (Gear 1971), was elected. New at
the time, the method is a predictor corrector algorithm and the mixed set of
equations offered by the formulation became part of its corrector. By not elimi-
nating any variable the system of equations is large, however, in the process of
linearization required by the numerical integration method the system’s matrix
called the “Dynamic Jacobean” becomes very sparse. This formulation was named
the “Sparse Tableaux Formulation” or STF. Special methods designed and
developed by Calahan (1972), for sparse matrices were adopted. The effect of this
was that the speed of the simulations has been improved substantially and in many
occasions it performed better than the traditional methods.

ADAMS computer program originally was designed for mechanisms. Being
developed at the University of Michigan, in a very short time was adopted by the
Auto Industry and then was extended to Airspace, Ag., Industrial Equipment
Industries, Army etc.

The original ADAMS formulation incorporates the idea that it is OK to increase
the number of equations as long as the entire system of equation become simpler,
than before, and the sparsity of the corrector formula increases. How is the sparsity
measured? The sparsity is the inverse of the average number of the nonzero
elements per row of the Jacobean matrix. For instance if the average number of the
nonzero elements per row of the corrector Jacobean is n = 3, then this is a higher
sparsity than when n = 5. In many cases the speed of solving a system of equa-
tions having a sparse matrix decreases with decreasing sparsity. Good results are
obtained for a sparsity n < 10.

Another important point in ADAMS technology was the modularization that
was inspired by the pattern of the nonzero elements of the links, joints and forces.
Hence, pattern libraries were assembled for joints such as spherical joints, revolute
joints, cylindrical joints and others. Force libraries could be developed based on
the fields such as auto industry, airspace industry, etc. This is important because it
permits a one to one mapping of the physical mechanical system into the math-
ematical form of the Jacobean matrix.

The program worked well with a constant time step. However, when time step
changed as it was required by the error control and by the problems at hand, some
spikes in the accelerations and Lagrange multipliers were observed. The difficulty
was that they were not consistent. In studding these problems it was discover that
there were two main factors that influenced these spikes.

The first factor was the users. The real systems in industry have discontinuities.
The initial conditions change over discontinuities. The way how theoretically
correct one solves these discontinuities is to sense them compute the new initial
conditions and then restart the numerical integration. Such an example can be a
mechanical impact during the simulation. It is know that the conditions such as
velocities changes during of impact and a ¢ function that expresses an instant
infinite force is not very helpful either. Nor are the Laplace transforms in the time
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domain simulations. So based on the momentum conservation law the new
velocities can be computed.

Adopting the computed velocities as new initial conditions the integration can
be restarted. In general the users do not do that. What are they doing? They are
“plowing” their way through discontinuities and of course they get errors that can
not be interpreted.

A good way to fix this situations is to smooth the functions. Such an example is
the crank—rocker linkage from Fig. 1, that has an impact in the point M. In this
case the mechanism starts moving under the initial conditions. After 1.3 s the
rocker hits a steel stop M. The last frame to the right in Fig. 1 is close to the impact
position. The restitution coefficient is 0.75 determined by the steel on steel impact.
After reducing the mass of the mechanism in the impact point the impulse is
calculated based on the momentum conservation law. By choosing a very small
time interval as fy = 0.0125s it results the rectangle represented in the Fig. 2.
What criteria exists for choosing the time interval? Nowadays it is determined
experimental by using high speed photography or electronic measuring systems.
For instance in this case the height “H” of the rectangle represents the force and
the rectangle area represents the computed impulse. By considering a continuous
and smooth function as H x (1 — cos(2n x /1)) that is tangent to the time axis it
result the curve from Fig. 2. The curve has the height equal to 2 x H and an area
equal with the area of the rectangle. This smoothing has an effect on the variation
of the velocities during the impact.

The jump of the velocities has a ramp close to a step, Fig. 3, that is upwards and
it extends over the interval 7y = 0.0125s. Of course this is an approximation,

Fig. 1 The mechanism has
an impact in point M
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however, the results are comparable to the classical theory of the impact. A cor-
rection of 0.035 in the restitution factor gives identical results.

The second factor is the index problem. Gear introduced the concept of index
and is discussed in detail in (Gear 1988) and (Brenan et al. 1989). Basically the
index is an way to measure the difference between the DAE and ODE “Ordinary
Differential Equations”. The measure is the number of derivatives that must be
performed to transform the DAE system into an ODE system.

However, for the mechanism people it is important to know that the index may
be expressed as a function of the constraint equation. For instance if one uses the
displacement (position) constraints the system has an index, I3. In this case
the system is stabilized in a sense that is not going to introduce drifting in the
mechanism’s joints. However, without reducing to a lower index the simulations
have spikes in accelerations and Lagrange Multipliers when the integration
changes the time step.

Using the velocity constraints gives the 12 method. This is more accurate for the
computed velocities and accelerations than I3. This method, for very tough
problems, introduces a drift in joints, but not as much as when using the accel-
eration constraints, I1. For normal problems it works well and the results are
excellent. For tough problems there are two solutions: the first one is to consider
the displacement constraint together with velocity constraints. This is defined as a
“Stabilized Index 2” method or in short is the SI2. This method increases the
number of equations and also decreases the sparsity. It does loose part of the
simulation speed. It works very well for any problem. The second solution is to
monitor the drift in joints and to construct an error control on the drift. If the drift
is greater than the error value then switch to SI2 for a short time (3—4 time steps)
and then switch back to 12. This will allow for the simulation productivity to be
better than the SI2.

Using the acceleration constraints will give an “Index 1” method or in short I1.
For this situation the problems are growing. First, because the acceleration con-
straints are more dense the sparsity of the system decrease. Second, the drift in
joints is pronounced quadratically. As a solution the acceleration constraints can
be combined with the displacement constraints and the velocity constraints to give
the SII. Orlandea and Coddington (1996), has shown that SI1 does not have
substantial accuracy advantages over SI2.
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There are other ways to reduce the index of the STF formulation. That will be
discussed further in this paper.

2 Reducing the STF Index

In this part it will be shown some proprieties of the BDF formula used in the
context of ADAMS computer program. Then the original formulation of the
ADAMS’s numerical engine and how this formulation has to be changed for a new
stable index reduction method.

The BDF Gear formula as given in (Calahan 1972) and is:

k
060)_Cn+1’m+1 — _hﬁoxrﬁl,m _ Z (“j{n_ﬂ_l)- (1)

J=1

n represents the number of the successful integration steps, m represents the
iteration number at point n, 4 is the time step, a9 and f3, are BDF coefficients and
finally x and x are the vectors of the displacements an velocities. The summation
refers to the points from n to n-k that is part of the history. Its value remains
constant when computing point n + 1.

Liniarizing (1) for a Newton—Raphson iteration the result is:

k
—OC()A;Cm — ﬁOhM = oco&m + hﬁOXm + Z (Otjlnﬂurl). (2)
Jj=1

Considering that Ax" = x"*! — ¥ and A" = "' — ¥ formula (2) changes
to

k
—ogx™ ! = Bohi" T = (o) (3)

J=1

writing a similar relation for iteration m it is obtained:

k
—apx" — fohi™ = Z ("7 (4)
=1
By subtracting Eq. (4) from Eq. (3) the result is,
opAx
A)Cm = — . 5
v = (5)

Formula (5) represents the fundamental BDF formula. The method starts with
the first order which is known as the backward Euler Numerical Integration
Algorithm and it goes up to the sixth order based on the error control decisions.
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Higher order means higher accuracy. It also means less numerical stability. The
order is given by the highest degree of the interpolation polynomial that the
method uses.

An interpolation polynomial can be defined by the number of points that are
required for it to satisfy. The same polynomial can also be defined by its higher
order derivatives with respect to the integration variables. The last procedure is
favored here because it determines a Taylor series as an explicit predictor. The
transformation from the form (4) to the form that uses higher order derivatives is
done by means of so called Nordsiek vector (Gear 1971). An order equal with p for
the numerical integration method will require the highest order derivative to be of
the order p + 1. This is called the normal form. However, the form (5) remains the
same and only the coefficients in (5) changes. Using a Taylor series as a predictor
is part of the normal form of the BDF method. The coefficients for the BDF normal
form for different orders of the method can be found in (Gear 1971). And the form
used in ADAMS is the normal form:

Ax"

AP = —
+ Ioh

(6)

lp changes as a function of the order, but for the Backward Euler it is equal with 1.

For a mechanical stand point, the original ADAMS formulation is at the basis of
the index reduction method that will be further described here. Based on the
principles of the theoretical mechanics, the fundamental true assumption that
stands at the root of this formulation is that any constrained mechanical body can
be dynamically treated as a free moving body if the constraints forces and the
applied forces are determined correctly and are applied on that body.

For determining the forces given by the constraints it is considered the vector

@, (¢) =0 ™)

of the constraints as functions of the generalized coordinates vector g(t).
The velocity constraints are:

(@),

==

; (8)

BN

for accelerations the constraints are:

L0 (D,) (AP

2_'+a 9=

q v 0 )

BN

Using (9), the drift in the geometric and velocity constraints is large (quadratic)
and it must be used only in conjunction with Eq. (7) or the Baumgarte stabilization
method (Baumgarte 1972). Although it looks innocent, the first term of the Eq. (9)
require a tensor evaluation that has a large number of operations reducing
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substantially the simulation speed. A lot of people are using Eq. (9) because it is
linear in generalized accelerations.
The internal reaction forces in a matrix format are:

00, =F 10

d q ¢ ( )

t in formula (10) indicates the transpose of the matrix of the partial derivatives of
the constraints functions with respect to generalized coordinates. F. is the vector
of constraints forces. It is also called the internal force vector or the vector of the
reaction forces. One important result is that the number of the Lagrange Multi-
pliers /4 must be equal with the number of scalar functions of constraints. When
simulating a mechanical system the Lagrange Multipliers are unknowns and they
are iterated together with displacements and velocities. Because ADAMS started
as a simulation program for mechanisms, by means of modularization, a library of
joints was developed. It contains the partial derivatives of the constraints func-

tions, 0D, / 0q and oD, / 0q, for different types of joints as described in (Orlandea

2008). The geometric constraints and the Lagrange Multipliers A are algebraic
equations and algebraic variables. Gear has shown in (Gear 1988) that the index
for this case is three and has to be reduced for consistent, not only sporadic, good
results in accelerations and Lagrange Multipliers.

The differential equations of motion has to be determined and combined with
the constraint functions and Lagrange Multipliers. For simulation of mechanical
systems the stabilized index two DAE system is:

Rl
Ed :E (_nunq ) +Za;q]/lj+ZEk(ﬂiagiat)7
j 2 k

Rl
F ;
SRR AP a
Eg:@j7
;o
L, — agl gi.

In the Eq. (11), F, represents the differential equations for body i, F, represents
the reduced order of the differential equations for body i, F, represents the geo-
metric constraints of the body i, and, F, represents the velocity constraints of the
body i. F, represents the external forces that may be applied on body i, and they
can by combined with the functions F;. 5 is the vector of the supplementary
Lagrange Multipliers that are used to square the linearized Jacobean matrix when
the geometric and velocity constraints are used for the index reduction.

For the Newton—Raphson iteration the system of the DAE (11) should be put in
the residual form:
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F,=0,F, =0, F,=0, F,=0. (12)

Liniarizing (11) and considering (12) it is obtained the corrector formula for a
traditional stabilized index 2 system of DAE

[oF,  oF, oF o\’ =
vt @ (R) 0
- - .| [Au F,
1 L 0 o A
loh Oq _C] _ Er (13)
A @ A 0 Al | F,
R Y F
oD 70 . A 5 = -
g owd O 0

In the formula (13) the subscript j of the constraints functions ® was dropped
because it is not needed in the matrix form. & represents the time step I and 0
represents identity and zero sub-matrices. 7 can have different solutions. However,
there is only one solution that satisfy the equation for the residual of F, of the

t
system (11) for arbitrary values of the terms of the matrix (6@ / ag) . Because the

good solution for 7 it is a priory known, the iterations can start initially by guessing
the correct solution n= 0 and then forcing, during the iteration, Aﬂ = 0. Hundreds
of very good solutions for mechanical systems were obtained by using this method.
Normally the iteration should satisfy # = 0. The practice shows that this takes a
long time to be achieved with no difference in the results. Beside this the residuals

t
are simplified and it avoids the evaluation of the 0/q (@@ / Gg) that is a tensor

evaluation that require a large amount of calculations.

By attaching the supplementary Lagrange Multipliers to the system gives the
opportunity to solve the geometric constraints together with velocity constraints
and reduce the index as described in (Orlandea and Coddington 1996). However,
there is another way to reduce the index without increasing the number of equa-
tions that is very important to this write up. Beside the advantage of not increasing
the number of equations, and not using supplementary Lagrange Multipliers, it is
using only the stabilized position constraints. The DAE also approaches an ODE
by changing some algebraic variables into differential variables, (Gear 1988;
Brenan et al. 1989). Hence, another way of reducing the index of the Eq. (11),
is to introduce a vector j: that represent the Lagrange multipliers.

Therefore, it can be written,

A= jt (14)

Equivalent index two and index one systems of equations are obtained by
substituting Eq. (14) in Egs. (11) and (13) and for index two dropping # and the
velocity constraints. By doing these things are obtained two systems of equations
having index one and index two.

Writing directly the discretized residuals of (11), for index one the result is
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Au. 00" A,
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and the residuals for the new index two are,

Au; o' Au;
E( /’l ’ l’ ) Z aq hl+ZFk(ul7q ):Qa

The associate BDF corrector formula for index one is,

LOE, (O, OE, 1 () 5
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and the associate BDF corrector for the new index two is,
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(16)

(18)

The Eq. (16) and the corrector (18), are sufficient for simulations of mechanical

systems.

It is recommended that a discussion about error control must be done regarding
the solution vector. A user can define an acceptable error based on the units that he
is using. For instance if the units are meters and the device that is simulated has
tolerances in microns it can be estimated that an error per step of one thousand of a
micron can be practically sufficient. It has to be understood that smaller errors do
increase the number of operations therefore it takes longer for simulations to
complete. Larger errors decrease the precision, however, they are faster. So it is
recommended that the errors be chosen based on the need. For instance when
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setting up new models the errors can be large. For the final simulations is rec-
ommended that the error to be small. It has to be also mentioned here that if a
problem has a closed form solution, when using numerical iterative methods, it
will take an infinite number of iterations to achieve that accuracy. Therefore this is
an approximate world where there will always be an ¢. This ¢ can be made
arbitrarily small (not zero) giving excellent practical results but at a cost.

Then, why numerical simulation?

1. The errors are finite numbers different of zero. This attracts a finite number of
iterations.

2. A series of nonlinear problems do not have closed form solutions. Also in many
cases a closed form solution will be very difficult to obtain.

3. Numerical solution have the potential for generalizations, at lest for a group of
practical problems.

In general the values for the errors are small and their values has to represent all
the variables. Unfortunately not al the variables are similar. For instance there are
the position or geometrical variables, velocity variables and variables proportional
with the accelerations such as Lagrange Multipliers. It is recommended that the
errors for velocities and Lagrange Multipliers be found based on the method and
the equivalency to the geometrical errors and the integration method.

It will be very hard to guess the errors for velocities and accelerations and for
Lagrange Multipliers. Hence, a vector of errors for velocities, accelerations and
Lagrange Multipliers as functions of the acceptable errors for position (displace-
ment) is established based on the BDF formula (6).

Ag* = ~IohAg
where e exponent means equivalent vector, or,
Ag® = —lphAu (19)

For Lagrange Multipliers contained in the Eq. (13), the equivalent errors for
accelerations are found
Au = —IphAi, or substituting this in (19) the result is,

ﬂd _ (l()h)ZM-

A vector of errors can be set up for the corrector (13). Each component of this
vector has to be smaller or equal to a user defined boundary, BND = (Ngj%
where, ¢ is a user error defined by physical considerations like tolerances and units.
NQ is the order of integration. As the order increases the approximations are more
accurate and the errors can be smaller. N is the total number of equations or

variables. The resulting relation is:
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Aq BND
lohAu BND
Ny <
L(lyn)*Al | = | BND (20)
0 0
m in inequality (18) represents the mass of the link.
In a similar way it can be set the error vector for the corrector (18)
Aq BND
lohAu | < | BND (21)
s (loh) A BND

As mentioned before, similarly in the error vector, the zero vector in Eq. (18)
can be accomplished by starting with the initial conditions zero and then forcing
the Newton differences Ay = 0. This works practically very well because n = 0 is
the good and the desired solution. It also speeds up the simulations by increasing
the sparsity, simplifying the residuals and canceling a tensor evaluation that could
have a substantial number of operations at each iteration.

In Eq. (21) the error control is on y that is the integral of the Lagrange Mul-
tipliers 4. The advantage, of this method, is that the integral smoothes the signal,
hence, the error control is satisfied more easily.

Both methods work well for simulation of the mechanical systems except when
one or more degrees of freedom are displacements function of time approximated
by cubic splines. The reason is that in this case the accelerations are closed or open
polygons with discontinuities. In this situations it is advantageous to define the
piecewise velocities and approximate the velocities by cubic splines instead
the displacements and use an 12 method, at together with monitoring the errors on
the residuals. It works well. This result is based on the smoothing concept and the
proprieties of the functions and their derivatives.

3 Numerical Example

It is important for this paper to test the formulation (16) and the corrector formula
(18) against traditional methods known to give good results. To the best knowl-
edge of this writer these two relations are not implemented in any version of
ADAMS computer program. They are now implemented in the three dimensional
Mechanism Computer Aided Dynamic Analysis (MECADA) that will be tested by
the following model that is a modified Infiniti G37x car, Fig. 4. The modification
consists in the front suspension. Instead the double wish bone suspension it is
adopted a five link suspension designed with king pin and tie-rods for steering.
This suspension is in the study for the optimization of the tire contact patch. The
model is prepared for future durability studies based on a field history and acquired
data. Being a four wheel drive car, all four wheels are driven on rollers and they
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Fig. 4 Infiniti G37x durability computer model

are vertically displaced in a control manner by hydraulic actuators. The car’s mass
is 2,000 kg. The mass of the king-pin and the tie-rods are considered in the model,
however, they are not represented graphically because of the purpose of the model.
If the simulation is to be used for handling purposes then the king pin and tie rods
have to be included in the model. All the geometric data of the car can be found in
G37x Owner Manual, Technical Consumer Information (2009).

There is an unusual situation also connected to durability. In many cities in the
US the cities decided to slow the motorists down by creating bumps on the road.
They also are cited to say that is cheaper to have bumps than having the “Police”
patrolling the streets. This happens more in residential areas. Such a bump is
represented in Fig. 5, and it is 1 m wide and at 28.5 km/h takes 0.125 s (8 Hz) to
go over it. The bump height is 8 cm. To avoid damaging the tires at the beginning
and the end of the bumps they are tangent to the original road. This smoothing will
happen anyway because the tires envelop the bump. Otherwise, the tires and the
wheel rims will be damaged especially if there is a step bump at high speeds.
Depending on the situations, the bumps are arranged from one to four successive
bumps at 2 m between them. It is considered that the most damaging situation is
given by the four successive bumps. Hence, this was the cycle also adopted for the
computer simulation.

After the simulation started the first bump is met by the front wheels after 1 s
and rear wheels 1.375 s. The entire car goes over the bump in 1.875 s. The next

Fig. 5 The graph of the Bump Height & Shape
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bump is met by the front wheels after 1.875 s and so on for the other two bumps. It
takes 3.85 s for the entire car to go over the four bumps.

The accelerations of the CG of the chassis are represented in Fig. 6. The
interesting thing in the response, is that there are two signals added together. One
is a sine wave of the vertical natural frequency of the car and second is the bump’s
excitations for the 3.85 s.

The chassis CG vertical velocity follows the same pattern as shown in Fig. 7,
where the two signals are added together. Unless one does a Fourier analysis for
the vertical displacement it will be very hard to separate visually the superposition
of the chassis fundamental signal and the bump contributions to this signal.

There are some disturbances in the total displacement signal as shown in Fig. 8
for the first 3.85 s. Of course the difference between the total signal and the
fundamental chassis signal will be the bumps contribution. It is not clear that for
this velocity of the car v = 28.5 km/h the contribution of the bumps signal is very
significant. However, to avoid any confusion regarding the two signals it must be
mention here that the fundamental and natural signal of the chassis (the nice sine
wave) is also triggered by the bump excitations.

In Figs. 9 and 10 are represented the forces from the spring and dashpot of the
four suspensions together with the tire forces. Series 1 and Series 2 refer to the
front suspensions and Series 3 and Series 4 refer to the rear suspensions. However,
two by two are equal. The front left and right and the rear left and right. Looking at
the distribution of forces front to rear it is a small difference between them



22 N. V. Orlandea

Fig. 8 The chassis vertical Chassis Vertical Displacement
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favoring the rear suspension and tires. This is not a surprise because the car is a
rear wheel drive car except when the road conditions get to be slippery, it changes
to all wheel drive automatically. The forces from the suspension are larger than the
forces in the tires. That is because there is a mechanical leverage between the
suspension struts and tires. Some important observations are that qualitatively
the forces in the suspension have the same shape with the chassis accelerations.
The forces in the tires at the beginning and at the end of each bump have a step
shape. That is because the bump shape emulates a cosine law for cams. It
smoothes the displacement and velocities, however, the accelerations have a step.
Unfortunately the step is approximated by a very steep ramp, because the
smoothing. Otherwise the simulation could not proceed continuously.

The suspension certainly is doing its job. The height of the bump is 8§ cm and
this is reduced for the chassis to 2 cm. For the speed lovers, a speed of 256 km/h
reduces the chassis displacement to 1.8 mm. For this case the impact forces
between bumps and wheels increases by more than 50-fold. These impact forces
can destroy the suspension and alignment.
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Fig. 10 Tire forces as Tire Vertcal Forces
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4 Conclusions

The idea in this paper is to introduce the Original ADAMS and MCADA to a new
method for stabilized index 2 method of numerical integration that possesses some
advantages for accuracy and the simulation speeds. This method reduces the
index by using differential variables instead of the algebraic variables
decreasing the difference of the DAE from an ODE set of equations. Specifi-
cally this new method uses as differential variables the time derivatives of the
Lagrange Multipliers. It can also be used together with the traditional SI2 method,
as represented by Egs. (15), (17), to obtain a SI1 method. The algorithm is rep-
resented by Eq. (16) and the corrector (18).

The test model is a medium to large model of an Infiniti G37x car that was set
for durability and new suspension concept studies. It has 587 differential equations
and variables in contrast to 767 equations and variables for the traditional SI2. The
model worked well and together with the smoothing algorithms it gave quantita-
tive and qualitative good results identical with the traditional methods especially
SI2. The CPU time on a computer having an I7 processor and Windows 8, 64 bit
operating system is 31.7181 s for 12 s real time simulation and 1,440 integration
steps. This is an improvement by a factor of 2.44339 over the traditional SI2 for
the same running parameters.

This method is highly recommended for simulations of mechanical systems. It
gives comparable CPU times with a BDF Index 3 method and accurate results
identical with the constraint oriented SI2.
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The Transmission of European Mechanical
Knowledge into 17th-Century China

Baichun Zhang and Miao Tian

Abstract As you know, from the end of the 16th century on, Jesuit missionaries in
China aimed at the Christianization of this country. The transmission of western
scientific knowledge was one of their long-term strategies.

We have much understanding of the transmission of astronomy, mathematics and
technology from Europe to China, so that we know how such kind of European
knowledge changed the traditional Chinese knowledge system, and interacted with
traditional system. Having made a deeper investigation of transmission of
mechanics, we found out another phenomenon which is different from that in the
fields of astronomy and mathematics.

European mechanical knowledge was transmitted into China through the fol-
lowing three channels:

(1) Ballistics related to firearm-making.
(2) Mechanical theory concerning construction of machines.
(3) Mechanical explanations of astronomical instruments.

1 Ballistics Related to Western Firemarm-Making
as Practitioners’ Knowledge

During the 16-17th centuries, there were rebellions in China and fights at the
boundary. Therefore, advanced weapons were in dire need. Knowledge about
weapon-making was significant to Chinese.
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Early in the 16th century, such western weapons as the breech-loading cannon
and the musket were brought to China from Europe. By the early 17th century,
China obtained western cannons and its manufacturing technology. The German
Jesuit Adam Schall von Bell, and the Belgian Jesuit Ferdinand Verbiest helped
China’s governers constructed several hundred cannons.

Some military books on the construction and use of weapons were written
partly by Chinese authors and their Jesuit co-authors. Among them, there are such
books as FIBEINR, MR EACHS, FOIRmM, Kik, KIRER.

In Xinzhi lingtai yixiang zhi 3@ EERS [4 Record of Newly-Built
Astronomical Instruments at the Observatory of Beijing] published in 1674, Ver-
biest discussed the relation between time and distances when cannonball moved.
He drew trajectories of a crossbow and a cannon.

Western knowledge about trajectories was gradually combined with traditional
Chinese knowledge and experience. The above-mentioned books contain several
descriptions of the trajectory of projectiles. To certain extent, Western knowledge
about the projectile motion was reformulated in Chinese terminology based on
practitioners’ techniques of shooting. Chinese people’s main interest in military
knowledge was focused on its practical skills rather than on the theory of ballistics.

2 Mechanics in Qiqi Tushuo as Theoretical Knowledge

At the end of the 16th century, European clocks started to be brought into China.
As valuable gifts, clocks were presented to Chinese officials and emperors. And
then, clock-manufacturing became a new kind of industry in Kanton and in
Suzhou.

Inspired by mechanism of European clocks, Wang Zheng to reconstruct ancient
devices, and invented a time-keeping device (§f73%).

In 1627, Wang Zheng and Johannes Schreck Terrentius accomplished the book
entitled “&PHZT S BIERIKER .

The first paper contained the detailed discussion about all the knowledge of
weight. It begins with Aristotle’s cosmography and the concept of weight, and then
was followed with Archimedean theories of center of gravity, floatation and
specific gravity.

The second paper mainly introduced such simple devices as balance, steelyard,
lever, pulley, wheel and screw, as well as mechanical theories related to them.

Just as the name of the book implied, the most contents of the book came from
“the Far West”. The first and second papers of QQTS were mainly from the
following books:

Steven’s Tomus Quartus Mathematicorum Hypomnematum (1605-1608) (De
Beghinselen der Weeghconst 1586).

Guidobaldo’s Guidiubaldi e Marchionibus Montis Mechanicorum liber (1577).
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It was possible that Johannes Schreck selected treatises written by other
European authors at the same age of Steven, probably including the following
treatises:

Comandino, Federico. Federici Commandini Urbinatis Liber de Centro Gravitatis
Solidorum, 1565.

Tartaglia, Niccolo. La Nova Scientia, 1537.

Tartaglia, Niccolo. Quesiti et Inventioni Diverse, 1546.

Benedetti, Giovanni Battista. Demonstratio Proportionum Motuum Localium, 1554.
Benedetti, Giovanni Battista. Diversarum Speculationum Mathematicorum et
Physicarum Liber, 1585.

The third paper of QQTS consists of the illustrations and descriptions of 54
machines. This paper is derived from the following five books:

(1) Jacques Besson. Théatre de Instruments Mathématiques et Mecaniques, 1578,
latined. 1582.

(2) Agostino Ramelli, Le Diverse e Artificiose Machine del Capitano, 1588.

(3) Faustus Verantius (Veranzio), Machinae Novae Fausti Verantii Siceni, cum
Declaratione Latina, Italica, Hispanica, Gallica et Germanica (written c.
1595). Florence, 1615.

(4) HeinrichZeising. Theatrum Machinarum. Leipzig: Lanckischen, 1612 and 1708.

(5) Vittorio Zonca.Novo Teatro di Machini e Edificii. Padua: Bertelli, 1607 and 1621.

At the beginning of this book were listed “references”, which all were published
in Chinese, and written by the Jesuits and their Chinese co-authors. Wang Zheng
listed 18 referenced books In the “references” of Fanli (The Guide to its use),
QQTS, including:

Huan Rong Jiao Yi (B & # %, translated by LI Zhizao and Matteo Ricci, 1608).
Taixi Shuifa (F= F§ 7K %, Hydraulic technology of the Far West) (interpreted by
Sabbathinus de Ursis, noted down by XU Guanggi,revised by LI Zhizao, 1612).
Jihe Yuanben (3% 1] J& 'K, Euclic’s Elements, interpreted by Matteo Ricci and
noted down by XI Guangqi, 1607).

Tian Wen Lue (K fo] 1%, by Emmanuel Diaz, 1615).

Tongwen Suanzhi (8] 3Z 5 #8, A Guide to Arithmetic in Common Language,
written and edited by LI Zhizao and Matteo Ricci, 1613)."

Wang Yuan Jing Shuo (5 i& $%5%, Descriptions of Telescopes,by Adam Schall
von Bell).

Zhi Fang Wai Ji (B8 73 4} %2, Record of the Places outside the Jurisdiction of the
Office of Geography, by J. Aleni, 1623).

! This book introduced mostly European calculations. Some contents were adopted from Suan
Fa Tong Zong (1592) by CHENG Dawei, a Chinese mathematician. European mathematical
calculations from Epitome Arithemticae Practicae (1583) written by Clavis.
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Generally, the researchers on this book paid little attention to this list before.
In fact, Johannes Schreck and WANG Zheng really quoted and referred to the
above-mentioned books and other Chinese books.

Schreck and Wang Zheng reconstructed the Western representation of
mechanics, so that a new logical system of knowledge came into being. They dealt
with mechanics in the following ways:

Firstly, different contents, such as definitio, theorema, propositio, postulatum
and problema in sources, are unified into the same kind of representations, namely
the key sentence of a ‘section’FX.

Secondly, exemple, declaratio, nota or consectarum are unified into ‘example”,
and are listed after key sentences respectively. The structure of first and second
papers is ‘key sentence + example’.

Thirdly, all the mathematical proofs are cancelled. The rule of three is
emphasized.

Fourthly, Wang Zheng added his commentaries to the introduction to Qiqi
Tushuo. The commentaries are derived from some books in Chinese.

Fifthly, drawing methods of different illustrations are unified. Traditional
Chinese pictorial representations contributed to copying all the illustrations.

3 Mechanics in XZLTYXZ as Practitioners’ Knowledge

Having constructing six instruments, Verbiest accomplished his #THIBE1EZRE

in 1674. This book mainly explained his astronomical instruments and stars tables.

He classified problems about the instruments as several issues, and made full
use of western mechanical knowledge to explain how reasonable and excellent is
the construction of his new instruments, and why the instruments are superior in
quality to Chinese instruments.

Firstly, Verbiest exploited Galilean theory on the strength of materials to prove
‘reasons for firmness of his new instruments’. The relation between the length or
material and their strength is exampled.

Secondly, Verbiest confirmed the importance of finding out [ascertaining the
center of gravity when building instruments.

Thirdly, Verbiest narrated how to use single pendulum to count time.

Fourthly, Verbiest gave an example of a falling body with very concrete
numerical values and an attached table. This table listed swinging times of
pendulum, the time experienced, the height that objects passed in each unit time,
as well as the height passed in a period of time in total.

Fifthly, Verbiest made some copies from the technical drawings and mechanical
illustrations of Tycho Brahe, Simon Stevin, Agostino Ramelli, Jacques Besson,
Vittorio Zonca, Johann Schreck Terrenz and Wang Zheng.
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4 Integrating or Ignoring Mechanics

In 1664, Xue Fengzuo, astronomer and mathematician, reconstructed the
mechanical knowledge in Qiqi Tushuo (A Record of the Best Illustrations and
Descriptions of Extraordinary Devices of the Far West, 1628) and Wang Zheng’s
Zhugqi Tushuo (Illustrations and Descriptions of Several New-built Devices, 1628),
and accomplished the edition of Zhongxue (science of weights) in 1664. Xue had a
good understanding of western mechanical knowledge, and then summarized the
original texts and illustrations. He thought that science of weights and mathematics
will help people know why devices can be constructed.

Mei Wending studied the Qigi Tushuo, and wrote at least two books concerning
it. According to a new discovered handwriting version of Qigi Tushuo with Men
Wending’s commentaries, we know that Mei Wending understood the European
mechanical problems mainly from a perspective of mathematics instead of
mechanics. Different from Wang Zheng, Mei Wending tried to make mathematic
proofs of mechanical theories.

In 1683, Verbiest accomplished his book draft on the principle of western
technology Qiongli xue (8532% The Learning of Making a Thorough Inquiry into
Principles), which consists of Aristotelian philosophy, logic, mechanics and
astronomy. Verbiest quoted paper one and paper two of Qigi Tushuo, as well as
LTYXZHI.

Verbiest dedicated Qiongli Xue to the emperor Kangxi J#ER and explained that
his intention to write the book was to present the western theory of the calendar
and to demonstrate why and how knowledge can be deduced from basic theories.
He emphasized that Qiongli xue have the same importance as Confucianism.
However, his attitude made the emperor be afraid of theory system edited by
Verbiest, and finally refused to allow this book to be published.

Mechanical knowledge about trajectories, the strength of materials and falling
body was ignored by Chinese. We have not found out any Chinese scholar who
followed Verbiest’s research on those mechanical problems.

5 Concluding Remarks

Generally, the ambitious goals of the Jesuits to transmit the religious, cultural,
scientific, and technological heritage of the West to China for a time had a very
limited success.

Firstly, the transmission of mechanics into China did not create a group of
Chinese specialist in mechanics. Western knowledge made Chinese astronomy and
mathematics flourish, while it was not able to activate the Mohist School.

Thirdly, it is not necessary for Jesuit missionaries to transmit the theoretical
mechanics beyond Chinese interest and need for knowledge, especially the
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mechanical theories against Aristotelian explanations of mechanical problems. In
fact, theoretical mechanics did not cause any controversy in Chinese intelligentsia.

Thirdly, Chinese society needed European competitive clock-constructing and
firearm-constructing technology. However, theoretical mechanics was not a nec-
essary part of traditional Chinese knowledge system in the 17th century. Some
theoretical mechanics, which was integrated into Shuli jingyun (BUIEEIE Col-
lected Basic Principles of Mathematics, 1723), was still away from the main stream
of Western mechanics. Theoretical mechanics did not really become one important
branch of Chinese knowledge system before the mid-19th century.



Mechanisms in Building Integrated
Renewable Energy Systems: Case
Study—Solar Energy Conversion Systems

Ton Visa

Abstract The short and medium term development strategy in Europe—and not
only, focuses on Energy as the key issue, particularly on energy efficiency and
renewable energy systems in the built environment. To implement these strategies,
novel solutions are expected from R&D giving a better use to the on-site
renewable energy potential. Certain candidates to implement the Energy Strategy
are the solar energy conversion systems. Increasing the performance of the pho-
tovoltaic and solar-thermal convertors by harvesting a larger amount of solar
radiation can be done by tracking systems. The paper presents a review of the
mostly used tracking systems and comparatively analyses various solutions
according to the type of the conversion systems, the input data and restrictions and
the output properties. Relevant case studies were presented for tracking mecha-
nisms developed and implemented in the R&D Center Renewable Energy systems
and Recycling in the Transilvania University of Brasov.

Keywords Solar energy conversion - Tracking mechanisms - Photovoltaic
systems - Solar-thermal systems

1 Introduction

Identified by Nobel Prize winner Richard Smalley in 2003 as the No. 1 problem in
a top-ten ranking of humanity major problems, (Smalley 2003), Energy still
remains the major development driving force and the most sensitive problem in the
world. A combined result of fossil fuels depletion and alarming increase in
greenhouse gases made most of the countries to consider mid- and long-term
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energy strategies that aim at reducing the energy consumption while preserving the
development trend (energy efficiency—EE) and at increasing the share of non-
fossil based energy resources, particularly of renewables (novel renewable energy
sources, pushing for the development of novel renewable energy systems—RES,
matching renewable energy technologies—RET). This is fully valid for Europe, N-
America and Australia and this starts to be valid for China and other Asian
countries, (Wyman 2012).

One key issue is the built environment, accounting for 40 % of the total energy
used in US and over 44 % in EU. These amounts are almost equally divided
between residential and commercial buildings, and the largest share is dedicated to
heating and cooling, amounting in Romania over 75 %. Therefore, solutions for
the efficient and clean energy production and use in the built environment are
identified as priorities for the next years, up to 2020.

The built environment is represented by buildings and their surroundings,
associated in communities which are using thermal energy, power, water.

Starting with 2007, the European Union developed a strategy and a set of
instruments that support EE and RES/RET extended implementation, and corre-
sponding instruments were developed at the Member States level. The European
Strategic Energy Technology Plan (SET-Plan, COM (2007)723 final) was laun-
ched in 2008 and establishes the mid-term (2020) and long-term (2050) energy
technology policy for Europe, targeting the acceleration in the development of
cost-effective low carbon technologies, through measures for planning, imple-
mentation, resources and international cooperation. According to the SET Plan,
legal decisions were formulated, among which two are of particular importance:
(1) 20-20-20 EU Directive (2009/28/CE)—asking for an EU average of 20 %
reduction in greenhouse gases emissions, 20 % renewable energies increase and
20 % improvement in energy efficiency by 2020, having specific targets for re-
newables set for each Member State; (2) Directive 2012/27/EU on Energy Effi-
ciency aiming at providing support for reaching the 20 % increase in EE by 2020
and for more significant reductions by 2050. This directive requires each Member
State to set an indicative national energy efficiency target, based on either primary
or final energy consumption, primary or final energy savings, or energy intensity.
Romania, as Member State, developed the appropriate legal frame: The National
Action Plan on Renewable Energy Sources and the corresponding laws (L. 220/
2008, modified as OUG 88/2011 and L. 134/2012 for promoting energy production
from renewables), being close to reach the 24 % renewable in the electrical energy
production, stated by the 20-20-20 directive for our country, and the 2nd Action
Plan for EE, (2011-2020) supporting the EE law (to be launched latest in June
2014, according to the EU directive).

The SET Plan Conference in Dublin (May 2013) made a critical analysis of the
implementation progress, concluding on the need to further develop strategic tools,
legal instruments and concrete actions for developing and implementing “clean,
efficient, low carbon technologies”. The EU Commissioners for Energy (Gunther
Oettinger) and for Research and Innovation (Maire Goeghegan Quinn) identified
innovation as the key for reaching the clean, secure and affordable energy target
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and outlined the need to address measures for “faster track from research to
market”; this is why the next framework programme Horizon 2020 will particu-
larly focus on academia-industry cooperation in the field of energy technologies
and high tech products. Based on the experience gained since the SET Plan was
launched, the EU and Members States strategies tend to coagulate in two
approaches:

1. Electricity production using large RES facilities (solar PV, concentrated solar-
power, off shore wind farms, tides, etc.) that are supported by smart grid
connected solutions; on-site production remains an option, either for grid
insertion or as stand-alone systems where no grid is available.

2. Thermal energy on-site production based on RES, for buildings up to districts.

As major utilities consumers, the buildings are subject of special legal provi-
sions. Most of the buildings nowadays were developed in the ‘70...”80 (or before)
and are using low-performance insulation materials and high electrical energy
consumers, being quite far from the EE requirements. But, the new buildings
should be developed based on energy efficiency concepts and indicators, and
refurbishing the old buildings should accordingly be done. This is also stated in the
Romanian legislation, which adopted the EU roadmap, setting for the end of 2018
the target of nearly zero energy status for new public buildings (and similarly till
the end of 2020 for any other new building), the demand being covered preferably
based on renewables and on-site production (especially for meeting the thermal
energy demand).

There are not unitary indicators for defining the energy efficiency in buildings
yet, (Marszal et al. 2011); the low energy building status is usually correlated with
the amount of energy consumed for heating, cooling and domestic hot water (most
countries setting a threshold yearly value at 60 kWh/m?), while the passive house
status is defined considering the overall energy consumption in buildings and is
strongly depending on the geographical location, ranging thus between 51 kWh/
m” in the Czech Republic and 120 kWh/m” in Germany and Switzerland, but
setting the maximum threshold value for heating at 15 kWh/m?. When meeting
these needs fully by using renewable energy, the efficiency status is defined as zero
energy.

The zero energy status can be reached stepwise considering to:

Step 1. Minimize the energy need through EE measures (especially for heating
and cooling, accounting in Romania for up to 75 % from the total building
energy demand);

Step 2. Adopt RET to meet the remaining energy needs, (Li et al. 2013).

These requirements are supporting a revised approach on renewable energy
systems, particularly integrated in buildings. Novel renewable energy systems
using the existing technologies and even emerging technologies are expected; this
also asks for a novel building design, considering the efficiency and sustainability
issues from the early stages, along with the further integrated renewables, (Da-
wood et al. 2013).
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Architectural integration and societal acceptance represent a must but key
specific technical features should complete the usual quality indicators. The re-
newables must function in a restricted space, therefore efficient systems are
compulsory, able to exploit as much as possible of the renewable energy sources
available on-site. Some of the most common RES, as heat pumps and biomass
burners are less sensitive to the climatic data being the source of predictable
energy amounts; their drawback is related to the need for available space for
implementation and operation and in their sustainability, since heat pumps need to
be powered (thus require a renewable power generator) and biomass is a source of
CO,. The systems relying on wind and/or solar energy produce a fully green
energy but are highly depending on the renewables’ potential, which in turn
depends on the implementation location and seasons. The solution is the use of
energy mixes and hybrid systems based on renewables. The novel smart design
concept has to consider the multi-source (hybrid)—multi-function (utilities) sys-
tems. For reaching their maximal potential, these energy mixes need to be care-
fully designed (considering the actual renewable energy potential) and operated by
using building energy management systems.

Plenty of work is now-a-days dedicated to renewables integrated in the built
environment, considering the particularities of low wind potential, shading, radi-
ative energy, etc. The solar energy conversion systems for power (photovoltaic—
PV—systems) and thermal energy production (solar-thermal—ST—systems for
heating, cooling and domestic hot water) are part of almost any energy mix
designed for the built environment; these are intensively investigated as technol-
ogies that registered a steady increase in efficiency and as systems that can be
installed virtually everywhere. The most often mentioned major drawback, the
initial investment, tends to be compensated, considering that, for PVs the costs
dropped from 2USD/W to 1 USD/W in only 4 years, (Devabhaktuni et al. 2013).

2 Solar Energy Conversion Systems in the Built
Environment: The Problem

The technical steps in the design of the solar energy conversion systems are
outlined in Fig. 1 and are related to the definition of the input data and the system
design for optimising the efficiency targeting high output as electric or thermal
energy:

Each of these steps is subject of research but the key issue is related to an
integrated approach of the following issues:

e Weather data monitoring and modelling, not only solar radiation but also the
associated heat (temperature), wind (direction and velocity) and humidity that
can significantly disturb the solar energy conversion process; the use of the data
in the implementation location is recommended, especially in early spring and
late summer when deviations up to 50 % were registered for the Brasov city
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Fig. 1 Design of solar energy conversion systems

between the in-field data and the data generated using simulation software
(Meteonorm).

e Solar energy convertors (PV modules, ST collectors) able to use a large portion
of the solar spectrum, by novel materials (mainly composites with highly
controlled properties); the trend is to look after materials based on common,
abundant, low cost and low toxicity elements;

e PV and ST systems able to use a large amount of the solar energy, by using
tracking systems.

e Energy efficient PV and ST systems, including efficient tracking solutions and
algorithm focusing on the optimum between accuracy and energy saving.

In the built environment, where limited mounting space is available, the use of
tracking systems for harvesting a large amount of solar radiation from sunrise to
sunset represents a path to increase the output, as the amount of energy produced
depends on the input solar energy. Comparing to the general pre-requisites for
tracking systems with high efficiency and energy saving potential, in the built
environment there are additionally pre-requisites defining compact, safe and
architecturally acceptable systems. Therefore, the tracking system has to be
selected, considering the special functions of the solar energy conversion systems:

e The type: solar-thermal or photovoltaic systems;
e The convertors association: individual module/collector, strings, arrays,
platforms;
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e The mounting spot: on a flat, horizontal surface (on the ground or on a terrace),
on inclined surfaces (roofs) or on vertical surfaces (facades);

e The mounting position, ideally South-orientated with tilting possibilities but this
is not always possible due to the building position, shading effects, etc.

Adding a tracking mechanism obviously raises the costs, thus, the optimal
devices must be as simple as possible (from a constructive point of view) and must
reproduce the sun path with high accuracy (usually estimated by the tracking
efficiency). These are the prerequisites of many studies developed in the past years,
(Schubnell and Ries 1990; Davies 1993; Abu-Khader et al. 2008; Mousazadeh
et al. 2009). There are also other side-effects of tracking related to heating (using
the infra-red part of the solar radiation) that has a beneficial effect on solar-thermal
conversion and an opposite result for PV systems using silicon-based modules
(that are still dominating the PV market) (Gémez-Gil et al. 2012).

Thus, developing tracking systems for building integrated solar energy con-
version systems is a complex task and represents an open problem where the
science of mechanisms is expected to formulate answers in direct collaboration
with the system designers.

3 Tracking Systems for Solar Energy Convertors

The tracking system is installed in a location, Q having the position on the Globe
defined by the intersection of the meridian and the parallel (geographic coordi-
nates) of the implementation location. This position is described by (Comsit and
Visa, 2007; Comsit and Visa, 2005; Visa et al., 2008; Kelly and Gibson, 2011):

e The A angle defined in the equatorial plane, between plane containing the Prime
Meridian (passing Greenwich) and the plane of the meridian containing the Q
point, called longitude (East or West);

e The ¢ angle, defined in the plane of the meridian containing the Q point,
between the OQ direction (O being the Earth centre) and the intersection line of
the meridian plane with the equatorial plane, called latitude.

The horizontal plane in the implementation location (Q) is defined by the
North—South direction (tangent to the meridian containing the Q point) and the
on-site East—West direction (tangent to the parallel containing the Q point).

As very well known, the Earth’s motion versus the Sun is defined by:

e The rotation motion around its own polar N-S axis, from West to East (one full
rotation per day); this motion defines, for the observer on Earth, the diurnal
apparent motion of the Sun on the celestial vault;

e The Earth movement around the Sun, following an elliptic trajectory that is fully
covered over one year and which is responsible for the seasons and the altitude
of the apparent trajectory of the Sun on the celestial vault; the N-S Earth axis is
inclined at 23.5° at the summer solstice down to —23.5° at the winter solstice.
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Considering the large distance between Earth and Sun (1.47... 1.52 x 10"" m)
the sun rays can be considered to reach the Earth on a direction that is parallel to
the imaginary line between the centers of the two celestial bodies.

The direction and the position of the solar ray on the horizontal plane in the
implementation location can be defined using two angles:

e The angle between the solar ray direction and its projection on the horizontal
plane, called altitude angle; this angle depends on the geographic location, the
day in the year and the solar hour (Seme and Stumberger 2011; Badescu 2008);

e The angle of the projection of the solar ray on the horizontal plane and the local
N-S direction, called azimuth angle, also depending on location, day in the year
and the solar hour, (Seme and gtumberger 2011; Badescu 2008).

In a given location, the maximum amount of solar radiation can be collected
when tracking the PV modules (or generally the solar energy convertor),
respecting the geometric condition according to which the normal to the modules
surface superpose the solar ray, with the previously described position towards the
local coordinates. This requires a continuous tracking motion of the module,
following the solar ray. By using tracking mechanisms, this motion is stepwise
developed, using a rational number of steps for insuring a high tracking accuracy
of the solar rays, (Visa et al. 2008; Diaconescu et al. 2008).

Many mechanical tracking systems were developed, and these can be described
by the directions of the rotation axes of the PV modules and the magnitude of the
rotation angles around these axes, aiming at exposing the PV surface perpendic-
ularly towards the solar rays. Four types of tracking systems are mainly defined,
according to this:

1. Tracking system with the fixed axis parallel with the Earth polar axis,
Fig. 2a, (motion I) and the mobile axis perpendicular on the polar one and
parallel with the equatorial plane—having the position defined by the on-site
E-W direction (motion II). In this case, the main motion is I has large
amplitude and is daily done from East to West (considering the implementation
location). Its linear variation for the Brasov location (latitude: 45°38” N, lon-
gitude: 25°35” E) at summer solstice (day N-172, date: 21st of June) is pre-
sented in Fig. 2b. The II motion can be considered constant during a 1 day (or
even longer) period, Fig. 2b.

2. Tracking system with the fixed axis parallel with the E-W direction of the
implementation location: in the same axes orientation as in the previous
example, this motion is defined when fixing the E-W axis (Fig. 3a) and requires
daily modification for both I and II motions. The rotation angles vary as pre-
sented in Fig. 3b. A comparative analysis shows that the amplitude of motion I
decreases from 240° (Fig. 2b) to 133° (Fig. 3b), while the constant motion IT is
increasing up to 112.2° in the second case. As result, the sum of angles char-
acterizing motions I and II is quite close for both situations: 240° (case 1) and
252.2°, respectively.
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Fig. 2 a Solar tracking system with fixed polar axis, and b variation of the corresponding angles
during the Summer Solstice at 45° northern latitude
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Fig. 3 a Solar tracking system with local E-W horizontal fixed axis and b variation of the
corresponding angles during the Summer Solstice at 45° northern latitude

3. Tracking system with the fixed axis perpendicular on the plane of the
implementation location: the tracking system presented in Fig. 4a has the
fixed rotation axis oriented following the normal to the horizontal plane of the
implementation location and the second axis is perpendicular on the first one,
with the E-W reference direction. Both, motions I and II are daily and their
amplitude for the Brasov location is presented in Fig. 4b, corresponding to 250°
(I) and 67.8° (1) respectively. It is to notice the very large amplitude of motion
I to which the correspondent value of II is added, resulting in very large
tracking strokes.

4. Tracking system with the fixed axis parallel to the N-S axis of the imple-
mentation location: the orientation in Fig. 5a has the fixed rotation axis par-
allel to the N-S axis of the implementation location (motion I) and the second
axis is perpendicular on the first one having as reference position the E-W
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Fig. 4 a Solar tracking system with vertical fixed axis and b variation of the corresponding
angles during the Summer Solstice at 45° northern latitude

(a) N - (b)
. 5 Z 120 -
< L) N=172 (21.06)
Prime y = ’Su e, Summer Solstice
meridian 2 = DRy @ T
E ? e,
- e 2 Horizontal 30 fe,

3 plane

~E

Equatorial ) 5
plane ® o | (AI=180°) .,
90 ..

= 11 {All=56.8%)

-120
S

Fig. 5 a Solar tracking system with local N-S horizontal fixed axis and b variation of the
corresponding angles during the Summer Solstice at 45° northern latitude

direction of the implementation location (motion II). The amplitudes corre-
sponding to these motions (for the Brasov location) have, according to Fig. 5b,
variations up to 180° and 56.8° respectively. Comparing to the previous case,
these amplitudes (and their sum) are significantly less.

When choosing any of the above tracking solutions there must be considered
the implementation location (which directly influences the motions amplitude), the
complexity of the constructive solution, the external loads (wind, snow), etc.

There are further presented concrete mechanisms adapted to various applica-
tions, for developing the tracking motions according to their amplitudes. These
examples were analyzed, developed and proposed for patenting being further
implemented in the research center Renewable Energy Systems and Recycling, in
the R&D Institute of the Transilvania University of Brasov.
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4 Tracking Mechanisms for Solar Energy Conversion
Systems Implemented in the Built Environment

Tracking systems can be developed using a broad variety of mechanisms as
linkages, gears, cams, chain mechanisms or combinations of these which are
selected considering the type and the size of the tracking system, the motions’
amplitudes for efficient tracking and the cost. Driving these mechanisms is done
using linear actuators with the length (1.,;,/1,hax) that is directly correlated with the
amplitude of the input motion and/or using rotary actuators (e.g. speed-reducer,
electrical motor) that can develop large angular strokes, (Visa et al. 2011).

Small rotation angles (usually below 120°) can be obtained using single loop
linkages as the one described in Fig. 6. This is a variant of the planar RRTR crank
mechanism, (Burduhos et al. 2009, 2010). The actuator develops a translation
motion between elements 2-3 and element 4 insures the rotation needed to track
the PV module. For an actuator with a given length and stroke, by selecting the
geometric parameters (1; = OD, e = DC, 1, = OA) and the position on the joint
actuator at the basis, the angular motion of element 4 can be insured with pressure
angles below the maximum admissible values (of 60...65°), Fig. 6a. These
mechanisms can be used for both motions of the PV module and one practical
application is presented in Fig. 6b as a variant of the tracking mechanism with
fixed E-W axis (Fig. 3a). Tracking mechanisms as those presented in Fig. 6a have
a simple construction and are low cost being thus feasible in tracking systems
implementation.

The Tracking mechanism in Fig. 7 corresponds to a PV platform used for in-
field testing of different PV modules (Visa and Comsit 2004). This system is also
developed respecting the tracking system presented in Fig. 3a where the motion
around the fixed axis is developed by the linkage from Fig. 6a but for the second
motion such a mechanism is hardly feasible because of the large forces and large

Fig. 6 Structural scheme (a),
and implementation

(b) Patent request no. A/
00622/2008

(b)
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(a)

Fig. 7 Solar tracking system with E-W horizontal fixed axis: a PV platform and
b implementation

motion amplitude. In this case a hydraulic motor was used (Comsit and Visa 2009)
which will obviously raise the costs; still, since this platform represents a testing
rig, the cost was not the main selection design criterion.

Large tracking angles (usually above 120°) can be obtained using multi-loop
linkages, gear mechanisms or combinations of these. In Fig. 8a two loops
(bi-contour) mechanism is presented, where the first loop is similar to those pre-
sented in Fig. 6a (type RRTR) and the second loop is of four-bar planar type
(Fig. 8a) or spatial (Fig. 8b), used to amplify the rotation angle of the element 4,
(Visa et al. 2008, 2009). The input translation motion between the elements 2-3 is
given by the linear actuator for the output rotation of element 6, which tracks the
PV module. The required rotation angle can be obtained by choosing the geo-
metrical parameters of the two loops in the linkage mechanism, considering an
optimal pressure angle (ff < f,). A concrete application is presented in Fig. 8c for
a tracking system having the fixed axis parallel with the vertical axis of the
implementation location, where the rotation around this axis is done using the
mechanism presented in Fig. 8b and the second motion uses a mechanism as
presented in Fig. 6a. The constructive solution of this mechanism has a lower cost
and easier maintenance comparing to a gear mechanism, being thus preferred. The
main disadvantage is the need of two actuators (one for each tracking motion).

Literature mentions various alternatives for the rotation motion around the
vertical axis corresponding to the implementation location, by using gear mech-
anisms and for the rotation around the E-W axis by using linear actuators, by the
mechanism presented in Fig. 6a. These solutions have a higher cost and require
increased maintenance.

One possible solution based on gear mechanisms for both motions is presented in
Fig. 9a, with the implemented model presented in Fig. 9b, (Moldovean et al. 2010).
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Fig. 8 Solar tracking system with vertical fixed axis: a structural scheme for the diurnal planar
and b spatial mechanism, and ¢ implementation, patent request no. A/00622/2008

The required motions are obtained by coupling/decoupling the three couplings C;,
C,, C3. So, C; is coupled for the motion around the vertical axis while C, and C; are
decoupled and for the E-W motion (in direct or reverse sense) C; is decoupled and
C, or C; are coupled. This is a rather complex constructive solution, with a higher
cost but it uses a single driving motor.

A tracking mechanism solution for large angular strokes around the vertical
axis is the combined mechanism with linkage and gears, presented in Fig. 10.
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(a) (b)

Fig. 9 Solar tracking system with vertical fixed axis: a structural scheme, and b implementation,
patent request no. RO 126150-A2/2010

The linear actuator 2-3 gives the input S, 3 motion for the rotation of the driven
gear 5. The mechanism contain a planetary differential gear mechanism where the
two input motions are obtained through the rotation of the 3 gear along with the
2-3 assembly and through element 4, (Creanga et al. 2011; Neagoe et al. 2012).
The mechanism is efficient and has a more simple construction comparing to that
presented in Fig. 9, having therefore a lower cost.

An implementation example is presented in Fig. 10b, where the rotation around
the vertical axis uses the mechanism in Fig. 10a and the rotation around E-W uses
a similar mechanism as those presented in Fig. 6a. The drawback of this tracking
system is the need for two actuators.

A linkage mechanism with a single actuator is presented in Fig. 11a; this is a
variant of the general spatial 7R mechanism, using in B and C cardanic couplings.

The angular actuator is driving the vertical rotation motion ¢s, which—based
on the linkage mechanism, imposes the PV tracking motion through the second
rotation ¢4, (Vatasescu et al. 2011; Diaconescu et al. 2011). This represents an

(b)

Fig. 10 Solar tracking system with vertical fixed axis: a structural scheme for the diurnal
mechanism and b implementation, patent request no. A/01074/2010
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Fig. 11 Solar tracking system with vertical fixed axis: a structural scheme and b implementation,
patent request no. RO126335-A0/2011

efficient and simple constructive solution, insuring a large amount of solar radi-
ation on the PV module. The implemented version of this mechanism is presented
in Fig. 11b.

An important group of tracking mechanisms is based on linkages where the
angular driving motion around the fixed N-S axis in the implementation location
using two linear actuators, parallel mounted in a five-bar loop with mobility 2. The
mechanism in Fig. 12 has the five-bar loop formed by the elements 1...5, where
point—common for both actuators, describes a planar coupler curve, according to
the motions imposed by the two actuators. By amplifying the contour with the
elements 6 and 7 the tracking mechanism in Fig. 12a is obtained and is able to
describe large angular strokes (above 180°) while maintaining a simple con-
structive solution with optimal pressure angles (lower than 60°). By using the two

Fig. 12 Solar tracking system with N-S horizontal fixed axis: structural scheme for diurnal
mechanism (a), and implementation (b), patent request no. A/00109/2012
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Fig. 13 Solar tracking
systems with N-S horizontal
fixed axis: a structural
scheme and

b implementation, patent
request no. A/00467/2012

(a)

(b)

actuators, the tracking accuracy is increased and by correlating their motions, a
very low pressure angle results in point A (close to zero). The concrete solution of
this mechanism is presented in Fig. 12b.

The tracking mechanism in Fig. 13 similarly contains a five-bar loop with two
parallel actuators; the resulting motion drives the PV strings through the elements
8 and 10 from the parallelogram loop described by DCHG, having the coupler
driven through element 6, linked in the joint point A (corresponding to the two
actuators), (Moldovan et al. 2011; Visa et al. 2012). The dimensional synthesis of
the mechanism and the motion laws corresponding to the two actuators allow
obtaining the tracking angular strokes, with optimal pressure angles. The con-
structive solution of this mechanism is presented in Fig. 13b.

The energy output of the solar energy conversion systems can be increased by
tracking, by concentrating the solar radiation or by combining these two. Low
solar radiation concentrators can be done using mirrors, as for the PV system
presented in Fig. 14a. By using double mirrors, the amount of solar radiation
reaching the PV surface can be enhanced by 60 %, as Fig. 14b shows, (Hermenean
et al. 2010, 2011).

The mirrors’ based solution can also be used for solar-thermal flat plate col-
lectors, for correlating the available amount of solar radiation with the users’
needs, as presented in Fig. 15; this can be done either by concentrating the solar
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Fig. 14 Solar tracking system with vertical fixed axis and CPV: a implementation and
b simulations, patent request no. RO126149-A0/2011

Fig. 15 Solar tracking
system with low
concentration for solar
thermal collectors, patent
request no. A/00109/2012

radiation when the demand is high or by shadowing the collector when the thermal
needs are low, (Dombi et al. 2010).

Low solar radiation concentration can be applied also to parabolic solar-
thermal collectors (dish or trough). This case requires accurate tracking solu-
tions, using dedicated mechanisms. A constructive solution is presented in
Fig. 16b; the mechanism has a horizontal rotation axis, N-S oriented and uses a
double cam and multiple followers, Fig. 16a. The cam has a cardioid profile and
the followers define the pins disposal on the pin wheel. The two cams are in
direct contact with the followers, insuring a continuous motion transmission from
the cams to the pin wheels, (Ciobanu and Visa 2005; Ciobanu et al. 2008), with
a high transmission ratio.
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Fig. 16 Solar tracking (a)
systems with N-S horizontal
fixed axis: a structural
scheme for the diurnal
mechanism and

b implementation, patent
request no. A/00628/2008

(b)

5 Conclusions

1. Tracking systems can significantly increase the amount of solar radiation
reaching the surface of photovoltaic modules or solar-thermal collectors, thus
increasing the energy output and contributing to the Green Energy EU target.

2. Even when considering clear sky, solar radiation has a variable profile,
depending on the implementation location, day of the year, hour of the day, etc.

3. Therefore, tracking systems must consider the apparent Sun path on the
celestial vault and this can be stepwise done using mechanisms with various
complexity degrees.

4. The four mostly used types of coupled motions are described, outlining the
differences between the reference systems defined considering the fixed and
mobile axes and their position towards the implementation plane and/or the
polar axis.

5. Various types of mechanisms are presented, according to the motions defined
for the general cases, and are analyzed considering their angular stroke, pres-
sure angles, constructive complexity and feasibility.

6. For systems also including solar radiation concentration, accurate tracking
mechanisms are discussed.
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Conceptual Design of an Expressive
Robotic Head

F. Adascalitei, I. Doroftei, D. Lefeber and Bram Vanderborght

Abstract In this paper, a new conceptual design of the huggable robot Probo is
proposed. The new robotic head, with 21 degrees of mobility, is actuated using
only “hobby” servos and consists of five different functional systems such as the
eye-system, the ear-system, the trunk system, the mouth system and the neck
system, which will be described in detail in terms of mechanical aspects. Then,
some kinematic aspects concerning the eye-system will be discussed.

Keywords Conceptual design - Human-robot interaction - Social robot

1 Introduction

Facial expression plays an important role in our daily activities the human being a
rich and powerful source, which is full of communicative information about
human behavior and emotion. The most expressive way that humans display
emotions is through facial expressions, which play a major role in human inter-
action and nonverbal communication (Ge et al. 2008).

F. Adascalitei - I. Doroftei (D<)

Mechanical Engineering, Mechatronics and Robotics Department,
“Gh. Asachi” Technical University of Lasi, Iasi, Romania
e-mail: idorofte @mail.tuiasi.ro

F. Adascalitei
e-mail: adascalitei_florentina@yahoo.com

D. Lefeber - B. Vanderborght
Vrije Universiteit Brussel (VUB), Brussels, Belgium
e-mail: dirk.lefeber@vub.ac.be

B. Vanderborght
e-mail: bram.vanderborght@vub.ac.be

L. Visa (ed.), The 11th IFToMM International Symposium on Science 51
of Mechanisms and Machines, Mechanisms and Machine Science 18,
DOI: 10.1007/978-3-319-01845-4_5, © Springer International Publishing Switzerland 2014



52 F. Adascalitei et al.

For the robot, to express a full range of emotions and to establish a meaningful
communication with a human being, nonverbal communications such as body
language and facial expressions is vital. The ability to mimic human body and
facial expressions lays the foundation for establishing a meaningful nonverbal
communication between humans and robots (Brethes et al. 2005). Moreover, in
any face to face communication, there are three basic elements: words, tone of
voice and body language (Mehrabian 1971). The author of this reference stated
that body language and nonverbal communication represents 55 % of the com-
munication of feelings and attitudes.

Through facial expressions, robots can display their own emotion just like
human beings. The primary components of a robotic head used to express emotion
are: mouth (lips), cheeks, eyes, eyebrows, neck and forehead. Most robot faces
express emotion in accordance with Ekman and Frieser’s Facial Action Coding
System (FACS) system (Ekman et al. 1982).

In this paper, a new conceptual design of the huggable robot Probo, developed
by Robotics and Multibody Mechanics Research Group, Vrije Universiteit Brussel
(VUB), Belgium, is proposed and described. The novel design is a result of the
collaboration between this group and Mechanical Engineering, Mechatronics and
Robotics Department, “Gheorghe Asachi” Technical University of Iasi, Romania.

2 New Version of Probo

2.1 Motivation

The main goal of the Probo concept was the development of a social robot, to
study Human-Robot Interaction (HRI) and Robot-Assisted Therapy (RAT) for
children with Autistic Spectrum Disorders (ASD) (Goris et al. 2012). Another
aspect was to develop a multi-disciplinary research community; therefore col-
laboration with pediatricians, sociologists and psychologists was a necessity (Goris
et al. 2011).

Since most of the communication passes through non-verbal cues, and since
people rely on face-to-face communication, the focus of Probo communicative
skills laid initially on rendering facial expressions. To achieve the emotional
behavior, the robot was equipped with 20° of mobility (d.o.m).

Based on the preliminary results, it was investigated the possibility to reproduce
the robotic platform to be used by other research groups around the world. But, due
to the fact that the existing prototype of the robot Probo has a certain degree of
complexity and it is equipped with expensive hardware components, the idea of
creating a commercial version of it could not be reached. Therefore, the devel-
opment of a new version, to meet and solve these disadvantages, became a
necessity. To achieve this goal, several design criteria were adopted, namely:
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modularity; reliability; low cost price; usage of cheap, easy and rapid prototyping
techniques; compliance and flexibility.

2.2 Conceptual Design

The new concept (Fig. 1) has 21 d.o.m., providing independent motions of all the
actuated parts. It is a modular version, since it contains five subsystems, namely:
eye, ear, trunk, mouth and neck system.

In terms of affordability and reproduction, it is a low-cost solution, since it
makes usage of cheap, easy and rapid prototyping techniques and uses cheaper
actuators and materials. Due to the fact that the robot is equipped with a silicone
mouth, flexible foam trunk and elastic elements used in the ears and neck system, a
high degree of compliance and flexibility it is provided.

The eye system (noted with 4 in Fig. 2) has 10 d.o.m. and includes the eyeballs
(4 d.o.m.), the eyelids (2 d.o.m.) and the eyebrows (4 d.o.m.). Compared with the
previous version, this new solution has an additional degree of mobility, providing
independent motions for all the actuated parts. The eyes can pan (£45°) and tilt
(£60°) independently, the eyelids can open and close (70°) and the motion of
eyebrows (20°) intensify the facial expressions. Compared to the previous design,
where eyes were operated through cables and the motors were mounted in the belly

Fig. 1 New design of the robot Probo. a CAD solution. b Real prototype
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of the robot, under the new concept the components are driven directly or through
bar mechanisms.

The ears (with 1 d.o.m. each), 5 in Fig. 2, are represented by two helical
springs, placed at an angle of 45° from the top of the head, having a range of
motion of £60° and ensuring compliance during interaction. The helical springs
will be covered with a flexible foam core, which will have the shape of an animal
ear. In comparison with Kismet’s ears which have 2 d.o.m. each (Breazeal 2002),
so they can be lowered and elevated while they can point the ear’s opening
separately, in our case, to reduce complexity, the two rotations are combined in a
single one.

In contrast to other robotic heads, an intriguing anatomical part was added to
the robot, namely the trunk (noted with 3 in Fig. 2), to enhance certain facial
expressions and to increase interactivity. This part has three combined d.o.m. The
main components of this system are represented by the trunk itself, made from an

Fig. 2 Exploded view of the new concept
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expandable foam core, three flexible cables, separated 120° apart, and the drive
mechanism. The cables are wounded around three discs attached directly to the
servo output shaft providing a spatial movement of the trunk. Depending on the
number of actuated cables, on their position in relation to a system of axes attached
to this subsystem, and on the stroke of each wire, we obtain a spatial deformation
of the trunk, similar to a trunk type flexible manipulator. Due to the fact that the
trunk’s core and cables are flexible, the trunk system gives a safe and compliant
characteristic.

The silicone mouth (3 d.o.m.) has three actuated parts (lower lip and mouth
corners) and a fixed part (upper lip), constrained by the acrylic glass structure (2 in
Fig. 2). The range of motion of the lower lip is limited by the mechanical con-
struction to a value of 40°, and the mouth corners can realize a rotation of +25°.
Because in the previous prototype the trunk obstructed the visibility of the mouth
(disadvantage in creating facial expressions), for the new concept, in order to
prevent this drawback, greater dimensions were adopted for this part.

The Fitzpatrick’s model (Fitzpatrick 2010) has been chosen as the most suitable
solution for the neck system of the new social robot. The mechanical solution (noted
with 7 in Fig. 2) is a serial mechanism, equivalent to a spherical wrist, with three
degrees of mobility, providing three motions: head pan, head tilt and head swing. To
compensate the gravity, and consequently to reduce the required motor torque for
tilting or swinging the head, the neck was equipped with helical tension springs,
similar to the robotic head ROMAN (Berns and Braum 2005) which concluded that
if the set of spring pairs are well dimensioned, the required torque around the motor
shaft is reduced to approximately the torque introduced by the inertia of the head.

The aluminum frame and most of 3D printed parts of the head have been
replaced with an acrylic glass frame, respectively parts obtained with laser-cutting
technology, reducing the weight and also the cost of the robotic head.

3 Some Kinematic Aspects

The eye-system is one of the most complex components of the robotic head.
Because its design is based on a natural anthropomorphic model it gives the
impression of being natural. In this paper, we will concentrate on its kinematics.

A RSUR spatial linkage is used to actuate the eyelid (Fig. 3a). Its inverse

kinematics leads to:
2%t 1—¢£
0y = Atan 2| —— ,—— 1
= Atan (Hﬂ,lﬂz) (1)

+4/P2(01)+q>—12(01) .
1=y witht p(0) =25 (- —b); g =2-¢- 13

r(@l):l%—l%+l§+a2+b2+c2—2~a~ll'sl—2~b-ll-c1; s; =sin0; and

where

c1 = cos 0.
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Fig. 3 Eyelid kinematics. a Eyelid mechanism. b Diagram 04(0)

In order to prove the effectiveness of the spatial four-bar mechanism used to
actuate the eyelid, a numerical simulation has been done. As we see in Fig. 3b, the
variation of the eyelid orientation angle, 64, according to the servo orientation
angle, 01, is approximately linear, proving the effectiveness of the four-bar linkage
and simplifying the algorithm control.

The eyeball subsystem has a more complex design because the eyeball itself
should have a spatial motion (2 degrees of freedom). Consequently, we are using
two servos and two spatial four-bar mechanisms in series to drive the eyeball
(Fig. 4).

In Fig. 5, simulation results for eyeball angular positions are shown. As we see
in this figure, if we consider one of the servos angles (6, or 0,/) constant, the
variation of the eyeball orientation angles, 04 (for horizontal movement) and 05
(for vertical movement), according to the servos orientation angles, is approxi-
mately linear, simplifying the eyeball motion control. In order to get the mathe-
matical relations 04(0y,0y) and 05(0;, 0,/) kinematics of the eyeball mechanism
should be solved. It will be the subject of another paper.

If we consider that the eyeball spatial motion may be decoupled in horizontal
(tilt) and vertical (pan) movements, two equivalent mechanisms with one degree of
mobility each may be used to actuate the eyeball (see Figs. 6 and 7). Because two

(a) i (b)

Fig. 4 Eyeball subsystem. a CAD solution. b Kinematics



Conceptual Design of an Expressive Robotic Head 57

0, [deg]

Fig. 5 Simulation results for eyeball mechanism. a Diagram 04(6;,0y). b Diagram 05(0,, 0y )

(a) b8 (b)
~ 30
T ~ | —bae1)angieaer’)
SN 16
)
=490 40 0 .. » 40 a0
16 <
3 6 ™~
0 -\\.
= <

01 [deg], 01 [deg]
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servos are used to actuate the eyeball, for these particular movements the mech-
anism is over actuated. In these cases the two servos have to be controlled so that
their orientation angles should be 6;(¢) = 0y/(¢) (for horizontal movement) or
0:(t) = —6y/(¢t) (for vertical movement).

4 Conclusion

In this paper, a new conceptual design and some kinematics aspects of the new
version of the huggable robot Probo have been presented. Based on the simula-
tions, we demonstrated the effectiveness of the robot eye-system. Some work in
the control of the robot and experimental tests for facial expressions recognition,
using different human subjects, will be done in the future.
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On the Structural Analysis
of the Mechanisms with Elastic
Connections

Erwin-Chr. Lovasz, Dan Perju, Karl-Heinz Modler, Niels Modler,
Corina Mihaela Gruescu, Inocentiu Maniu and Andrei Comsa

Abstract The paper deals with the structural analysis of the mechanisms with
elastic connections. This study is based on the up-to-date development of the
technologies in the field of smart compound materials with controlled elastic
deformation and the nanotechnologies. The aim of the study is to define the elastic
connections in the context of the classical mechanism theory and to develop the
relationships in order to compute the mobility of the mechanisms with elastic
connections. In order to illustrate the theoretical development, the authors present
several numerical examples. All methods are based on preserving of the kinetostatic
conditions in a movement cycle. The authors present the classification of elastic
connections in correlation with the classical ones.

Keywords Structural analysis - Elastic connection - Degree of freedom - Mobility

1 Introduction

The technical requirements of mechanical and mechatronic products are generally
complex and impose well-defined movements to ensure a mechanical constraint.
The development of mechanisms theory focused primarily on the use of rigid links
in the structure of mechanisms (classical theory). Following the new developments
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in the field of smart compound materials with controlled elastic deformation and
alongside the advance of nanotechnologies, the use of elastic deformable
components belonging to elastic connections is more and more frequent (modern
theory).

The main structural parameter of a kinematic chain or of a mechanism is the
degree of freedom, respectively the degree of freedom (mobility) of the mechanism
(DOF). The condition to have a mechanical constrained motion is to impose the
mobility equal to the number of the driving links. The mobility of mechanisms was
studied by many scientists beginning with Chebyches (1869) and continuing with
(Griibler 1883, 1885; Kutzbach 1929; Dobrovolski 1951; Artobolevski 1953;
Manolescu 1968; Waldron 1966; Antonescu 1973; Hervé 1978; Gronowicz 1981;
Angeles and Gosselin 1988; Huang et al. 2009; Yang et al. 2008; Zhang and
Mu 2010 and others. Gogu presented in (2005a, b) an overview on the calculation
of the mobility of the mechanisms with rigid bodies as elements.

In order to achieve an unitary theory of mechanisms, the use of both rigid
elements and elastic connections requires the development of a proper, up-to-date
structural analysis. In this regard, one should reconsider the definition of the
kinematic joint, of the link and then, express the formula of mechanism’s degree of
freedom (mobility) within a new form of structural analysis of these mechanisms
(Comsa A).

2 Basics and Definitions

The classical theory of mechanisms considers the links/elements as rigid bodies.
In regard with the strength characteristics, the rigid elements are considered
theoretically non-deformable by tensile/compression, bending and torsion.

“The link is defined in' (Ionescu 2003). As a rigid mechanism element
(component) carrying kinematic pairing elements.”

The links are connected through kinematic pairs and the closure of the kine-
matic pairs is a process of constraining two rigid bodies to form a kinematic pair
by force (force closure), geometric shape (form closure) or flexible materials
(material closure) (Ionescu 2003) (see footnote 1).

“The kinematic pair is defined as a mechanical model of the connection of two
pairing elements having relative motion of a certain type and degree of freedom
(Ionescu 2003) (see footnote 1).”

The kinematic pairs are classified regarding the degree of freedom or the
constrained motion in five classes. The class of the kinematic pair is given by the
number of constrained movements in respect with the attached reference system.

! http://www.iftomm.org/index.php?option=com_content&view=article&id=101&Itemid=196.
Last accessed 15 Mar 2013
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“The degree of freedom of a kinematic pair is expressed as the number of
independent coordinates needed to describe the relative positions of pairing
elements (Ionescu 2003) (see footnote 1).”

The connected links through kinematic pairs of different classes build a kine-
matic chain.

“The kinematic chain is defined as an assemblage of elements/links and joints
(Ionescu 2003) (see footnote 1).”

The mechanism can be defined starting from the definition of the kinematic
chain or according with its mechanical functions, as follows:

“Kinematic chain with one of its components (links) taken as a frame
(Ionescu 2003) (see footnote 1).”

“System of bodies designed to convert motions of, and forces on, one or several
bodies into constrained motions of, and forces on, other bodies (Ionescu 2003) (see
footnote 1).”

The structural parameter of the kinematic chain and mechanism are defined in
(Ionescu 2003) (see footnote 1) as:

“The degree of freedom of a kinematic chain or the degree of freedom
(mobility) of a mechanism represents the number of independent coordinates
needed to define the configuration of a kinematic chain or mechanism.”

The degree of freedom of a kinematic chain (Fig. 1) in respect with a reference
system may be calculated according to (Dobrovolski 1951) as:

5
L:6n72i'c,, (1)
i=1

where c; is the number of kinematic pairs of class i,1 = 1,2,...5; n—the number of
links of the kinematic chain.
The relationship describing the degree of freedom (mobility) of mechanism is:

Fig. 1 Kinematic chain
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5

M=(6-f)(n=1)= > (i—f) (2)

i=f+1

where f represents the number of common restricted motions of the mechanism’s
elements usually named “the family” (Manolescu 1968; Antonescu 1973; Kovéics
et al. 1976).

For the planar mechanisms, with f = 3, the relationship (2) becomes:

M=3-(n—1)—2-c¢5—ca, (3)

where cs is the number of kinematic pairs of class V and c4—the number of
kinematic pairs of class IV.

The mechanical constrained motion is ensured according to the above men-
tioned condition (see Sect. 1) if the relationship:

is satisfied, where n; represents the number of driving elements with DOF = 1.

The works (Kovics 1969; Kovics et al. 1976) introduced the structural concept
of connection. Connection means all the restrictions occurring in the relative
movement between the elements in order to provide a constrained motion of the
mechanism. The connections can be of kinematic/geometric type and of dynamic
type. The kinematic/geometric connections are connections, which impose
restrictions in terms of geometry and the dynamic connections in terms of forces
equilibrium.

The definition of the connection (Kovacs 1969; Kovacs et al. 1976) is:

Open kinematic chain which is interposed between two elements with known or
imposed relative movement.

The connections can be classified according to the number of their links and
kinematic pairs (Fig. 2) in three types: connection of type A, which contains one
kinematic pair, connection of type B, which contains one element and two kine-
matic pairs and connection of type C, which may have any structure.

3 Elastic Connections in Mechanisms Structure

The up-to-date development of smart compound materials with controlled elastic
deformation and their applications in mechanical structures requires the recon-
sidering of some definitions and at least the mobility relationship.

Generally, an element may contain one or more elastically deformable sections,
called further on as elastic connections. Considering the definition of the dynamic
connection the elastic connection may be defined as follows:

The elastic connection is a dynamic/kinetostatic connection, which contains one
or more elastically deformable sections materially closed with rigid sections of the
element having a constrained relative motion.
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The elastic connection allows supplemental degrees of freedom. These degrees
of freedom result from the elastic deformation corresponding to the bending and/or
compression loading. These deformations generate a quasi-rotation and/or trans-
lation motion between the considered elements.

Figure 3 presents a classification of elastic connections of type B, similarly with
the kinematic connections. The classification takes into account only the kinematic
pairs of class V. The other types of elastic connections are combinations of the
kinematic and elastic connections of type B.

Type of Number [ Nr.of | Nr.of | Number| Kinematic schema [Supplementall Degree |Notation
elastic of rigid elastic of of elastic connection | degrees of of
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Fig. 3 Classification of elastic connections of type B
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In order to up-date the definition of the mechanism, which contains elastic
connections one must ensure preservation of the kinetostatic/dynamic conditions
in a motion cycle. Therefore, the mechanism definition may be:

System of rigid bodies with/without elastic sections designed to convert
motions of, and forces on, one or several bodies into constrained motions of, and
forces on, other bodies.

The degree of freedom of a kinematic chain containing elastic connections
results from the relationship:

m 5
L:6~n+Zfesz—Zi'Cn (5)
=1 =1

where m is the total number of elastic connections, f,x—the number of the
supplemental degrees of freedom of the connection k.

Using the same logics, the degree of freedom (mobility) of the spatial mech-
anism is:

m

M:6~(n—1)+Zfelkk*Zi’Ci, (6)

k=1 i=1

And for a planar mechanism the DOF is:
m
M:3'(}’l—l)+ZfelKk—2'Cs—C4 (7)
k=1
As the mechanisms with elastic connection contain dynamic/kinetistatic con-
nections, the constrained motion is ensured if the relationship:

n; <M <n;+ngq (8)

is satisfied, ng being the number of links in dynamic equilibrium and n; represents
the number of driving links.

4 Example of Elastic Connections Structural Analysis

Table 1 gives several numerical examples with the computation of the degree of
freedom (mobility) of structures containing elastic connections. The examples are
derived from the classical linkages.
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Table 1 Examples of mechanisms with elastic connections

Nr. Kinematic schema
1. 3 B Number of the links and elastic connections
n=3 m = 1 with fyx = 1
A Number of kinematic pairs ~ Class V Class IV
cs=3 c; =0
27 BA Degree of freedom (mobility) of the mechanism
’] 7 M=3-3-1)+1-2-3-0=1
Number of driving links n=1 ng=1

Four bar linkage with
elastic connection

Constrain motion condition
1<1<1 41 =2 (fulfilled)

2. Number of the links and elastic connections
n=3 m = 1 with fyx = 1
Number of kinematic pairs ~ Class V Class IV
Cs; = 3 Cy = 0
Degree of freedom (mobility) of the mechanism
Slider crank with M:3(3—1)+1—23—0:1
elastic connection . .
Number of driving links n =1 ng=1
Constrain motion condition
1<1<1 4 1 =2 (fulfilled)
3. A Number of the links and elastic connections
n=2 m = 1 with fyg =2
5 A, Number of kinematic pairs ~ Class V Class IV
Z 2 cs =2 c; =0
1 Degree of freedom (mobility) of the mechanism
Mechanism with M:3~(2—1)+2—2-2—0:1
elastic connection and 2 L. .
- Number of driving links n =1 ng =1
joints RR L
Constrain motion condition
1<1<1 4 1 =2 (fulfilled)
4. Number of the links and elastic connections
n=2 m = 1 with fyg =2
Number of kinematic pairs Class V Class IV
Cs = 2 Cy = 0

Degree of freedom (mobility) of the mechanism
M=3-2-1)+2-2-2-0=1

Number of driving links n =1 ng=1
Constrain motion condition

1<1<1 41 =2 (fulfilled)

Mechanism with
elastic connection and 2
joints RT
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5 Conclusions

The paper proposes the redefinition of several basic terms in the mechanisms
theory in order to include the elastic connections. The paper defines the elastic
connection, which contains beside the rigid sections one or more elastic ones and
proposes a classification of the elastic connections of type B similarly to the
classification of the kinematic connections. In this case, it was necessary to
redefine the term of mechanism, implicitly the kinematic chain with elastic
connections.

The computation of the degree of freedom of kinematic chains and the degree of
freedom (mobility) of the mechanisms with elastic connections imposed the
development of new formulae. The paper proposed the relationship for constrained
motion for this kind of mechanisms. Several examples illustrate the structural
analysis for different structures of mechanisms with elastic connections.
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An Innovative Family of Modular Parallel
Robots for Brachytherapy

N. Plitea, C. Vaida, B. Gherman, A. Szilaghyi, B. Galdau,
D. Cocorean, F. Covaciu and D. Pisla

Abstract Brachytherapy (BT) is an advanced form of radiation therapy enabling
the concentration of high doses in specific target points, enabling the direct
treatment of tumors without damaging the proximal healthy tissues. BT usage is
limited by the insufficient accuracy of radioactive seeds placement in the body. For
this purpose, the paper presents an innovative family of modular parallel robots
designed specifically to overcome the limitations of current BT procedures. The
robotic structures employ two distinct modules in conjunction, which result in a
reduced number of moving parts and removal of unwanted motions.
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1 Introduction

Several specific medical applications require different devices able to insert
substances or medical instruments inside the human body. Considering the nature
of these tasks it is desirable to perform these actions with visual feedback, whereas
the imagistic investigations range from simple radiologic exams to echography,
computed tomography (CT) and magnetic resonance imaging (MRI).

The third millennium encounters a very provocative challenge: there are more
and more cancer patients mainly because the increase of the average life span of
the population and the curative treatments discovered for other diseases. This
makes cancer one of the main causes of death nowadays, due to a complex set of
uncontrollable natural and artificial factors. There are many cases where the
treatment options for cancer are scarce (Tornes and Eriksen 2009; Delvin 2007;
Podder and Fichtinger 2010, Kacso), but at the same time are many therapeutic
approaches in the fight against cancer like: surgery, irradiation, chemotherapy or a
combination of them, followed by rehabilitation in strong dependence with the
specific patient needs: inversion therapy (Rea et al. 2013), robotized massage beds
and so on. In radiation therapy high-energy rays are used to damage cancerous
cells. It can be used as single therapy or in combination with cancer treatments
(Delvin 2007). The traditional radiation therapy affects the entire body damaging
also healthy tissue, but the researchers developed alternative therapies, aiming to
concentrate the radiation in the tumor area with higher dosage, to increase the
treatment positive effects while minimizing the adverse ones. One of the advanced
techniques is the brachytherapy (BT). This involves the placement of the minia-
turized radioactive sources very precisely in the tumor area, delivering high dosage
of radiation in the cancerous cells. Its positive results are demonstrated, and its
side effects are reduced to a minimum, but it requires very high positioning pre-
cision and a clear linear path to the tumor (Delvin 2007). BT is used for the
treatment of tumors located in areas proximal to the skin, such as cervical (Viani
et al. 2009), lung (Reveiz et al. 2012), breast but many studies showed its positive
results in other body sites (Oudard et al. 2009). The widest spread BT application
is the treatment of prostate cancer (Sparchez et al. 2010).

As a clear limitation in the use of BT stand its accuracy requirements for the
radioactive seeds placement inside the tumors (Strassman et al. 2011). For that,
many research institutes focused on the development of robotic devices aiming to
increase the placement precision of the BT devices, but most of them are dedicated
only for prostate therapy. Yu et al. present in (2007) a modular robot for ultrasound
guided robotic prostate BT, consisting of a ultrasound probe drives and a 3-DOF
gantry robot. G. S. Fischer et al. (2006) presents a 4-DOF hybrid robot for real-time
control transperineal prostate needle orientation under MRI guidance and perform
the insertion motion manually. Shan Jiang et al. (2010) developed a prototype and
3D model of a 5-DOF hybrid robot for prostate needle insertion surgery under
continuous MRI guidance. In (Jiang et al. 2008) another robotic system, entitled
MrBot is designed for the treatment of prostate cancer with real-time MRI visual
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feed-back. As one can see from the above presented papers, most of the robotic
systems developed for BT are intended for prostate cancer treatment. The present
paper proposes a family of brachytherapy robotic systems for general BT, including
cancer treatment for internal organs like: liver, lungs, paravertebral areas, etc.

The paper is organized as follows: Sect. 2 presents a new family of innovative
structures of parallel robots for BT, developed based on the medicals specifications.
Section 3 shows the medical protocol of the robotized brachytherapy procedure.
Some conclusions and future work are presented in the last section.

2 Structural Synthesis of a Family of Modular Parallel
Robots for Brachytherapy

A modular robot is a robot built from components with standard electro-
mechanical interfaces, making it possible to assemble in a variety of ways to suit a
variety of purposes, such as the Geneva mechanisms in (Figliolini and Rea 2012).
Modularity has many advantages: scalability, reusability, reconfigurability, ease of
change and simpler maintenance. The new family of parallel robots is achieved
through combinations of different parallel modules, enabling the development of
an optimized structural model from the initial design phases. As the modules can
be assembled in different configurations on the fixed frame, robotic structures with
different configurations in terms of geometry, degrees of freedom and motion
range capabilities of the end-effector can be obtained. This allows specific struc-
tural optimizations in terms of the BT application together with flexibility, variety
in use, rapid changeover and ease of maintenance. Modules can have functional
and logical separation. Functional separation of modules refers to a physical
modularity that could be mechanical and/or electrical, while logical separation
refers to the division of control between the modules.

Introducing the notations: M—the degree of freedom of the parallel robot;
F—the mechanism family (the number of simple motions restricted for all the
elements of the parallel mechanism out of the six possible ones); N—the number
of mobile elements of the parallel mechanism; C;—the number of class “i” joints,
with, i = 5, 4, 3, 2, 1, where the joint class represents the number of restricted
DOF, k—the number of kinematic guidance chains of the mobile platform; n—the
number of elements for a single kinematic guidance chain for symmetric struc-
tures; c;—the number of class “i” joints for a single kinematic chain. For a parallel
mechanism of family F, the structural synthesis equations are (Plitea et al. 2006):

M=(6-F)-N- > (i-F)-C, N:6_;F- <M+AZ [(i—F)-C,-])

i=1...5 i=1...5
(1)
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where (5—F), (4—F), 3—F), 2—F), (1—F) cannot take negative
values.
For the symmetric parallel structures, the following equations are introduced:

N=k-n+1, C=k-c¢ (i=1,2,...,5). )

Using (2), it results from (1) the equation for the determination of the number of
mobile elements of a single kinematic guidance chain for symmetric structures:

i=1..5

nM-{M(6F)+k-Z(iF)«c[}. 3)

For the particular case of parallel mechanisms of family F = 1 the Eqgs. (1) and
(3) become:

M=5N- 3T G-1)C N=g (MfZ [(i—l)-ci]>; @

i=2.5 i=2...5

n M — 5+ k(dcs + 3cq + 2¢3 -‘rCz)]. (5)

5k [

In the following subchapters a family of modular parallel robots for brachy-
therapy specific tasks is presented (Plitea et al. 2013a, b, ¢, d). The two innovative
solutions, are mechanisms of family F = 1, with 5-DOF, namely three translations
in space and two orientations, eliminating the rotation around the longitudinal axis
of the needle which is not needed. The robotic structures use different modules
with 3-DOF with two or three active joints, mounted on a fixed frame which is
positioned over the CT-table, to enable fast needle placement control after its
insertion. In order to reduce to a minimum the number of moving elements, each
structure uses two kinematic chains for guiding the end-effector (and thus the
brachytherapy needle).

2.1 Parallel Robot for Brachytherapy with Two Kinematic
Chains of the Platform of Type 2-CRRU and CYL-U

The first parallel structure, has a modular architecture, consisting of a parallel
module with M =3 DOF and family F =1, of type 2-CRR (Cylindrical-
Revolute-Revolute) with three active joints and a second parallel module with
M = 3 DOF, of type CYL (Cylindrical) with two active joints, working in
cylindrical coordinates.

The two modules form with two Cardan joints, the two kinematic chains for the
platform guidance, namely 2-CRRU and CYL-U. Two constructive variants are
presented, one using linear actuators for the active joints 1, 3, 4 and 5 (Fig. 1) and
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Fig. 1 Parallel robot with M = 5 DOF and family F = 1 with modular construction having two
kinematic chains for the platform guidance of type 2-CRRU and CYL-U using linear actuators

Linear motor 4 \ ' ——
| \ .ﬂﬁ

the second using rotary motors with screw-ball for the same active joints (Fig. 2).
The 2-CRR module is positioned on two lateral proximal sides of the fixed frame,
on one side having two active joints actuated by motors 1 and 2, the first being a
translational one, materialized by linear actuator (Fig. 1) and a ball-screw (Fig. 2)
and the second one a revolute joint, materialized by a grooved shaft. This part can
be seen as a cylindrical joint. On the proximal frame side the module consists in an
active translational joint represented by the linear motor 3 (Fig. 1) and a ball-screw
(Fig. 2) and a passive revolute joint materialized by the cylindrical shaft. The
module integrates also 4 revolute passive joints which connect the mobile platform
of the module 2CRR to the first Cardan joint.

For the structural synthesis the module 2-CRR, is decomposed in two class 4
joints, four rotational joints of class 5 and 5 mobile elements. Thus, it yields:
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Fig. 2 Parallel robot with M = 5 DOF and family F = 1 with modular construction having two
kinematic chains for the platform guidance of type 2CRRU and CYL-U using rotary motors

N=5C5=4, Cy =2,

_ _ (6)
M=5-N—4-Cs—-3-C4=3.

The CYL module consists in two active translational joints positioned in a plane
parallel with the OYZ plane and a cylindrical shaft in front of the two ball-screws
which acts as a passive revolute joint. The cylindrical module is connected to the
second Cardan joint. For the structural synthesis of the mechanism the two
modules 2-CRR and CYL, are regarded as 3-DOF joints of class 3, each with one
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mobile element. The two modules are connected with two Cardan joints of class 4,
the final moving element being the end-effector. Thus:

N=3,C=2, C;=2,

_ _ ()
M=5N-3-C,—2-C3=5.

2.2 Parallel Robot for Brachytherapy with Two Parallel
Modules, One for Positioning and One for Orientation

The second parallel robotic structure for brachytherapy consists in a positioning
module with 3-DOF type 2CRR on whose mobile platform there is positioned a
parallel orientation module with 2-DOF.

Linear motor 1

Grooved shaft 2

Motor 2 \Eﬂj
‘ Parallel module (mechanism with
M=3 DOF, of family F=1, type
2-CRR. with constant platform
orientation, regarded as a class 3 Joint

Parallel orientation module o
{mechanism) with M=2 DOF,| N
regarded as a class 4 joint - E:\ _— Linear Motor 4

| L— Motor 5

| A YaZy)

| | — Brachytherapy
needle

Fixed frame

Fig. 3 Parallel robot with M = 5 DOF and family F = 1 with modular construction having a
module for positioning and one for orientation using linear actuators
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Parallel module (mechanism) with M=3
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Screw | e Screw 2
Grooved shaft 2

~

K3 o o
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K\?&\\ Motor 3

Motor 1
Motor 2
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Revolute joint 4

Revolute joint 2

Revolute joint 4

Motor 4

Motor 5

Brachytherapy
needle

y
I

XI -
» P>
= X  Fixed frame

CT Table

Parallel orientation module ‘@]
(mechanism) with M=2 DOF
regarded as a class 4 joint

Fig. 4 Parallel robot with M = 5 DOF and family F = 1 with modular construction having a
module for positioning and one for orientation using rotational motors

Two constructive variants are presented, one using linear actuators for the
active joints 1, 3 and 4 (Fig. 3) and the second using a rotary motor with screw-
ball for the same active joints (Fig. 4).

Through the motion of the two parallel modules the needle can be positioned
and oriented based on the application requirements. From the structural point of
view, the first module is regarded as a class 3 joint with one mobile element,
namely the mobile platform. On the mobile platform of the first module is posi-
tioned the orientation one, so the robot has only one additional mobile element, the
brachytherapy needle, and one class 4 joint.
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Thus it yields:

N=2,Ci=1C3=1,
M=5N—-3-C4—2-C3=5.

3 Protocol for the Robotized Brachytherapy Procedure

Definition of the medical application. The robotic structure should introduce,
based on radiologic data, rigid needles of diameter varying from 0.6 up to 2 mm
and a length from 50 up to 250 mm inside the patient body following a linear
trajectory. Due to the long distances, the variable tissue density it is compulsory to
ensure constant precision for the entire displacement and to avoid any deviations
from the predefined trajectory.

The areas of interest for needle placement in brachytherapy where the use of a
robotic device is justified cover the human thoracic and abdominal area where the
target point can be situated in close vicinity to different structures (blood vessels,
ganglions, other organs) whereas an error can cause a cataclysmic event leading up
the death of the patient. Generally, brachytherapy requires the placement of
multiple needles in a circular or rectangular matrix, making motion repeatability a
very important feature for the robotic system. Figure 5a illustrates an example of a
CT machine equipped with supplementary laser sensors (the lasers were enhanced
in the figure to provide better contrast) for position calibration. This type of CT
scanners is designed especially for fast real-time image feedback but they cannot
be used in diagnostics (Platten et al. 2005). Figure 5b shows a CT image with a
needle inserted inside the human body."

Fig. 5 Brachytherapy procedure: a Placement of external markers on the patient body for
calibration, b Validating the correct needle insertion by CT scan control (See Footnote 1)

' Courtesy of RadiologyInfo.org
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Procedure defining for needle insertion in brachytherapy. The procedure
description is presented as a sequence of logical and safety proof steps, defined
together with a team of oncologists from the “Ion Chiricuta” Oncology Institute in
Cluj-Napoca, Romania.

1. Definition of the target points and the desired linear trajectories;

2. Positioning the external needle template;

Image acquisition with external markers to define the patient geometrical
parameters;

Definition of the implant plan (number of needles and their positions);

Robot assisted needle implant with real-time echography monitoring;
Post-implant image acquisition for needle positions validation;

Calculation of the implant accuracy and the radiation dosages based on the real
needle positions;

8. The seeds placement for the local tumor irradiation.

(O8]

Nk

4 Conclusions

The paper presents a new family of modular parallel robots entitled PARA-
BRACHYROB which proves to be suitable for brachytherapy applications and
generally for needle placement techniques in medical applications. The modular
construction of the PARA-BRACHYROB family of parallel robots enables their
geometrical and structural optimization with respect to the BT requirements, as the
modules can be positioned on the fixed frame to suit different CT scan devices and
intervention rooms. The PARA-BRACHYROB family of parallel robots integrates
any combination of two parallel mechanisms with 3-DOF connected to the end-
effector through two Cardan joints where the first rotation axis is always parallel
with the OZ vertical axis. The structural synthesis enabled a modular design
approach with a minimum number of guiding chains. Based on this study the
structures will be further kinematicaly analyzed and the best structure will lead to
the experimental model for brachytherapy.
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One 6R Overconstrained Mechanism,
Many Applications

Laurentiu Racila

Abstract The aim of the paper is to present many possible applications based on a
very special 6R overconstrained mechanism. This mechanism is based on 6R
Wohlhart overconstrained mechanism, but not in its original disposition, that is
with one fixed element. A new spatial disposition is used, with three non-adjacent
joints that are constrained to remain in a fixed plane. This disposition allows the
conception of many possible devices. The input—output equations, special char-
acteristics, the advantages and disadvantages of each device are presented.

Keywords Over constrained mechanism - Kinematics - Industrial application

1 Introduction

Overconstrained mechanisms are a particular class of mechanisms. According to
the usual mobility relations, these mechanisms have no mobility, but some special
geometrical properties between their elements allow these mechanisms to become
mobile.

The Sarrus mechanism is considered today as the first spatial overconstrained
mechanism (Sarrus 1853), a closed-loop one, with six revolute joints (6R mech-
anism), able to transform a rotational movement into a translational one.

Overconstrained mechanisms have always been studied by researchers, but in the
most cases, only from theoretical point of view (Baker 1980; Dietmaier 1995;
Waldron 1979; Wohlhart 1987). There exists few industrial applications based on
overconstrained mechanisms, like “Turbula” mechanism (Schatz 1975), or
deployable structures of Chen et al. (2005) and Gan and Pellegrino (Gan and
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Pellegrino 2003). The “Turbula” mechanism is a Bricard 6R orthogonal mechanism
with two adjacent revolute joints in a special disposition, and is used to mix liquids
and powders. Deployable structures based on overconstrained mechanisms were
also developed. In this case many mechanisms are used, with a concept similar to
pantographs, to obtain industrial applications like deployable antennas.

Another possible device is presented by Racila and Dahan (Racila and Dahan
2010). This device is based on Wohlhart 6R symmetric mechanism (Wohlhart
1987) with identical links, but in a special spatial disposition, with three non
successive joints constrained to remain in a fixed horizontal plane. Due to the
mechanism’s symmetry, these three joints are the vertexes of an equilateral tri-
angle (Fig. 4, blue line). The movement of these three joints is along the heights of
the triangle (Fig. 4, O;0 line), to the centre of the circumscribed circle. The other
three joints are also disposed in the vertexes of a triangle (Fig. 4, red line), and
describe a plane, parallel with the fixed one. Some important properties derive
from this new spatial disposition. These properties are useful to imagine many
devices based on this mechanism.

2 Closure Equations of Wohlhart 6R Symmetric
Mechanism

To obtain closure equations of a closed-loop 6R mechanism, the classical Denavit-
Hartenberg parameterization for a mechanism with revolute joints (Fig. 1), is
being used (Denavit and Hartenberg 1955). The twist angle between two suc-
cessive joints (i) and (i + 1) is noted o, the link lengths are noted a; and the offset
distance between two elements (i—1) and (i) is noted d;. The fourth parameter is
the angle between two successive elements (i — 1) and (i), noted 6;.

The closure condition for a 6R single loop mechanism expresses that the
product of the six transfer matrices "~'Q; is equal to the unity matrix, and can also
be written:

304405706 =02 - 201 - 106 (1)

Fig. 1 Denavit-Hartenberg
parameters
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Developing this equation, a twelve equations system and four identities are
obtained. Some particular geometrical properties characterise 6R Wohlhart
mechanism (Fig. 2):

di=dy=dys=dy=ds =ds =0
0] =03 =05 =

o) =0y = Olg = 27T — o

a) —=dady) = a3 = a4 —as = adeg = da

2)

The equations system can be reduced to a single equation (Racila and Dahan
2010), between the input angle 0 (6 =0, = 6; = 0s) and the output angle ¢
(¢ =0, = 04 = 0g):

cosO-coso - (1 + cos? a)

+ (cos 0 + cos @) - sin” o (3)

—2-sin0-sin@ - cos o + cos’ o = 0

The Fig. 3 shows the output angle ¢ according to the input angle 0, when the
twist angle « varies from 7/2 to 2n/3. The links length is a = 120 mm.

In fact, depending on the twist angle o, the input angle has a limited variation
domain, due to geometrical constrains. For example, when the twist angle o = 7/2,
the input angle varies between —2n/3 and +27/3.

For a twist angle o = 7/2, the input—output equation of 6R symmetric Bricard
rectangular mechanism is obtained (Racila and Dahan 2010):

cos0-cos @+ cosO+cosp =0 4)

The input-output equation is symmetrical in 6 and ¢, so the output angle can
also serve as input angle.

Fig. 2 Wohlhart symmetric
mechanism
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Fig. 3 Output angle ¢
according to input angle 0
and twist angle o

3 Special Spatial Disposition

For the 6R Wohlhart symmetric mechanism we constrain three revolute joints Oy,
O3 and Os to remain in a fixed (reference) plane and make a movement on three
line segments, along the heights of the triangle O,030s5, to the centre of the
triangle circumscribed circle. The other three joints O,, O4 and Og will always
remain in a parallel plane with the first one (Fig. 4).

In the initial position all the six joints are in the horizontal plane and the input
angle 6 has zero degrees. When the odd joints O;, O3 and Os make movements to
the centre O of the triangle circumscribed circle, the even joints O, O4 and Og will
describe a parallel plane with the reference one. The distance between the two
planes is noted h. This distance is dependant to the input angle 0 (Fig. 5).

Fig. 4 New spatial
disposition
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Fig. 5 Distance h according
to input angle 0 and twist
angle o
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We can observe the importance of twist angle o for the distance between the
planes: when « increases h decreases. Finally, when the twist angle o = =, the two
planes are superposed, because the mechanism has become a plane one with all
joints axes parallel.

4 New Devices

Many important properties can be revealed from this new special disposition.
Starting with these properties, many possible devices can be imagined with
practical industrial applications.

4.1 6R Translational Device

The first important properties are the parallelism between the fixed reference plane
0,0505 and the mobile plane 0,040¢, when the odd joints make a movement to
the point O, the centre of circumscribed circle of O,0505 triangle.

This properties can be used to realise a parallel translational device.

The distance between the two planes is noted h and the input movement of the
actuated joint O; is noted b.

The dependence of h according to b and twist angle « is presented in Fig. 6.

The twist angle « varies between 7/2 and 57/6. When the twist angle increases
the distance between planes decreases, and the slope is smaller. So, for a better
accuracy the twist angle must be increased.
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Fig. 6 Distance h according
to input distance b and twist
angle o

R
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Figure 7 shows a prototype of this device, realised in the Department of
Applied Mechanics, FEMTO-ST Institute.

4.2 Centring Device

Another important property of this mechanism is the position of even joints in the
mobile plane during the movement. The even joints O,, O4 and O¢ have a radial
displacement along the radius of circumscribed circle of triangle O,040g.

This property allows the mechanism to work like a centring device.

Figure 8 shows the variation of the radius of the circumscribed circle of even
joints, according to displacement b of actuated joint O, and twist angle a.

The variation of the radius depends on the links length. Figure 8 shows this
variation for a links length a = 120 mm.

In the initial position all six links and joints are in the same plane. When b
increases, the radius also increases, until the final position, and then again, all six
links and joints are in the same plane, the reference one.

Figure 8 shows the variation of the radius of circumscribed circle of even joints,
according to displacement b of actuated joint O; and twist angle o.

4.3 Focusing Table

A very interesting property of this mechanism is about the intersection point of
even joints axes O’ and the intersection point of odd joints axes O”. These two
points determine a line O’O” always orthogonal to the two planes involved in the
movement of the mechanism, the reference plane and the mobile one (Fig. 4).



One 6R Overconstrained Mechanism, Many Applications 87

Fig. 7 Prototype of 6R
translational device

In the initial position, when all six links and joints are in the reference plane, the
O’ point is to infinity (the odd joints axes are parallel) and the O” point is in the
same plane with the links (for a twist angle oo = ©/2). When the input parameter
increases (b or 0 for example), the O’ point will go down from infinity to the
reference plane, while the O” point will be going under the reference plane,
arriving finally to infinity when again all six links and joints will be in the same
reference plane. In this final position the O’ point is situated in the reference plane
(for a twist angle o = n/2).

For a different twist angle the intersection points O’ and O” are not in limit
positions in the reference plane.

Fig. 8 Variation of radius of
circumscribed circle of even
joints
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Fig. 9 Variation of distance
00” according to input
angle 0

L. Racila

Figure 9 shows the variation of the distance OO”, noted D, according to the
input angle 0, for a variation of twist angle between 7/2 and 5.9 7/6 (for o = © we
obtain a plane chain, so all joints axes are parallel).

Figure 10 shows the other distance OO’, noted d, this time, according to the
input distance b of actuated joint O;.

This property can be used to realise a focusing device (like a telemeter), for
example, but it can also be used another way. We can consider this distance, OO”
for example, as input. The output can be the distance h between the reference plane

and the mobile plane.

Fig. 10 Variation of
distance OO’ according to
input distance b
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Fig. 11 Variation of h=f(00"); alpha 90,120,150
distance h according to AT 70
distance 00” bk
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Figure 11 shows the variation of the distance between these two planes
according to the input distance OO” = D, for three twist angles: « = n/2, o = 27/
3 and a = 57/6.

This property can be used to realise a focusing table for optical microscope, for
example, or as plate in rectifying machines, due to the accuracy of the device in
this particular position.

This accuracy can vary from 1:100 to 1:1,000 (depending of the links length
and O”O variation domain).

All the results presented in this paper have been confirmed the analytical way
(Racila and Dahan 2010), geometrical (Racila and Dahan 2008) and also by
experimental calculus (Racila and Dahan 2011).

5 Conclusions

The paper presents many capabilities of a 6R overconstrained closed-loop
mechanism, not in its classical position, that is, with one fixed element. A special
spatial position is used to obtain a new device, with no fixed elements, but with
three joints imposed to make a particular movement in a fixed plane.

This device can be used to develop many applications, for the industrial or even
entertainment area. Some of such devices are presented above, others can be
imagined, depending on the domain in which they are intended to be used.
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Research Regarding Modelling
of Involute-Bevel Gears

Ioan Ardelean, Mircea Bara, Sergiu-Dan Stan and Sorin Besoiu

Abstract Involute-bevel gears, as well as gears containing them, have a difficult
“task” in motion transmission then gears with parallel axes. A difficulty is related
to the fact that axes, although coplanar, are concurrent, thus, between driver gear
axis and driven gear axis there is an angle “< 180°”. Difficulty is even bigger,
when the gear is considered bevel only gear only due to the fact that axes are
concurrent, and only one gear is bevel gear, the other one being spur gear with
straight teeth. Such gears can be used in many applications, although, more fre-
quently in machine building resulting constructive and optimal exploitation
solutions. It can be noticed, that analysis and synthesis of different types of gears
formed from involute-bevel gears it’s made based on a particular example, with its
peculiarities, which usually leads to a planar involute gear, (Alexandru et al. 1999;
Bocian 1976; Herciu 2011; Szekely et al. 1981). In this paper, it’s elaborated a
general theory of involute-bevel gears (starting from a gear with crossed axes),
based on a new concept that reflects perfect reality. It presents the principle
of geometric calculus of involute-bevel gears function of the manufacturing
mode.Also, there are presented the methods of determination of the main char-
acteristics of the gears that can be developed using these gears.

Keywords Involute-bevel gears - Numerical modeling method - Reference
element
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1 Introduction

In this paper, are presented a new numerical modeling method, with great results,
of a category of gears formed by a spur gear and one involute-bevel gear, (Bocian
1976; Litvin et al. 2002) or with two involute-bevel gears. The mathematical
model is generally acceptable for cases when gear axes are crossed, concurrent or
parallel. This model take into account the type of tool used to manufacture the spur
and involute-bevel gears. The terms used for denoting gears are the following:

g1,8—Constant parameters in modeling; g;—height of the head of modeling
rack; g»—height of the foot of modeling rack;
So—Surface of the F| flank;
> o—Reference system linked to the flank F,, having axes of coordinates
O0XoYoZy; T, q,—Transfer matrix from the system g, in g;
OyMy—Vector radius, with projections OgMy, OgM,, OgM;, of a current point on.
the surface Sy, reported to the reference system > ;

0

OoNo—Perpendicular vector with projections ny,, ny,, nz,, attached to a vector
radius OgM,.

2 Reference Element in Modelling

Next, it’s adopted as reference element in modeling process, a rack, having
standard geometric parameters, no matter what the manufacturing method and type
of tool used for gear realization which forms the involute-bevel gears.

The surface Sy of reference rack, Fig. 1 it’s expressed in the system o,
function of the independent parameters g; and g, with position vector OgM, of

type:

Fig. 1 Rack’s reference
element
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Ao[(3 — 2By)g — q1 sin o] Xo
Y
OoMp = a C;zs % = ZO =O0oMy(q1,92), (1)
)
1 1

where: —Ag and By are generalized coefficients; A takes the value +1, as relation
(1) refers to right side or left side of the rack; By takes the value 1 or 2, as the refe-
rence plan Xy0yZ, overlaps with the symmetry plan of the tooth or the tooth gap;

— go represents the width tooth rack measured in the median plan ([]o);
— ap—pressure angle/standardized gearing.

Perpendicular vector, OgNy attached to the vector (1) it’s expressed by relation:

Ao nx,
t
OONO _ ggfo _ ZYO ) (2)
Zy
0 0

To manufacturing the involute-bevel gears having the half-angle at vertex ¢
(Fig. 2) and inclined teeth with angle f are taken into account the following.

— Standardized rack, Fig. 1 is fixed in relation to the half-finished part such a way
that the median plan (H o) to be parallel with the generatrix OM of division

cone, Fig. 2, (Csibi et al. 2007, 2008; Herciu et al. 2008).

— In case of inclined teeth, the rack is rotated in relation with the half-finished part
thus axis OyZy, Fig. 1 to close the angle f with generatrix OM, Fig. 2.

— Origin Oy of the system > ¢ it’s considered placed in the median plan of the
gear. As a consequence, the parameters g; and ¢, of the surface Sy will be
limited by the teeth height and the gear width that is manufactured.

Fig. 2 Rack’s reference
positioning

=Y
S
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Fig. 3 Generalized reference
element

For generalization of the calculus method it’s introduced a new reference
system Y , linked to the rack thus axis O, Fig. 3 to remain parallel with axis Oz,
Fig. 2 of the involute-bevel gear, during all the time of it’s development.

For shifting from the system »_ o in »_ ,, based on the scheme from Fig. 3, it’s
used the transfer matrix 7,q as it follows:

cosf 0 —sinfi 0
sinfsind cosd cospPsind 0

0= sinficosd —sind cosfcosd 0 (3)
0 0 0 1

During the generation teeth phase, the rack is expressed by the vectors: OX, and
ON, that can be expressed by relations:

qle + CIZBX + Cx -Xr
— qlAy + q2By + Cv _ Yr —
OX, q1Az + @Bz + Cz Z, OX:(a1,42), ()
1 |1
Agcos f 7 ny
| Agsinfsind + tgagcosd | | ny |
ON = Apsinfsind — tgugcosd | | ng | const., (5)
0 J 0
where were used the notations:
Ax = —Agsinagcosfl; Ay = (cos ogcosd + Agsinogsinficosd);
Az = —(cos apsind + Agsinagsinficosd; B, = —sinf;

6
By = cosfsind; Bz = cosfcosd; C = (2—K)Apg; Cx = Ccosp; ©)

Cy = Csinfisind; Cz = Csinficosd;
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The vector (5) and notations (6) are constant for any applications, thus favoring
the definition of rack given by Eq. (4).

Also, they contain all the feature parameters for involute-bevel gears with
straight-teeth (f = 0) or for spur gears (6 = 0).

From vector (5) projections on the system axes 0 results the front profile

angle of the rack;

0
tgow = tgfsind + tgoc()ﬂ (7)
cospf

Remark From this equation it results that the right side, respectively the left side
of the teeth has different shapes, which corresponds to two basis circles different of
the manufactured gear. Knowing the profile angle « of the rack, according to the
Eq. (7), it can be computed the basis circle radii with known formula.

3 Modelling the Teeth of Involute-bevel Gears

In the process of generation, the half-finished gear executes a rotation motion, and
the rack Sy with side Fj a translation motion in direction of axis O,X,, Fig. 4.
The relative instantaneous position between the systems S and S (linked to

the rack, respectively the gear) is defined by the parameter y by the transfer matrix:

cosy siny 0 (rgi + x;)siny — yrgicosy

T _ —siny cosy O (rgi + x;)cosy + yrasiny 8)
" 0 0 1 0 ’
0 0 0 1

In which the x; is the addendum modification coefficient of the gear of order i
with unitary module; r; is the division circle given by the known formula;

Fig. 4 Gear’s generation
scheme
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rai = mz;/2cosf; z;— number of teeth of the gears; fi— the inclined angle of teeth;
m —module, considered as unitary value.

The side S; of the teeth gear is expressed by the help of matrix product [T},] -
[x/], obtained for S;the position vector:

(X, — yrai)cosy + (Y, + ryipi)siny X;
0:X; = (yRrgi — X,)smyg: (Y, + rgivi)cosy | _ ;1 = Xi(q1,92,7)  (9)
1 1

To reduce the number of parameters to tow, the vector (9) is attached the
condition of the general gearing: N, -V, =0, in which the V, is the relative
velocity vector in the contact points between the surfaces Sy and S;.

In the present case, the gearing condition can be developed using matrix
method obtaining:

dTir

NrVr = Nr Tri -
( dy

Xr) = (Yr + xi)nxr + (Xr - Vrdi>n)'r =0 (10>

where it was denoted with T ; ! the inverse matrix (8).
Solution of the Eq. (10) that defines the parameter y for expression (9), is:

nxy

1
=—[X,+ (¥, +
Y %[ ( MM

(11)

Taking into account that the chosen perpendicular vector is invariant toward-
translation, it results that the perpendicular in the point of contact, on the side S; is
determined with Egs. (5), (8) and (11), thus:

ny-cosy + ny,~Si}’ly ny;

Ni = TirNr — nerOSVn—iz— Ny SINY _ Z;l (12>
" i
0 0

Equations (9) and (12) together with (11), define in a unique way the teeth of gear.

Remarks

— Modeling the generation is particularized by the index i to all the gears that
belong to the definition of the involute-bevel gears, including the generated gear
in the case of the realization with the Fellow or Skiwing procedure.

— Dimensions of the half-finished gear are limited to the width B of the gear and by the
external bevel that is computed with known equations, (Alexandru et al. 1999).

— The reference plan X;0;Y; overlaps with the median plan of the gears.
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4 Modeling the Generation from the Point
of View of its Limits

It presents great interest two aspects regarding the modeling of generation from the
point of view of its limits such as: undercutting and sharpening of the teeth of
generated gears, (Litvin and Fuentes 2004; Litvin et al. 2002).

It’s admitted that based on the constructive consideration and known calculus
algorithms, (Csibi et al. 2007), it was determined the maximal external radius r,,
and width B of the gears, Fig. 2.

Also, it’s known the height of the teeth defined by the corresponding limitation
of the profile parameter g; (see Fig. 1) at value qjo . q1, ¢>-

In the general case, undercutting is shown mathematically by appearance of the
turning point on the generated profile. This phenomenon appears to a given
scheme of generation, as the minimal realizable radius on the side gears.

In the case of the involute-bevel gears undercutting appears for the first time at
Z, = B/2 for solution to the limit ¢,; of equation dr;/dg, = 0. Developing these
two equations with the Eqgs. (9) and (11) leads to the check relation:

By (g + Cz) —B;Cy + (Vd[ +X,')COS2060 .
Ay — ByAz ’

where Bz, By, Ay, Az, Cy, Cz are from (6).

In which the notations are in accordance with (6), g;o being the minimum value
of g1, corresponding to the point from the basis of tooth.

Undercutting of the gears is a similar phenomenon but the analytical equations
contain transcendent expressions. That’s why, for verification of the undercutting
is recommended a numerical method.

Based on the Egs. (5) and (2), (7) it’s obtained:

0(q2) = 2Z(q1,92) + B=0 (14)

Solution g, from Eq. (14) it’s introduced in the expression:

q10 = (13)

R =X +Y; = R(q1), (15)

Which, the same, it’s minimized in relation with ¢;. The minimal solution g, has to
verify the inequality g, < go. Solving the Eq. (14) and minimization of the Eq. (15)
leads to two overlapped iterative processes, thus for PC it represents easy to solve.

Regarding the sharpening of the teeth, the problem is how to determine the
extreme points for left or right profile, situated at the maximum radius r,,, and then
evaluation of the distance A;A,; (Fig 5). The problem gives certain difficulties even
for the involute circular gear.

In this case the checking method resumes to the solving of the system of
equations:
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Fig. 5 Limitation of tooth’s
sharpening

Fi(q2) =2Z; —B=0,F2(q1) = rm —\/ X} + Y} =0, (16)

Which, by the constant Ay from Eq. (1), it get the ¢,, once with the right side,
obtained by the point A, (of coordinates X, g24) given by the Eq. (9) or (19), then
for the left side of the rack, obtaining of the point A; (of coordinates Xj, Yy).

Following these calculus it’s applied the equation to check the
results:6y < X; — Xywhere 8y is the minimal teeth width, adopted usually at the
value &y, m being the module.

5 Conclusions

For solving some complex problems regarding the generation of the gears with
crossed axes, are known more techniques. There are taken into account the
undercutting and sharpening of the gear’s teeth, as well as correct positioning of
the contact area between teeth sides.

In the paper, is presented the structure of some modeling techniques of these
problems. There are studied as well some features of this modeling. The features
are given by the position of the axes of the two gears and directly, the position of
the teeth sides. The resulted model is in this way spatial.
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Research Regarding the Modeling
of the Reciprocal Generation

of the Involute-bevel Gears with
Crossed Axes

Ioan Ardelean, Olimpiu Tatar and Emil Teutan

Abstract For this type of gearing the gear’s teeth are in point contacts. Intensive
research regarding these types of gearing have been started since 1968, (Alexandru
et al. 1999; Herciu 2011; Litvin and Fuentes 2004; Szekely et al. 1981). With all
the intensive research made in this field the raised problems weren’t solved
entirely. A way to solve in a better and operative method of problems with gears
with crossed axes is modeling of its generation, (Bocian 1976; Csibi et al. 2007,
2008). In the paper, are presented the basic elements regarding the modeling of
generation process of the crossed axes gears. It’s presented the structure of the
algorithm regarding the mathematic modeling. For defining the surfaces of the
tooth’s sides are used continuous and differentiable mathematical functions.

Keywords Gear axes + Gearing modeling - Contact area

1 Introduction

It is assumed that one of the gear wheels, for example the gear 1, it was made with
a certain method and the tooth flank is defined mathematically, function of the
independent parameters ¢; and g, by the vector radius X; = Xi(q1, ¢») and
perpendicular N = Nj (g1, ¢2) (Herciu 2011; Szekely et al. 1981). Also, it’s
known the relative position of the gear axes and the transmission ratio. It’s asked
to determine the side of the gear S,.

Thus, it’s considered the generation scheme from the Fig. 1, in which it was
presented:

1. Ardelean (<) - O. Tatar - E. Teutan

Department of Mechatronics and Dynamics of Machines,
Technical University of Cluj-Napoca, Cluj Napoca, Romania
e-mail: ioan_ardelean @yahoo.com

1. Visa (ed.), The 11th IFToMM International Symposium on Science 101
of Mechanisms and Machines, Mechanisms and Machine Science 18,
DOI: 10.1007/978-3-319-01845-4_10, © Springer International Publishing Switzerland 2014



102 1. Ardelean et al.

Gear’s axes 1

Gear’s axes 2
(I1,)

Fig. 1 Crossed axes gear’s generation scheme

— fixed systems ), and Zb having the axes O,Z, and O,Z,;, overlapped with axes
of gears 1 and 2;

— the systems >, si Y, in which are defined the side S; of gear 1, respectively
in which it will define the side S, of gear 2.

For determination of the relative position of the crossed gear it’s adopted two
reference circles, linked with the two gears, with radius p,, respectively p,, chosen
after certain considerations. Also, are introduced the constructive angles:

— convergence, v, formed by the plan (IT,) and projection on the axis 1 on plan
(T1,) and deviation angle ¢ determined by the plan (I1,) and axis O,Z; of gear
1.

In the process of gearing the systems, the systems ) ., and ), rotates after the
parameters ¢, respectively ¢,, where exists the relation of interdependence
i2=01/0, = w1/w.

Between the systems » ,; and >, , it’s established the square matrix of transfer.
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aApCOSP| — COSVSINQ | SINQ,  ApSinQ| + COS VCOSQSing,
—bycosp — cOSVSingcosp, —b,sing| + cosvcospcosp,

Ty =
SiNG COSVCos@ + SInVSing; Sing cos vSing, — Sinvcos; @,

0 0

—SINGCosP, + cos asinvsing, (p cosv + p,)sing,

()

SINGsing, + cos asinvcosp, (pcosv + p,)coso,
COS gCosv —p,siny
0 1

Where it was used the notations:

Ay, = COSGCOSP, + SING SINVSing,, @)
b, = cosasing, — sinc sinvcosp,.

Engagement of surfaces S; and S, is mono-parametric because the relative
motion is defined by a single parameter, either ¢, or by ¢,, the relationship
between these parameters is given by the law of motion.

It results that the contact between S; and S, will be a curve (even a line), the
geometric locus of the points that satisfy the general equation of the gears being
expressed by V|,N; = 0, in which V, is the relative velocity, it’s value if given by
the expression:

dTy;
Vo=(Tp——|X; =V 3
12 ( 12 d<p2) 1 12(902)7 ( )
where T, is the inverse of the square matrix (1).

From Eq. (3), it’s obtained:

{=Zysin¥sing, + [Z; sinv + (p,cos? + p,)cosa]cosp,

+Yi(cosacost + i2)} Vx

Vis — {Z;sin9 + (p,cosV + p,)cosa]sin @, + Zisinacosp, | ) Vy
2= —x1(cosacost + i1p)} ) vy
{(x18inacos¥ — yysind)sing, — (y1sind + xysinc) 0

cos@, — (p,cosV + p,)sinc
¢ — (P P2

Knowing the vector Ni, the Eq. (4) becomes:

—C £.,/C1+C3—-C3 5)
Cs— G

¢, = 2arctg
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where it was denoted

C, = (nylzl — nzlYl)sim9 + (naZy — nyix1)singcosy + nyi (pcos¥ + p,)cosa
C, = (nyIZI — nlel)sim? + (nylzl — nzlyl)sinacosﬁ + ny(picos? + py)cosa
Cs = (nx1Y1 — ny1Xy)(cosacost + i1z) + nzi(p cosd + p,)sing.

(6)

Introducing solution (17) in (13) and multiplying the last one with vector X,
it’s obtained the vector radius of the contact point as:

(Xicosp, + Yising,)a, — (Xising, — Yicos@,)sindsing,
X, = ToX; — —(Xicosp, + Yising, )b, — (X1sing, — Y\cos,)cosvsing,
+(Xicosp, + Yising,)sinacosV + (X,sing,
—Yicosp,)sind
Zi(cosasing, — sinacosp,) + (pcosd + p,)sing,
Zi(cosasindcosp, + sing,) + (p;cosd + p,)cosp, | = X2(q1,42)

Zycosacosy — psind
(7)

The vector (7), together with Eq. (5), defines the surface of the side S,, as a
geometric locus of the points in the axes systems > , that satisfy the gear
equation.

Remarks

— If the surface S;, expressed by the vectors X, and Nl, is the involute surface
described by the edge of tool of type wheel, then the side S, obtained represents
the teeth of the hyperbolical gear.

— the angle between gear axes is defined by the equation:

cosyy = cosacosv, (8)

and axial distance A results from the formula

A= \/t2 + 2t(p,sint) — peosd)cosa + (y + pysind)® + (pycosd + py)> (9)
for

cosacost
;— _ P1cOSTCOSU T py sind;

1 — cos*9cos*c
y = tcosVcosa — pysint

(10)

Generation scheme from the Fig. 1, (Szekely et al. 1981) is used also for the
general study of gear theory.
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2 Aspects Regarding the Gearing Modeling

In modeling of gears it’s aimed three main aspects:

— Verification of the gear process of the side gears;
— Evaluation of the contact area;
— Calculus of gear contact ratio;

It’s assumed known the surfaces S; and S, of the sides teeth of gears 1 and 2
reported to the systems » ., and >, (linked to the two gears), defined by the
vector radii and normal, under the form:

X1 =Xi(q1,92); Ni=Ni(q1,92),
Xo =X0(01,02); Na=Ny(01,0),

It can be seen that relative position of the systems >, and >, is difference
acor-ding to the scheme from Fig. 1.

The gearing study according to the classic concepts is based on the position
analysis relative to the surfaces S| and S, corresponding to the different rotation
angles, that represents the drawback of complex calculus.

The calculus are simplified by introducing a fictive surface, Sr, which in the
system ) , represents the enveloping mono-parameter of the surface S,, in fact,
this approach generalize the idea exposed in the paper (Herciu et al. 2008; Litvin
et al. 2002).

The surface Sgy (Fig. 2) is expressed with the help of algorithm from the Eqgs.
(1), (7), particularized by replacing in algorithm the index 2 with F. It results that
the surface Sr is defined in the system ), , by the vector radius Xz = Xz (g1, ¢>)
by identical expression with (7).

Thus, the contact analysis, respectively the gearing process, it resumes to eva-
luation of the relative position of the surfaces S, and Sg. In this aim, first it defines
between S, and Sg a distant function, ®.

(11)

Xr—X»

Ny

®(q1,92,01,2) =

Fig. 2 Scheme of the
gearing modeling
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In which the parameters p,q, P, Q, represents the solution of the nonlinear

equation system:

n
Fl(q17q2anvQ2) = YZ_YF‘F(XF—Xz)niyz:O’
X2
n;
F2(Q1>927Q17Q2) :Zz _ZYF+(XF —Xz) 2 =

0;
Ny

F3(q1,92, 01, 02) = nanyr — nypny = 0;
Fi(q1,q2,01,02) = nyonzr — nzng = 0.

Equation (12) together with the system (13) express the minimal distance

between the sides S, and Sg, oriented after the normal vector N,.

In relation with the value of the function (12) and the system behavior (12) are

found 5 distinct situations:

(a)

fro

(b)

()
(d)

If the system (12) does not admit solutions, then the surfaces S, and Sg are
secant. As a consequence, the gears between the side S| and S,are compromised.

Eventual repair of the situation can be made by correcting the angles ¢ and v
m the scheme represented in Fig. 2.

if the system (13) is verified and ® # 0, the surfaces S, and Sg are intersec-
ting. The gearing between the sides S| and S, will take place only in a single
point with condition of correcting the distance between the axes, respectively
by co-rrection of the radius p, and (®<0), Fig. 1. This case, corresponds to
the blocking (® <0) of the gears or existence (@ > 0).

if the system (13) is verified and ® = 0, then the contact is in a single point
that corresponds to the previous case, corrected.

If the system (13) is over-determined, in the sense that is verified for more
values of one parameters (for example P), then the contact between S, and Sy
is linear (Fig. 2). It results that between the sides of the surfaces S;— surface
of the side of gear 1 from the real gearing; S;—surface of the side of the gear
2; and gearing is point type, or in the used terminology, gearing is dual
parametric. In this situation, the contact line Lk is function of the P parameter
and through any point M, € Lg; ® = 0. It’s assumed that along the curve Lk,
the P parameter takes extreme values Pg and P; which, based on the Eq. (5)
together with the system (13), define the two extreme values ¢g and ¢, cor-
responding to ¢;.

The point gearing is done in the limits ¢y and ¢;.

From here it results that the contact area is given by the formula:

Ps — 1
2n

In which Z; represents the number of teeth of gear 1.
(a). The surfaces S, and Sp are overlapped in the case in which the system (13)

Zl7 (14)

Era =

is insensible to variation of two parameters (double over determined). It results
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that gearing between the S; and S, is mono parametric, between S;, S, exists an
instantaneous contact line. Similarly with the previous example it can be estab-
lished numerically the limit values ¢g and ¢, of solution (15), then for determi-
nation of the contact area degree it’s used the Eq. (14).

Contact area is placed in the neighborhood of the contact line Lk, or around the
contact point in cases (b) and (c).

It’s admitted that due to the external forces, the sides S; and S,, respectively S,
and Sr, are approaching with quantity ex. In this hypothesis the geometric locus of
the points in which the distance between S, and Sr is exrepresents the contour of L
of the contact area, Fig. 2.

It results that the contact of equal distance L traced on the surface S, is built as a
geometric locus of the points M of vector radii X, = X,(P, Q) which satisfy the
system of equations:

fl(QIaQ%QlyQZ) =Xo —Xp+egnp =0
f(q1,q2,01,02) =Y, — Yp 4+ gxnyp =0 (15)
(91,42, 01,02) = Wo — Zp + ggknyn = 0

3 Conclusions

Solution of the system (15) defines three parameters g, g2, Q1, Q> and one remains
variable along the curve of equal distance L.

Adopting a sequence of discrete values for g through the system (15) it’s
obtained a variation of the contour L that represents the image of the evolution of
the contact area, function of the elastic—plastic deformation of the teeth sides or
function of the usage of them.

The article presents in details the structure of the modeling algorithm specific to
a 3D mobile mechanical structure. It was described in details, mainly the modeling
of the tooth sides which are the gear’s teeth sides from the structure of the spatial
gearing. The researches in this this field will continue to obtain a variant of
interactive modeling techniques.
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A Dynamic Simulation of a Novel
Continuous Variable Transmission

Gani Balbayev and Giuseppe Carbone

Abstract This paper briefly describes the design of a novel continuous variable
transmission that can be used to adjust the transmission ratio according to the
externally applied load. A detailed 3D CAD model has been proposed in order to
investigate the engineering feasibility of the proposed design solution. Main design
variables and constraints have been selected by referring to a practical application
as a speed reducer on a small wind mill. A proper dynamic model has been
developed within MSC ADAMS software. Simulation tests have been carried out
and preliminary discussed to validate the proposed design solution.

Keywords Transmission - Design - Simulation - Gears - Planetary gears

1 Introduction

Power transmission and speed reduction are key issues in many different appli-
cation fields. Continuous variable transmissions have significant practical interest
when there is a need to adjust the transmission ratio according to the externally
applied load.

Several design solutions have been proposed in the literature. For example, a
face-gear train is presented in (Litvin et al. 2004). Three stage micro planetary gear
and the technical characteristics are described in (Gold 2002). Cam-based infinitely
variable transmission are proposed for example in Lahr and Hong (2006). Planetary
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gears can be designed as a continuously variable transmission as proposed for
example in Harries (1991), Ivanov (2012), Carbone et al. (2007) and Lan et al.
(2009). This mechanism can change the gear ratio depending on the load by having
two degrees of freedom and eventually by using a brake (Harries 1991). A mech-
anism with a planetary gear set and a torque converter is designed as a continuously
variable transmission in Crockett (1990). This mechanism has two degrees of
freedom and uses an external torque to start the movement (Crockett 1990).

This paper describes the design of a novel continuous variable transmission. It
is composed of planetary gears to achieve a two degrees of freedom transmission.
The main purpose of this novel variable continuous transmission is its capability to
adapt its operation to variable loading by preserving efficiency and input—output
load ratio. The proposed design solution provides a motion of the output link with
a speed that is inversely proportional to the loading of the shaft. These features are
suitable for using the proposed design in practical applications such as a differ-
ential planetary gear box in the transmissions of vehicles, metal cutting tools, wind
mills and other transmission applications needing smooth control of the trans-
mission ratio. A proper dynamic model has been developed within MSC ADAMS
software to provide information on the feasibility of the proposed design solution.
Simulation tests have been carried out and preliminarily discussed for validating
the proposed design.

2 A CAD Simulation

The herein proposed differential planetary gear set consists of a mechanical
planetary gear set without additional devices such as torque converters or elec-
tronic parts. General design characteristics have been selected for the practical
applications of the transmission, for example, to wind mills. A wind turbine
installation can be identified, for example, by referring to a small wind turbine of
3-4 kW power.

The new planetary gear box is conceived with two degrees of freedom with a
mechanism consisting of an input carrier H;, an output carrier H,, central (sun)
gears 1 and 4, which are fixed on a shaft, satellites 2 and 5, central internal gears 3
and 6, which are fixed together, Fig. 1. Main characteristics of the proposed design
can be recognized in two input mobile links, two degrees of freedom, stepless
operations, smoothly and automatically changing reduction ratio depending on the
load of the output link.

A CAD design of a gearbox with planetary gear set has been worked out in
SolidWorks software. Figure 2 shows an exploded CAD design of planetary gear
box with the following main components: (1) output carrier; (2) bearing; (3) output
satellite; (4) spindle of output satellite; (5) bearing; (6) bearing of internal gears;
(7) gearshuft; (8) sun gear; (9) epicyclic gears; (10) input satellite; (11) spindle of
input satellite; (12) input carrier. The mechanical design of the mechanism with
housing and cover is shown in Fig. 3.
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L

Fig. 1 A kinematic scheme for the new planetary gear box: a H;-input carrier, /-input sun gear,
2-input satellite, 3-input epicyclic gear, 4-output sun gear, S-output satellite, 6- output epicyclic
gear, Hy-output carrier; b ry-radius of carrier, r;-radius of sun gear, rp-radius of input satellite, r3-
radius of input internal gear, ry-radius of output sun gear, rs-radius of output satellite, r¢-radius of
output internal gear

Fig. 2 CAD exploded assembly of the new gear box design

All the geometrical parameters have been defined within the CAD model in
Figs. 1, 2 and 3 so that the main dimensions can be as equal to a maximum
diameter D (in Fig. 1b) of 180 mm, a maximum longitudinal size L (in Fig. 1a) of
95 mm. The input and output shafts have a diameters of 16 and 13 mm, respec-
tively. The overall weight is 3 kg.
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Fig. 3 Mechanical design of a new planetary gear box in Fig. 2: /-output carrier; 2-bearing; 3-
housing; 4-gear shaft; 5-output satellite; 6-epicyclic gears; 7-input satellite; S-cover; 9-sun gear;
10-input carrier

3 Dynamic Simulation

A dynamic simulation of the planetary gear box has been carried out by using
MSC ADAMS software. The MSC ADAMS model of the proposed planetary gear
box is presented in Fig. 4. Input values such as angular velocity, stiffness, dumping
coefficients, and friction forces have been defined accordingly as listed in Table 1.
Input angular velocity has been set as a constant value of 100 rpm. All gears are
spur gears with module 1 mm. Friction coefficient of gears has been set as equal to
0.2 by referring to the contact of steep surfaces. Table 1 summarizes main other
parameters that have been assumed by referring to feasible values for a real case of
study.

All the geometrical dimensions have been set as by referring to the models in
Figs. 1, 2 and 3. After setting the above-mentioned parameters significant attention
has been addressed in properly modeling all the constraints and joints in order to
achieve a reliable operation of the proposed model.
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Fig. 4 ADAMS model of
gear box design in Figs. 2 and
3

Several cases of study have been considered in order to investigate the dynamic
behavior of the proposed transmission. In particular, preliminary tests have been
carried out by considering a constant input speed. Then, it has been verified that
the input and output speeds and torques are in accordance with the expected
smooth variable transmission ratio. Examples of the results that have been
obtained are reported in the plots of Figs. 5, 6, 7, 8 and 9. In particular Fig. 5a, b
show the contact forces between the gears of output and input links.

Figure 6 shows the computed results of the input and output angular velocities.
Input velocity is constant and given as 100 rpm. Computed output angular velocity
which is shown in the plot of Fig. 6b is approximately 50 rpm. The plot in Fig. 7
shows the results of the computed torques. Input torque is constant and output
torque is approximately constant. Angular velocities of the input and output epi-
cyclic internal gears are presented in Fig. 8a. The epicyclic internal gears rotate
with the same speed as shown in the plot in Fig. 8a. Figure 8b shows the plots of
the computed torques of the epicyclic internal gears.

Computed results of contact forces between gears of the output link and the
input link are presented in Fig. 9a, b. In Fig. 9a, b contact forces are plotted as
during the simulated motion for a full rotation of the output shaft. Figure 9a shows
the plots of the computed contact forces between output satellite and sun gear,
which are shown as number 1 and 2 in Fig. 5a. Comparing these curves in Fig. 9a,
the highest contact force of 0.04 N is related to the contact No. 2 in Fig. 5a
between output satellite and epicyclic internal gear. Computed results of contact
forces of the input link are presented in Fig. 9b. Figure 9b shows the plot of the
contact forces between input satellite and epicyclic internal gear, which are shown
as numbers 3 and 4 in Fig. 5b. The highest contact force of 0.6 N is related to the
contact No. 4 Fig. 5b between input satellite and epicyclic internal gear. The
values of contact forces increase by increasing the values of the external loads on
the output shaft.
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Table 1 Input parameters for simulation of model in Fig. 4

G. Balbayev and G. Carbone

Parameter Value Units
Input angular velocity 100 rpm

Input torque Plots in Fig. 9 Nm
Output angular velocity Plots in Fig. 8 Nm
Output torque Plots in Fig. 9 Nm
Damping 40 N*sec/mm
Young’s modulus 2.07 E + 005 N/mm**2
Density 7.801 E-006 kg/mm**3
Penetration depth 0.1 mm

Force exponent 1.8

(a)

Fig. 5 Contact forces between gears: a 1, 2 contact forces in output link; b 3, 4 contact forces in

input link
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Fig. 6 Computed plot of the input and output angular velocities
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Fig. 7 Computed plot of the input and output torques
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Fig. 8 Computed plots of the parameters of the sun gears: a angular velocity of the sun gears;
b torque of the sun gears
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Fig. 9 Plots of contact forces of gears in the output and input links: a contact forces numbers 1
and 2 in Fig. 5a; b contact forces numbers 3 and 4 in Fig. 5b

4 Conclusion

In this paper, a new planetary gear box with two degrees of freedom is proposed. A
3D CAD model of the proposed design has been proposed. A proper dynamic
model and simulations have been carried out in MSC ADAMS environment.
Simulation results show that the proposed planetary gear box has suitably constant
output values both in terms of speed and torque. The simulation results also show
that the proposed gear box smoothly changes the reduction ratio at constant input
speed. Contact forces between gears are small enough to use the proposed system
under the expected loading conditions.
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Design and Simulation of a Leg
Exoskeleton Linkage for a Human
Rehabilitation System

C. Copilusi, M. Ceccarelli, N. Dumitru and G. Carbone

Abstract This paper addresses the design and simulation of a leg exoskeleton for
a human rehabilitation system. The proposed novel leg exoskeleton is based on a
linkage mechanism that has been designed in order to fulfil main human loco-
motion tasks with low-cost easy-operation features. A proper kinematic model of
the proposed linkage mechanism has been settled up and it has been implemented
into Maple environment for numerical simulations of the kinematic behavior.
A proper 3D CAD model has been developed and the full leg exoskeleton has been
modeled and simulated into MSC.ADAMS environment. Results of simulations
demonstrate the engineering feasibility of the proposed design.

Keywords Human locomotion - Exoskeletons - Kinematics - Design simulation

1 Introduction

Nowadays there are a lot of persons with locomotion disabilities due to several
diseases and accidents such as stroke and bone fractures. For these persons dif-
ferent research centres develop exoskeletons which can improve or increase the
human locomotion ability and its rehabilitation. An assessment system of the gait
phase using biomechanical equipment can help to monitor the rehabilitation pro-
gram and to restore skills of each joint for each phase of gait.

Significant existing systems are presented in Pratt et al. (2004); Kawamoto et al.
2003, Kazerooni and Steger (2006), Kong and Jeon (2006), Tavolieri et al. (2007);
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Walsh et al. (2006), Yagn (1890), McMahon and Cheng (1990) Zoss and
Kazerooni (2006) with different designs. But a major common drawback can be
considered the cost and user-oriented implementation for persons with locomotion
problems. Kinematic analysis methods can be developed to model the human
natural walking, like in Ceccarelli et al. (2010), Copilusi (2009), Dumitru et al.
(2008), Grande and Ottaviano (2008). They can be also used as starting points for
dynamic analyses and for designing locomotion exoskeletons or robot biped legs.

In this paper a novel exoskeleton is proposed as based on a linkage mechanism
which fulfils main locomotion tasks. The new exoskeleton has been designed with
a low-cost concept, easy-operation features and reduced number of DOFs. The
design has been characterized with results from simulations of basic functionality.

2 Human Walking Characteristics

Human walking motions are difficult to study from a theoretical viewpoint. Today
there are different equipments and software which help to understand and to study
these motions through walking tests for biomechanics characterization. In par-
ticular, Figs. 1, 2, 3 and 4 report results that have been obtained at Craiova
University by using CONTEMPLAS system (CONTEMPLAS 2010).

Human joints (hip, knee and ankle) were analyzed for a male of 1.68 m height,
65 kg, age 28 by using a marker on each human joint. With the aid of CON-
TEMPLAS equipment trajectories and angular variations of each joint were
recorded and analyzed even by comparison with data from special literature
(Williams 1996).

3 Leg Exoskeleton Mechanism

The proposed leg mechanism is composed by a Chebyshev linkage and a panto-
graph as shown in Fig. 5. The Chebyshev mechanism generates an approximately
ovoid trajectory. The links lengths can be sized so that the leg shape end point

Fig. 1 Hip joint angle 200
(degrees) versus Gait (%)
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Fig. 2 Knee joint angle 200 -
(degrees) versus Gait (%)
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trajectory is similar to the shape of a man’s point, in accordance with Fig. 4.
Moreover, the straight part of the trajectory can be very accurate. In Fig. 5 ref-
erence points are A, B, C, D, E, F and G and the mechanism is with one DOF.
Several walking robots have a design containing a pantograph as fundamental
mechanism and even Chebyshev linkage has been used for actuating purposes
(Ceccarelli et al. 2010; Conghui Liang et al. 2008; Grande and Ottaviano 2008;
Tavolieri et al. 2007; Walsh et al. 2006). This leg mechanism can be used for
mobility of knee and hip joints. The ankle joint can be neglected because its
angular amplitude during walking is small.
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Fig. 5 A structural scheme
of the proposed leg
exoskeleton

4 A Kinematic Analysis

An analysis of the leg exoskeleton kinematics was carried out in order to evaluate
and simulate performances and operations. The point D position, with respect to
the reference OXY, Fig. 6, can be evaluated as a function of input crank angle ¢1
and kinematic parameters of the Chebysev linkage OABC. Point B position,
according with reference system is given by:

Xc = X +1pc cos @3, yc = yp + lsc sin @3 (1)
Position of point G with respect to the fixed frame can be given as:

XG = Xp +1Ipg €0s @5 yg = yp + Ipg sin @5 (2)
And the G, point, according with reference system can be written as:

X1 = Xg + lggicos¥Y  yg; = yg + leaisin? (3)

The B, G and G, velocity can be evaluated by using time derivatives from Eqs
(1) to (3) and angles ¢; (i = 1-5) can be solved from closure loops equations as
function of ¢, = w - ¢.

Fig. 6 Kinematic model of
the proposed leg mechanism
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A £ A2+ A2 — A2 B, + +/B? + B2 — B?
<p2:2tan1< ! 1+ A 3) (p3:2tanl< ! 1+ 5 3> (4)

Ay — Az B, — B3

Pg = 2tan~! (Dl + D% + D% — Dé) @5 = 2tan”! (Cl = C% + C% - C%)

D, — D3 G -G
(5)
With:
A = —2ac(ya —yB) Az = —2lac(xa —xB)
As=—(ya—vyp)’ — (xa —xp)° — i + e
Bl :Zlgc(yA — yB) B2 = 213(:(XA — XB) (6)

By =—(ya—¥g) — (xa — XB)2 + L — B¢

G point acceleration can be computed by using the expressions:

Xg1 = —lac(cos @y - @3 +sin @, - ;) — lep (cos @3 - @3 + sin @3 - i3)
—Ipg (COS @5 - (Pg +sin @s - ¢5)§ Yo = 1DG(2 cos((ps + @g) — sin s - (pg)
(7)

A kinematic analysis can be worked out the above equations. An algorithm was
created in MAPLE, with the input data as: lpy = 65 mm; [4c = 250 mm,;
Ipc = 195 mm; Ilcp = 205 mm; Ilgr = 165 mm; Ipr = lpr = 185 mm; and
f = Y= 90°. Some of these parameters were identified from evaluating a human
subject locomotion system on experimental walking research (Copilusi 2009).

Numerical results have been obtained without considering the leg’s interaction
with the ground as in Figs. 7 and 8 with linear and angular displacements,
velocities and accelerations of the kinematic joints and elements.

The computed hip and knee joints angular displacements from Fig. 7 respects
the limits obtained from experimental research of human walking. For hip joint
this limit is between 160 and 190° and for knee this is between 130 and 165°.
Similarly it can be observed in case of foot trajectory where the theoretical results
are appropriate with the ones from the experimental research (200 mm distance for
a single gait—Fig. 8).

Fig. 7 Computed angular

displacement of hip and knee = 130|
for a single gait case g 179

time (sec)
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Fig. 8 Computed GI1 point — 200
displacement of foot for a E 170
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‘% 80
'9': 50
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time (sec)
5 CAD Design and Dynamic Simulation

A mechanical design of a low-cost exoskeleton is presented in Fig. 9. The
structure was designed to permit adjustments of mechanism links in accordance
with different human body constitution. A dynamic analysis has been worked out
by using a proper model for operation tests in ADAMS environment (Adams
2010). Contact, stiffness, dumping coefficients, and friction force have been
defined accordingly as listed in Table 1 with links made of aluminum alloy.

Computed walking sequences are represented in Fig. 10 and main kinematic
results are shown in Figs. 11 and 12. From Figs. 12 and 13 it can be observed that
appropriate values are obtained as compared with those from experimental tests
and numerical kinematic analysis. In Figs. 13 and 14 contact forces are plotted as
during the simulated motion for a single gait. The highest value of 67.5 N is
related to the left knee joint as due to the servomotor position.

Actuator

Adjustable link

from exoskeleton

Adjustable link
from actuation

leg mechanism

Fig. 9 A mechanical design of the proposed low-cost exoskeleton
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Table 1 Input parameters for dynamic simulation

Parameter Type/value Units Parameter Type/ Units
value
Elasticity modulus ~ 7.17054E+004  N/mm? Contact ps 0.7 -
Density 2.74E—006 kg/mm®  Contact ud 0.5 -
Penetration depth 0.1 mm Force exponent 1.8 -
Friction force Coulomb N Damping 40 N-sec/
mm

Fig. 10 A walking sequence in ADAMS simulation for the low-cost exoskeleton
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Fig. 11 Computed plot of the foot displacement in exoskeleton model of Fig. 10
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Fig. 12 Computed plot of the hip and knee joint variation in exoskeleton model of Fig. 10
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Fig. 13 Computed plot of the left and right hip joint force contact in model of Fig. 10

WT_LEFT_HIP. Force. Mag
60.0 || — JOINT_ RIGHT_HIP. Force. Mag
T 40.0
£ 20 N—"
2 o0 =
© -20.0
S -40.0
L 60,0
-80.0
0.0 0.55 1.10 1.65 2.20 275 3.30
Analysis: Last_Run Time (sec) 2013-02-16 16:13:05

Fig. 14 Computed plot of the left and right knee joints force contact in model of Fig. 10
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6 Conclusions

A new prototype of a low-cost exoskeleton for human locomotion rehabilitation is
proposed with easy-operation features. Simulation results have outlined suitable
performance for suitable user-oriented operation in walking rehabilitation appli-
cation, although its design may require additional components in future devel-
opments. The proposed design is fairly simple wearable and light with adjustable
structure and its operation is run with only one actuator that can be regulated to
fully help or partially assist human walking, even with monitoring purposes.
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Protein Secondary Structure Detection
Using Dihedral Angle Parameters
Evaluation

Mikel Diez, Victor Petuya, Imanol Martinez and Alfonso Hernindez

Abstract The detection of proteins secondary structures constitutes an essential
task in the protein motion simulation. Secondary structures constitute rigid parts of
the protein structure, hence, their detection is crucial so as to properly define the
movement of the protein. During the simulation process, these rigid structures can
be identified and, accordingly, their associated degrees of freedom are neglected.
As a consequence, the computational cost is reduced. Current methods existing in
the literature are based on the analysis of geometrical parameters distribution, such
as Cu atoms distribution, and hydrogen bonds detection. These methods require
specific procedures, independent of the simulation process, to determine these
geometrical parameters, thereby increasing the computational cost. In this paper, a
novel method for protein secondary structure detection is presented. This new
method relies only on the evaluation of dihedral angles so as to detect the existence
of secondary structures. The use of dihedral angles, which have been already
evaluated during the simulation process, does not increase the computational cost
of the simulation process.

Keywords Proteins - Secondary structure - Rigidity analysis - Protein simulation

1 Introduction

Protein structure analysis allows to differentiate rigid zones from flexible ones of
the structure of proteins. These studies provide a better characterization of the
protein structure and a better understanding of each protein’s kinematic capabil-
ities. Another advantage of this analysis is that they can feed the simulation
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procedures with information regarding rigid zones of the protein structure, thus
allowing to eliminate the degrees of freedom located in those zones in order to
reduce the computational cost of the simulation.

Secondary structure detection is a troublesome problem. Results provided by
different methods tend to diverge on their results by more than 25 % (Frishman
and Argos 1995; Colloc’h et al. 1993). There are several methods for protein
rigidity analysis which can be divided in two categories: general rigidity analysis
and exclusive secondary structure detection. Methods from the first family do not
only detect secondary structures, but whole rigid zones of the protein. For
example, in (Nichols et al. 1995) several structures of the same protein, in different
steps of its motion, are compared in order to determine the rigid and flexible zones.
Other example of this kind of methods is the pebble game (Jacobs et al. 2001).
This method uses distance constraints to determine over and under restricted zones
of the protein structure.

Methods focused on the exclusive detection of secondary structures, usually
rely exclusively on geometrical parameters of the protein structure. For example,
in (Richards and Kundrot 1987) Ca atoms relative positions are calculated and
compared with a database of Co atoms arrangements in secondary structures. In
(Labesse et al. 1997), apart from the Co atoms distances, rotation angles between
two consecutive Ca atoms are included as comparative data. Hydrogen bond
pattern recognition is also used for secondary structure detection in (Kabsch and
Sander 1983) and in (Frishman and Argos 1995), where on this last work is prosed
to complete the hydrogen bond analysis with dihedral angle information.

One of the drawbacks of these methods found in the bibliography, is the need of
additional geometrical calculus or procedures in order to implement them into a
simulation process. In this paper a new method for secondary structure detection is
proposed relying only on dihedral angle values. The objective is to develop a
procedure, able to be implemented in a protein simulation program (Diez et al.
2011), in order to extract the degrees of freedom located in the secondary struc-
tures and, thus, reduce the computational cost and improve the accuracy of the
procedure.

2 Protein Secondary Structures

Although, in principle, a polypeptide chain could adopt any form, proteins tend to
repeat certain structures inside their functional form. These structures, found in
every protein, are called secondary structures and they practically do not have
relative motion between their atoms.

Secondary structures can be divided in two groups, o-helixes and f-sheets (see
Fig. 1). Also, a-helixes can be divided into o, © or 3¢ helixes depending on their
form. Secondary structures are considered rigid entities inside the protein struc-
tures. This is due to the hydrogen bonds that tie the atoms inside them. In the
Fig. 1 Hydrogen bonds are represented by dotted blue lines.
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(a) (b)

Fig. 1 a o-helix and b f-sheet. Hydrogen bonds that tie atoms inside the structures are
represented with blue dotted lines. ¢ Ball and rods representation of a protein section for a better
appreciation of the atoms tied by the hydrogen bonds

When the protein chain adopt these secondary structures form, dihedral angle
values must have certain values. These structural theoretical values for each
secondary structure can be found in the bibliography (Petsko and Ringe 2004). In
Table 1 each secondary structure dihedral angle values are presented as well as the
frequency at which the structure is found in proteins.

The values presented in Table 1 are the theoretical ones, nevertheless the dis-
persion on those values in biology may reach 30°. Ramachandran plots are one of
the best ways to reflect this circumstance. On Fig. 2 zones corresponding to f-
sheets and o-helixes are represented in red. As it can be noticed, those zones cover
a wide range of dihedral angle values. Relating to the dispersion on the dihedral
angles values found in proteins’ secondary structures, on (Frishman and Argos
1995), a very interesting work is presented regarding the probability of a amino
acid to belong to a secondary structure as a function of its dihedral angle values.

Table 1 Dihedral angle values for different secondary structures

Seconday structure Presence in protein structure ¢° v°

o-helix Very frequent —57 —47
3.10 helix Infrequent —74 —4
II-helix Rarely —57 —69

p-sheet Very frequent —139 —135
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Fig. 2 Ramachandran plot 180
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3 Procedure for Secondary Structure Detection
by Dihedral Angle Parameters Evaluation

As stated before the objective of the procedure presented in this paper is to make
use of the dihedral angle values, usually already available in any simulation
program, in order to detect proteins’ secondary structures. In order to do so, before
starting the assessment of each amino acid, a previous classification must be done.
With these objectives, amino acids within protein structure are classified as
follows:

e Candidate: an amino acid is considered as a candidate when its dihedral angles
lay on a zone of the Ramachandran plot belonging to a secondary structure.

e Stable: an amino acid is considered stable when the procedure has checked that
it belongs to a secondary structure.

e Unstable: an amino acid is considered unstable when it cannot be classified as
candidate or stable.

In order to define an amino acid as a candidate a tolerance has been introduced
to the theoretical values of the dihedral angles presented in Table 1. This tolerance
has been fine tuned in order to obtain the best possible results, obtaining a final
tolerance value of 30° for each type of secondary structure. Although the tolerance
may seem high, looking at Fig. 2 we can see how the f5-sheet i/ angle zone almost
covers a 90° area.

Once every amino acid has been classified as candidate, stable or unstable it is
possible to start searching for secondary structures. First, the first candidate amino
acid of the protein chain is located and selected. After that, it is checked if the two
following amino acids are candidates of the same type of secondary structure. If
that’s the case, the three amino acids are classified as stable amino acids. The
process continues by checking for amino acids of the same type of secondary
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Clasify amino acid as
candidate or stable

Is i+1 amino Is i+2 amino
Is amino acid i acid candidate of the acid candidate of the
candidate? same type of secondary same type of secondary,
structure? structure?

Set i, i+1 and i+2 amino acid
as stable

Fig. 3 Secondary structure detection process diagram

structures, until an unstable amino acid or an amino acid of another type of
secondary structure is found. This process repeats until every amino acid of the
protein has been checked. In Fig. 3 a diagram of the secondary structure detection
process is shown.

As stated, one of the conditions for an amino acid to be set as a stable amino
acid is to be part of a chain of three consecutive amino acids of the same type of
secondary structure. The use of a high tolerance value delivered bad results,
specifically on coil parts of the protein structure. This condition reduces the
detection of secondary structures on coils of the protein structure, allowing to
maintain the tolerance value.

4 Case Study

In order to test the results seven proteins have been selected. The selection of the
proteins under study has been done in order to test the algorithm against different
protein sizes and different secondary structure distribution. To check the results
obtained with the procedure, they have been compared with each proteins’
structural data, available on the Protein Data Bank (PDB) and experimentally
obtained. Results are shown on Table 2.

The produce presents a very high accuracy, always placing correctly more than
80 % of each protein amino acids in their correspondent secondary structure.
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Table 2 Results of the

. _ Protein Percentage of amino acids correctly located

procedure for the detection of
secondary structures in the 1zac 96.6
selected proteins 1k9p 96.62

3cln 97.2

1k20 93.48

2peq 100

4fkx 82.35

3sza 86.6

Comparing precision related to each secondary structure type, the procedure is
more accurate on the detection of a-helixes, detecting 95 % of them, being most of
the inaccuracies associated to the detection of f-sheets. Nevertheless the per-
centage of detected ff-sheets is always over 70 %. For example, on 4fkx and 3sza
proteins, shown in Fig. 4, which present the higher number of beta sheets,
respectively 75 % (3 of 4) and 87 % (13-15) f-sheets have been correctly placed.
The main difficulty in f-sheets detection is that they are not formed by consecutive
amino acids of the protein chain, but by amino acids belonging to different sections
of it (see Fig. 1). As the procedure only checks for dihedral angle parameters, it
lacks the ability to detect the proximity of any other section of the protein chain.
Thus, as said, the procedure, is less accurate on the detection of f-sheets, either by
not detecting or incorrectly detecting amino acids placed in them. Another prob-
lem arises with the detection of 3jy-helixes. This secondary structures usually
appear on the edges of an o-helix and they usually contain only two amino acids.
This makes the process to fail on the detection of this type of structure as there are
no three consecutive amino acids. Several attempts has been done modifying both
the tolerance and the number of consecutive amino acids with no improvements on
the results. Actually we are working in order to solve these inaccuracies by
including new procedures for the detection of near Ca atoms and two amino acid
long secondary structures.

Regarding the computational cost of the procedure, the whole process, classi-
fication of amino acids and assignment of each amino acid to its secondary
structure, only takes 8 ms on the bigger studied protein, 3sza. Thus, its imple-
mentation on a simulation procedure will not increase the overall computational
cost. On behalf of the reduction of the simulation process computational cost, as
stated before, the procedure provides information that allow to extract the degrees
of freedom from the simulation process. In previous works (Diez et al. 2011), 1zac,
1k20, 1k9p and 3cln proteins molecular mechanism movements were studied. The
introduction of this information will allow to reduce the number of degrees of
freedom of the simulation by 60 % for 1k20 protein, 67 % for 1zac protein, 61 %
for 1k9p protein and 58 % for 3cln protein.

Recently, the procedure has been implemented in the simulation process and
simulations have already been done on two of the proteins, 1k20 and 1zac. On this
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Fig. 4 a 4fkx protein. b 3sza protein

proteins, the step time, the time required for the procedure to obtain a new valid
position of the protein movement, has been reduced from 43 to 31 min on 1k20
protein and from 121 to 92 s on 1zac protein. As can be noted, each step time has
been considerably reduced.

5 Conclusions

In this paper a new procedure for the detection of secondary structures on proteins
structures has been presented. The procedure makes use o dihedral angles
parameters, already calculated during the simulation of the protein molecular
mechanism, to determine if a amino acid is part of a secondary structure type. This
avoids the introduction of new calculus procedures in a simulation program that
would increase the computational cost. Results show how the procedure has a high
accuracy, specially on the detection of a-helixes.

Regarding the computational cost of the procedure, it has fulfilled its objective
presenting a very reduced overall cost, even for big proteins like 3sza. The pro-
cedure has also proven able to reduce the computational cost of a step of a
simulation procedure, reducing the step time by 25 % in the two studied proteins.

Future work will be focused on the improvements of the results, specifically on
the detection of f-sheets and 3;p-helixes. As the computational cost of the process
is very small the introduction of additional geometrical parameters like Co dis-
tances, may prove useful to increase the precision of the method without a
penalization on the simulation procedure computational cost.
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Optimal Design of the Motion Law
for a Pseudo-Azimuthal Tracking System

Monica Alina Ionita and Catalin Alexandru

Abstract The paper approaches the optimization of the motion law for a
pseudo-azimuthal tracking system, which is used to increase the energetic effi-
ciency of a photovoltaic platform. The optimization goal is to maximize the
energetic efficiency, by maximizing the solar energy absorption (i.e. the incident
radiation) and minimizing the energy consumption for performing the tracking.
The step-by-step tracking law, which is configured through a parametric optimi-
zation in the MBS (Multi-Body Systems) software environment ADAMS of MSC
Software, brings a significant energetic gain relative to the fixed system (without
tracking).

Keywords Photovoltaic platform - Tracking system - Motion law - Optimization

1 Introduction

The solution for making the conversion of the solar radiation into electricity is well
known: the photovoltaic (PV) effect. The efficiency of the PV systems depends on
the degree of use of the solar radiation, which can be maximized by using systems
for tracking the PV modules. The solar trackers are actually mechatronic systems,
which ensure the optimal positioning of the module relative to the Sun, bringing an
increase of the energetic efficiency from 20 to 50 % (Alexandru and Pozna 2010;
Calabro 2009; Kumar Chinnaiyan et al. 2013; Seme and Stumberger 2011; Singh
2013; Visa, L. et al. 2009).

In one year, the Earth defines an elliptical rotation movement around the Sun,
and on the other hand, during one day, a complete rotation around its own axis.
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Viewing the two movements, there are two fundamental types of tracking systems:
mono-axis (for the daily motion), and dual-axis (for the daily and seasonal/
elevation motions) trackers. The dual-axis mechanisms combine the two motions,
so that they ensure a precise orientation of the PV module without the need of
further positioning adjustments. Regarding how the rotational axes are located,
there can be distinguished two types of dual-axis systems: equatorial systems—
where the daily motion axis is parallel to the polar axis, and azimuthal systems—
which perform the daily motion around the vertical axis.

This paper approaches a pseudo-azimuthal tracking mechanism, which is
derived from the azimuthal system, having the main/daily rotational axis posi-
tioned on the horizontal (North—South). The main advantage is the structure sta-
bility, being the best option for orientating the platforms of photovoltaic modules
strings. The paper targets the growth of the energetic efficiency through the
optimal design of the motion/tracking law (by maximizing the solar energy
absorption, and minimizing the energy consumption for performing the tracking).

2 Modeling the Solar Radiation

The energetic efficiency of the PV systems can be increased by adding a tracking
mechanism, which maximizes the received solar radiation by ensuring an optimal
PV system—Sun position. The main input parameter for the tracking systems
design is the solar radiation. For this paper, the direct component of the solar
radiation has been considered (assuming that the sky is clear), while the diffuse
component (useful in cloudy conditions) will be approached in a future research.

The direct solar radiation (Gp) depends on certain parameters and climatic
conditions (location, month, atmosphere clarity and others), and it can be deter-
mined through various mathematical models. For this paper, a prediction model
based on the Melil’s empirical model (Melii 1997) has been approached, as
follows:

te
— Go- (1+0.0334 - S, S 1
Gp = Gyp - (1 4+ 0.033 cosx)exp( O.9+9.4-sinoc>’ (1)
x = 0.9856° x n — 2.72°, 0w = 15° x (12 — T), (2)
o = sin~!(sind - sing + cosd - cose - cosm), (3)

where G is the medium solar constant (1,367 W/m?), n—day number in the year
(e.g. n =1 for January, Ist), t—turbidity factor, oa—altitudinal solar angle,
¢—Ilocation latitude, w—hour angle, )—solar declination, T—solar time.

The incident radiation (Gy), which is normal to the PV module surface, depends
on the direct solar radiation (Gp) and the incidence angle (i),

Gy = Gp xcos i 4)



Optimal Design of the Motion Law for a Pseudo-Azimuthal Tracking System 137

The incidence angle, which is defined as the angle between the sunray and the
normal axis on the PV module, can be expressed in the following way:

i = cos '(cosp - cosp® - cos(e — &*) +sinp - sinp*), (5)

¢ — cos ! (coso - cosm - cose + sind - sing) 7 ()
cosp

p = sin ~!(cosd - cosw - sing — sind - cosg), (7)

in which ¢ and p are the diurnal and seasonal angles of the sunray, while ¢* and p*
are the daily and elevation angles of the PV module.

The quantity of electric energy produced by the PV system (E) depends on the
incident solar radiation (Gy), the active surface (S) and the conversion yield (77) of
the modules, as follows:

t

E:S-n-/GIdt (8)

to

In every month, there is a day whose irradiation is almost equal to the monthly
average. Following this statement, there have been determined the 12 represen-
tative days of the year (Table 1). These have been compared with the results
obtained by the declination method (Duffie and Beckman 1991), obtaining an
excellent correlation.

Depending on the value of the elevation angle, there have been developed two
tracking programs: seasonal (one value per month), and annual (keeping the ele-
vation angle at a fixed value throughout the year). To evaluate the tracking effi-
ciency, various values have been considered for the daily (¢*) and elevation (p*)
angles, as follows: ¢* varies in the fields [+15°, —15°], [+30°, —30°], [+45°, —
45°], [+60°, —60°], [+75°, —75°], [+90°, —90°], the null value corresponding to
the solar noon position; p* has constant values within the field [0°, 90°].

Considering the possible combinations of fields/values for these angles, the
direct and incident solar radiation curves were obtained for the 12 representative
days. Then, for each case, the tracking efficiency was established as the percentage
ratio between the produced and available energy (Fig. 1), and the optimal values
of the daily and elevation angles were found at the point where the efficiency is
highest. The pseudo-azimuthal system has an optimum tracking efficiency in the
case of a daily motion domain of 120°-180°. As the difference between the
tracking efficiency of the minimum (120°) and maximum (180°) fields is very
small, the angular domain e*e [+ 60°, —60°] was selected for the daily motion. In
addition, the optimal values of the elevation angle are presented in Table 2.

Table 1 The representative days of the year

Month 1 2 3 4 5 6 7 8 9 10 11 12
Day 16 45 75 105 135 160 198 229 259 289 319 344
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Fig. 1 The tracking efficiency of the pseudo-azimuthal system

Table 2 The optimal values of the elevation angle

Seasonal Month 1 2 3 4 5 6 7 8 9 10 11 12
p* 70°  62° 49° 32° 17° 10° 13° 26° 44° 58° 68° 70°

Annual 40°

3 Optimizing the Motion (Tracking) Law

The purpose of this paper is to develop an algorithm for increasing the energetic
efficiency of the PV tracking systems, by maximizing the quantity of incident solar
radiation and minimizing the energy consumption for performing the tracking. The
study is developed for a pseudo-azimuthal tracking system, in the mono-axial
variant (for performing the daily motion).

The solid model of the tracking mechanism was developed by using the CAD
environment CATIA. Then, the solid model was transferred to the MBS software
environment ADAMS, through the STEP file format. After importing the geom-
etry, the multi-body system model of the tracking mechanism was developed in
ADAMS/View (Fig. 2). The mechanism tracks a PV platform (1) that contains 3
modules (disposed 1 per string), the active surface being of 5.1 m* The whole
mobile structure has a mass of 100 kg. The driving element is a linear actuator,

Fig. 2 The MBS model of
the tracking mechanism
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whose cylinder (2) is connected to the fixed pillar (0), while the piston (3) moves
the platform.

The proposed tracking system is a mechatronic one, which integrates the MBS
mechanical device (shown in Fig. 2) and the control system. The optimal design of
the control system was approached in (Ionitd and Alexandru 2012), by using the
Design for Control (DFC) software solution EASYS. There is a two-loop control
system with low-pass filters (LPF controllers). The external loop controls the daily
angle of the PV platform, while in the internal loop the linear velocity in actuator
is controlled. The input in the MBS model is the motor force developed by the
linear actuator.

The mathematical model for computing the electric energy produced by the PV
system (Eq. 1-8) was implemented in the MBS model of the tracking mechanism,
using the function builder in ADAMS/View. In this way, there is possible to
evaluate the energy gain obtained by tracking and the energy consumption for
performing the tracking, in the same model (all within the MBS environment).

The daily orientation of the PV system can be realized with continuous motion
or in steps. The continuous tracking has the advantage of obtaining the best
incidence, but it raises a series of problems, such as the high operating time and the
need to ensure large transmission ratios. Thus, the step-by-step tracking is pref-
erable, even if it is less efficient. As mentioned, the application is for the mono-
axial variant of a pseudo-azimuthal mechanism, so that the optimization study will
be focused on the step-by-step tracking law for the daily motion.

In the general case, there are the following parameters (design variables) that
define the step-by-step tracking law: the angular motion field, the number of
motion steps, the size of these steps, and the actuating times (when the motion
steps are performed). By the optimal correlation of these data, there can be
obtained a step-by-step tracking law close as efficiency to the continuous (ideal)
tracking case. Obviously, there are some correlations between the design variables,
e.g. the sum of the steps sizes is equal with the amplitude of the angular motion
field.

Because the direct and incident radiation curves are symmetrical relative to the
solar noon position, the motion law will be also symmetrical (with positive values
of the daily angle in the morning, and negative values in the afternoon). Due to this
consideration, a noticeable facilitation is introduced in the tracking law design,
considering just half of law (from sunrise to noon). Then, this law is transposed for
the tracking from noon to sunset, by inverting the daily angle sign.

The imposed tracking law (which gives the daily angle variation) is modeled as
a sum of STEP functions. STEP is a run-time function, with the following format:
STEP (x, x0, f0, x1, 1), where x is the independent variable (time), x0O—value of
independent variable at which the function begins, f0—initial value of the step,
x1—rvalue of independent variable at which the function ends, f1—final value of
the step (relative to the initial value). For simplification, there was considered the
same duration for all motion steps (no matter what is the step size). Thus, the
following half-law (from sunrise to noon) for the daily motion was obtained
(Fig. 3):
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where: T,—sunrise time; T,,—solar noon; t;—time at which the first motion step
begins, relative to T,; t,—time at which the second motion step begins; t,—time at
which the final motion step begins; At—motion step duration; ey—initial daily
angle; Ae,—first step size; Ae,—second step size; Ag—final step size.

In the study performed in this paper, there were considered as design variables
only the actuating times of the motion steps, which are defined by the following
parameters: t, ty,..., tx. The other parameters have been established as follows: the
initial value of the daily angle was selected in accordance with Sect. 2 (¢g = 60°);
the number of motion steps from sunrise to noon (k) was manually changed, by
successively considering the following values k = 1, 2, 3, 4, 5, 6 (in other words,
there have been developed six optimization studies, one for each number of steps);
the step size is the same for all motion steps (Ag; = Ag, = ... = Agy), in relation
with the number of steps (i.e. Ae = ¢y/k); the step duration is At = 60 s.

As was mentioned, the optimization goal is to maximize the energetic efficiency
of the PV system, which is expressed by the following design objective (DO):

DO = Er — (Ep-l- Ec), (10)

where Er is the energy produced by the PV system with tracking, Er—the energy
produced by the fixed equivalent system, and Ec—the energy consumption for
performing the tracking. Practically, after the determination of the actuating times
for the half-law (from sunrise to noon), the tracking law is transposed for the
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whole day (from sunrise to sunset). For the energy consumption, the return of the
solar tracker in the initial position, after the sunset, is also considered.

In addition, there has been modeled a design constraint (a boundary that
eliminates unacceptable designs), which refers to the fact that the final motion step
for the half-law must be completed before the solar noon (T,,). The design con-
straint (DC) creates an inequality, the optimization keeping the value less than
Zero,

DC = (T, + i+ ta+ -+ t+At) — T, <0 (11)

The numeric simulations were performed considering the Braov geographic
area, with the following input data: ¢ = 45.5°, 6 = 22.93°, n = 160, t; = 3,
p*¥=10°S =51 mz, n =15 %, T, = 4.29,and T,, = 12. The algorithm used in
optimization is OptDes-SQP, which is provided with ADAMS/View. As result of
the optimization process, there were obtained the optimal actuating times for the
considered tracking cases (the half-laws, from sunrise to noon, with k = 1,..., 6
motion steps), which are shown in Table 3. Then, these laws were transposed for
the day-light tracking (the whole-laws, from sunrise to sunset). For exemplifica-
tion, Fig. 4 shows the obtained motion law for the 12-steps (6 x 2) tracking.

Then, the motion law was applied as input for the control system, the
co-simulation being performed with ADAMS and EASYS. As a result of the
dynamic analysis, there was obtained the energy consumed during tracking. As
instant, the energy consumption for the 12-steps (6 x 2) law is shown in Fig. 5. At
the same time, the energy produced by the PV system was obtained from Eq. (1-8).

With these values, the energetic balance of the pseudo-azimuthal tracking
system can be performed. As instant, Table 4 shows the data for the 12-steps
tracking law. The energy gain is expressed relative to the fixed equivalent system.
The energy consumption for the step-by-step tracking is slightly larger than for the
continuous motion, and this is because of the over-shootings that appear when the
actuator is turned-on. There can be observed that the step-by-step tracking strategy
is close to the ideal case (continuous tracking), and this demonstrates the viability
of the implemented optimization algorithm. Similar computations have been
performed for all representative days of the year, validating the previous
conclusion.

Table 3 The optimal values of the design variables

t ty ts ty ts te
1 step 5.62
2 steps 4.42 2.27
3 steps 3.96 1.65 1.94
4 steps 3.61 1.09 1.90 1.00
S steps 3.51 1.10 1.00 1.00 0.94

6 steps 3.50 0.89 0.82 0.76 0.72 0.68
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Fig. 4 The 12-steps motion
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Fig. 5 The energy energy consumption
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Table 4 The energy balance of the PV system for the 12-steps tracking case

Tracking case Etr (Wh/day) Ec (Wh/day) Gain (%)
Step-by-step 8670.72 274.31 45.66
Continuous 9052.19 248.52 52.72
Fixed 5764.39 - -

4 Final Remarks

The proposed optimization strategy leads to an efficient solar tracker, without
developing expensive hardware prototypes. Thus, the behavioral performance
predictions are obtained much earlier in the design cycle, thereby allowing more
effective and cost efficient design changes and reducing overall risk substantially.

The optimization will be extended with more design variables, for taking into
account the angular motion field, the number of motion steps, the steps size, and
the duration of the motion steps. At the same time, the pseudo-azimuthal tracking
system will be approached in the dual-axis variant, by considering the elevation
motion as well. The tracking system has been manufactured, and it will be tested in
the RD&I Institute from the Transilvania University of Brasov, creating a real
perspective for the research in the field.
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Comparative Study of Two 2-DOF
Parallel Mechanisms Used for Orientation

Tiberiu Itul, Bogdan Gherman and Doina Pisla

Abstract The paper presents two parallel orientation mechanisms, each with two
degrees of freedom (DOF). The kinematics, the workspace and the singularities of
these mechanisms are presented. The static generalized forces in the legs, the
torques taken by the main universal joints and the performance indices concerning
the control and the stiffness of the mechanisms (global conditioning index and
global stiffness index) are also assessed.

1 Introduction

The design of the orientation mechanisms was boosted by necessity to their
application as support for radio antennas, satellite TV antennas, telescopes,
cameras, solar panels, etc. Other applications that these mechanisms would serve
well are in the field of medical robotics, for example the orientation of an end-
effector in needle placement interventions, like brachytherapy. A lot of mecha-
nisms for this task have serial architecture. Lately, the mechanisms with parallel
architecture started to impose, taking into account their characteristics: high
stiffness and kinematic accuracy, advantageous ratio between payload and its own
weight, possibility of installing of the actuators on the base. The drawbacks of
parallel mechanisms are their more limited workspace and in many case the
presence of the over mobility singularities.
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The basic structural scheme of the mechanisms studied in the paper is found in
(Parenti-Castelli 2004). Many researchers have studied the workspace of parallel
mechanisms, the main concern being its growth. In this paper, the evaluation and
representation of the workspace are achieved by using the binary matrices method
(Ceccarelli 2004).

The assessment of generalized static actuating forces and stiffness of a 2-DOF
parallel manipulator is studied without taking into account the elasticity and
actuators compliance. The values of generalized forces are necessary for sizing
telescopic legs and command linear actuators.

Stiffness is defined as the ability to retrieve loads without excessive deforma-
tions (Junior et al. 2011). Stiffness is a very important performance indicator of a
parallel kinematic structure. There are three main methods to derive the stiffness
model of parallel manipulators: the method based on the calculation of the Jaco-
bian matrix, the finite element analysis (FEA) and the matrix structural analysis
(MSA) (Gongalves 2008). The stiffness analysis of a parallel mechanism has been
studied by many researches (Gosselin and Zhang 2002; Chakarov 1998; Simaan
and Shoham 2003; Liu et al. 2000; Gosselin and Angeles 1991; Carbone 2007,
Hesselbach et al. 2004). The study of (Arai 1992) did not include elastic defor-
mations. Gosselin (1990) studied the stiffness considering only the stiffness of each
actuator. Complex studies about stiffness can be found in papers (Ceccarelli 2004;
Carbone 2004; Merlet 2006).

The paper is organized as follows: Sect. 2 deals with kinematics of the parallel
orientation mechanisms; Sect. 3 presents their workspace and singularities. The
evaluation of the static generalized forces is exposed in the Sect. 4. In Sect. 5 is
studied the stiffness of the parallel mechanisms. The conclusions are described in
Sect. 6.

2 Kinematics

The kinematic schemes of the two symmetrical parallel mechanisms, named 2S-
2S-Uy and 2S-2S-Uy, are shown in Figs. 1 and 2 (Itul et al. 2010 Itul and Pisla
2010). These both mechanisms consist in a fixed base OB B, and a mobile plat-
form OA A, connected through a main universal joint in O and two telescopic legs
B,A,, B,A; ended with spherical joints.

The mechanisms differ by the vertical (Fig. 1) or horizontal (Fig. 2) of the fixed
axis of the universal passive joint. For the 2S-2S-Uy parallel mechanism, the
rotation matrix, corresponding to the ¢ (azimuth) and 0 (elevation) operational
angles, has the following form:

cos (0) 0 sin(0)

[Rupyyo] = | sin(@)sin(0)  cos(p) —sin(¢)cos(0) (1)
—cos(¢@)sin(0) sin(p)  cos(¢p)cos(0)
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Z (south)

Fig. 2 The kinematic scheme of the 2S-2S-Uy parallel mechanism

The rotation matrix of the 2S-2S-Uy mechanism, corresponding to f§ and o
angles, is:

cos(f)  sin(a)sin(f) cos(a)sin(f)
[Ry@an] = | 0 cos() —sin(a) @)
—sin(f) sin(a)cos(f) cos(a)cos(fs)

The following conditions should be accomplished, in order for the Oz axis to be
directed towards the same point in space in both cases:
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cos(a)sin(p) sin(6)
—sin(a) = | —sin(¢p)cos(0) (3)
cos(o)cos(f) cos(¢p)cos(0)

As —90° < <90° and 0 < 0<90°, it yields:

{ f = atan(cos(¢)tan(6)) = atan< 0s 4)

o = atan(sin(¢)cos(0))’ 0 = asin(cos(a)sin(f))

The relationships between the position vectors of guided points A; (i = 1, 2) in
two systems of reference are:

where [R] is the rotation matrix according to (1) or (2)

B X,‘ Xi
Pi=|Yilsp=|yvii=1L2sxi=xn=ky=-n=az2==2
Z; i
=0
(6)
The position of the fixed points B; (i = 1, 2) is known:
- Xpr
Ppi= | Yp |;i=1,2; Xpy = Xpp = —C; Ypy = =Yg = B; Zp) = Zp>
Zpr
=—H
(7)

Using the above relationships, in both cases, the generalized coordinates q; and
q, of the mechanisms, represented by the lengths of the legs B/A; (i = 1, 2), can be
calculated:

qi =\ (Pi — PBi)Z = \/(X,- - XBi)2+(Yi - YB,-)Z—&-(Z,- - ZBi)2§ i=12
(8)

The kinematic model is obtained by deriving the square of Eq. (8) with respect
to the time:

X =g 9)

where [J] is the Jacobi matrix, X is vector of the mobile platform angular velocities
and g is vector of active joint velocities.
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For 2S-2S-Uy:
(Pi-Po) ap; (Pi-Pw) o] .
_ q1 % q1 W v QD = 6]1
D= o i | K== (a0
@ Op 2 %0
For 2S-2S-Uy:
(Fipu) o7 (Pirm) o], ;
_ Q1 [ q op Y = [T 5 = 1
e R F
@ o 2 B

3 Workspace and Singularities

We consider that in the ideal case, the shape of workspace is a rectangle located in
the plane defined by ¢ and 0 coordinates with the sides 7 and 7/2. In real case, the
workspace area and its shape are affected by the constraints due to: allowed
spherical joints angles; actuated joints stroke; transmission angles; presence of
singularities.

The upper spherical joints restraints could be avoided by replacing them with
universal joints.

The following conditions for the actuated joints are imposed:

min < 4i < Gmax; i=1, 2 (12)

and for transmission angles:

P, — Py)- (P, x P
|(_ _B) (_1 X _2)|; i = 17 ) (13)
|P,’ —PB,'|'|P1 X P2|

Y; = asin

the following condition is imposed:
W; > 20° (14)
The curves of singularity result from the following condition:
Det[J] ' =0 (15)
In this case the reachable workspace can be determined imposing the condition:
DetlJ] ' <0 (16)

In order to determine the workspace of the robot, the chosen values for the
geometric parameters are: a = 0.25m; h=03m; H= 0.8 m; B = 0,05 m;
C =09 m; qujn = 1.0 m; qnax = 1.6 m, the constraints (12, 13) and (14) yields
to the workspace shown in Figs. 3 and 4. Area of reachable workspace (white
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Fig. 3 The reachable workspace of the 2S-2S-Uy parallel mechanism
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Fig. 4 The reachable workspace of the 2S-2S-Uy parallel mechanism

zone) is A = 4.50 rad® for the first mechanism and 4.20 rad? for the second; (ideal
area is = 4.93 rad?).

Checking the condition (16) for 2S-2S-Uy it results that in ideal workspace we
do not have singularities.

4 Static Generalized Forces

For the evaluation of the generalized forces Q1 and Q2, the virtual power principle
is applied.
For 2S-2S-Uy, the virtual power principle has the following form:
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8] -]

where, M, = 0 and My = (P, + G,sin0) - 1

And for 2S-2S-Uy:
Ql _ T Maz
3] -] ®

where, M, = 0 and My = (P,coso + G,sinp) - £

It has been considered that the distance from point O to the application point of
the panel weight (G,) and the resultant force of the wind pressure (P,) is I/2. For
P, =100daN, G, = 19,6daN, | = 1 m, the izogeneralized forces curves of Q;
(Figs. 5, 6) and Q; in ideal workspace are obtained.

In both cases the maximum value of the generalized forces Q,,,x = 151,73 daN
is recorded when the panel is vertical and facing south.

A measure of the mechanism performance is the torque that loads the universal
joint, having the following expression, for both structures:

My = [OA; x Qily + OAy x Qolr + OC % (Py + Gy)| ks (19)

where E, ¢, are the unit vectors; C is the panel center; k? is the unit vector of the
Oz’ axis perpendicular on the main universal joint axes. The contour plot of My is
shown in Figs. 7 and 8.
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Fig. 5 The izogeneralized forces curves of Q; for 2S-2S-Uy mechanism
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Fig. 6 The izogeneralized forces curves of Q; for 2S-2S-Uy mechanism
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Fig. 7 Moment in the main universal joint of the 2S-2S-Uy mechanism

5 Condition Number and Stiffness Assessment

The stiffness of the mechanism has a direct influence on the accuracy of posi-
tioning and orientation. The studied case does not take into account the elasticity
and actuators compliance of the active joints.

Control precision of the parallel device depends on the condition Jacobi matrix
number, defined by:

C = norm|J] - norm[J]™" (20)
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Fig. 8 Moment in the main universal joint of the 2S-2S-Uy mechanism
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Fig. 9 Condition number of the 2S-2S-Uy parallel mechanism

where the Euclidean norm is used.
Figures 9 and 10 illustrate the maps of the condition number level curves. It is
known that the performance is better when the condition number is lower.
Starting from the condition number, (Gosselin and Angeles 1991) defined a
performance index called the Global Conditioning Index, given in Figs. 11 and 12:

(21)

1
nc_c
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Fig. 10 Condition number of the 2S-2S-Uy parallel mechanism
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Fig. 11 Global Conditioning Index of the 2S-2S-Uy parallel mechanism

Knowing the stiffness matrix:

the stiffness index can be computed:
KiI = norm[K]™"-norm[K| (23)
and the Global Stiffness Index (Hesselbach et al. 2004):

1

U:ﬁ

whose maps are given in Figs. 13 and 14, respectively 15 and 16.
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Fig. 12 Global Conditioning Index of the 2S-2S-Uy parallel mechanism
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Fig. 13 Stiffness Index of the 2S-2S-Uy parallel mechanism
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Fig. 14 Stiffness Index of the 2S-2S-Uy parallel mechanism
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Fig. 15 Global Stiffness Index of the 2S-2S-Uy, parallel mechanism
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Fig. 16 Global Stiffness Index of the 2S-2S-Uy parallel mechanism

6 Conclusion

Two simple orientation parallel structures with two degrees of freedom have been
analyzed in this paper, their kinematics, workspace, generalized driving forces
have been evaluated under static conditions and the global stiffness index and
global conditioning indices have been computed. The study consists in a structural
optimization exercise. From the workspace point of view, the performances of the
two mechanisms are similar. The values of the generalized static forces, the torque
that loads the main universal joint, the conditioning and stiffness indices obviously
show the performance of the 2S-2S-Uy mechanism. In both cases the stiffness
decreases near the singularities curves of the first mechanism and in the areas of
the workspace where the transmission angles are less than 20° in the case of the
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second mechanism. The numerical results indicate that, in reachable workspace,
the mechanisms are well conditioned, especially in the central area where the
global conditioning index is 0.415 for 25-2S-Uy and 0.492 for 2S-2S-Uy.
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Kinematic and Dynamic Modeling
and Simulation of an Intelligent Adaptive
CTLSO Brace

D. Margineanu, E.-Ch. Lovasz, L. V. Ciupe and L. Ciurdariu

Abstract Braces for scoliosis have to apply correction forces in a tolerable range
and to allow some degree of movement for the patient. A type of adaptive intel-
ligent CTLSO brace is proposed, with vertical, horizontal, lateral bending and
twist compliance and correction with pneumatic muscles as actuators. The cor-
relation between the patient’s movements, acting commands, structure’s compli-
ance and corrective displacements and forces are studied analytically and
numerically. The necessary acting forces and displacements are determined.
Simulations for the brace behavior under load with compliance and corrective
action are presented.

Keywords Braces - Scoliosis + Simulation -+ Pneumatics - Compliance

1 Introduction

Complex traditional medical management of scoliosis is determined by the
severity of the curvature, skeletal maturity, and likelihood of progression
(Thompson and Stephens Richards III 2008). The conventional options are, in
order: observation, bracing, and surgery. As studies show that non-operative
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treatment of adolescent idiopathic scoliosis with orthosis is effective (Smith and
Harrigan 1998), a logical and appropriate treatment plan can be outlined for each
patient. This will give control of curves with reduction in the need for surgery.

Bracing is only done when the patient has bone growth remaining, and is
generally implemented in order to hold the curve and prevent it from progressing
to the point where surgery is necessary (Wong and Evans 1998). Bracing involves
fitting the patient with a device covering the torso and in some cases it extends to
the neck. There are several types of braces depending on the individual’s condition
and type of curve.

The Cervico-Toraco-Lumbo-Sacral-Orthosis CTLSO (a.k.a. Milwaukee brace)
is composed of metal bars extending around the shoulders to help against spine
curvature. Elastic braces attempt to improve quality of wearer’s life by allowing
freedom of movement and improved compliance and can be worn by adults as
postural support as well as treatment for Adolescent Idiopathic Scoliosis.

Compliant braces using less corrective force and pressure may be more effec-
tive than stronger ones, which can be uncomfortable and thus diminishing the daily
wearing time, main factor in brace’s efficiency.

Developing braces with higher compliance and intelligent supportive and
corrective action is the task undertaken by the authors.

2 Proposed Solutions for Intelligent Adaptive Braces

The adaptive intelligent CTLSO is actually an exoskeleton composed of 2 parallel
pre tensioned linkages consisting of rigid elements (“bones”), pneumatic actuators
(“muscles”) and traction springs (“tendons”).

A first variant (Margineanu et al. 2008), shown in Fig. 1a, is composed of a
main four-bar mechanism A;C,;C,A,, with additional compliant and active sup-
ports B;C; and B,C, on both sides and the triangle MC;C, on top. Pneumatic
muscles, represented as pneumatic cylinders, form, along with traction springs,
pre-tensioned acting elements with variable length.

On the horizontal element C;C,, the tendon ensures the vertical compliance and
the muscle delivers the main correction action. The lateral left and right compliant
active elements BC stabilize the structure, allow lateral compliance and react to
the lateral tilt in patient’s posture by contracting the muscles.

This structure was built and tested. It has a good compliance but low correction
action because of the large angles of bones to vertical, imposed by the limited
height of the structure and the relative long pneumatic muscles. The total width of
the structure results also larger as the patient’s shoulders.

In order to reduce the horizontal size of the brace and to improve the correction
force, a second variant with vertical main muscle and additional bones was
developed (see Fig. 1b).

The vertical main muscle and tendon DyD is linked to the left C; and right C,
“knees” through two inner bones CD. Thus the structure is much slimmer and
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Fig. 1 Kinematic scheme of two CTLSO braces a with horizontal main muscle (Margineanu
et al. 2008), and b with vertical muscle

stronger, maintaining some compliance as the angles «, f5, and y of the bones to
vertical are larger as the self-locking angles of the knee mechanism.

The structure has knot plates in C; and C; to avoid the presence of 3 super-
imposed rotational joints, as in the following model.

The brace is provided with two pairs of proximity sensors, one pair for each
linkage. Sensors activation detects compliant angular displacements of the lower
bones under load. If the patient does not correct his/her posture, the control unit
takes charge to impose the necessary correcting action. If, e.g., both sensors are
activated i.e. a vertical displacement of the correction point M occurred, after a
dwell the central main muscle contracts. Then, if the sensors are activated no more,
after another dwell the main muscle relaxes.

3 Analytic Approach to Structure’s Kinematic

The calculus procedure follows the mounting steps for the structure.

First, the basic supporting structure AjC;MC.A; and the side muscles with the
tendons B,C; and B,C,; are mounted without pre-tension (see Fig. 2a) on the fixed
element. The coordinates of the structure points and the angles of the bones to the
vertical in this stage can be easily calculated in the coordinate system with the
origin in Dy(0,0), given the coordinates of the fixed points Aq(xa,,Va,,),
B;.q(xp,,y8,,), bones lengths (AC),,= a, (MC),,= ¢, (DC),,= d, tendon lengths
to without pretension (At = 0) and non-contracted (Am = 0) muscles lengths my,.
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(a) (b)

B
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r I.lk_ 5

Fig. 2 Mounting the brace: a join the supporting structure and side muscles without pretension,
and b pretension the structure by attaching the main muscle DyD

Second, the structure is then pre-tensioned by attaching the main muscle DyD
(see Fig. 2b). The active and compliant elements BC and DD (Eq. 1) lengthen
proportional with pretension load (1b). The muscles remain relaxed (Amg; = 0).
Structure’s geometry can be calculated adding a deformation equation linking the
central and the lateral tendons’ deformation (Fig. 3).

(BC),,= mu, +t, (1)
with
my, = My, + Amsl,r and me = me, + Am, (1a)
Iy, =I5, + At&t.r te =1t + At,
(@) o (b)
Ad
ﬁ)’M H"_- ’:’f
[TS \
AP
AI A[
3¢ Dn X - X -
R - B, A B,

Fig. 3 Braces compliance: a vertical, and b combined (vertical and horizontal)
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where

F I F
At, =—~ and Ar, = & (1b)
1, ks“ k(_-

Third, as vertical or/and horizontal loads are applied on the correction point M,
the structure deforms i.e. allows some mobility under increasing reaction. The
geometry under load can be estimated by solving numerically the non-linear
Equation system, composed of geometric dependencies (2—4) equilibrium Egs. (5—
7) (see Fig. 4a—) of the knots and tendons deformation equations. In the first
approach, friction in joints, damping effects and inertia are neglected.

2 0 2
1) —
o = arccos (m; + S)2ap(a o) 1 (2)

(my + 1,)°+p* — @
2(ms +15)p

3)

p = y — arccos

(mc + tc)2+p§ —d? .

0 = arcsin % 4)

2p(m. +t.)

Fig. 4 Diagrams for knots equilibrium: a knot M, b knot C, and ¢ knot D
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where

p= \/(XB — xA)2+(yB _YA)Z and { Pe= \/m (4a)

¥ = arctg ;CZ iA Xe = arctg

F, = Fm, Ccos ), + FCM,cosy,
FH = FCM,. smy, — FCM, siny,

Fey sin(a+7) + Fysin(o + ) — Fpccos(a+ 3) = 0 ()
Fac = Fyccos(a+7) + F, cos(a + ) + Fpe sin(a + 6) —
{ Fep, cos(6; + 0) = Fep, sin(8, + 0) ™)
f‘tf = ﬁCD, sin(é, + 9) + ﬁCD; Sil’l(é,« — 9)

The system with tendons’ elongations as unknowns is solved in Matlab using
the fsolve function. Then the coordinates of the knots are calculated and the
structure can be drawn (see Fig. 5 for pre-tensioned mounting position and Fig. 6
for compliance under progressive vertical load).

Fourth, actions in muscles are imposed as contractions Am,;. in Eq. la and b.

In this phase, the calculus may asses the corrective displacement of the point M
at the same applied load Fy and/or Fy or the corrective force in M imposed by
muscle contraction at a fixed position of M. The actual behavior depends greatly
on the patient’s response to correction.

350 T T T T v T T T r

250+ 1

200+ 1

[ ad \ Bd
> B o ., ]
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sof \ / \ |
Bﬁ/ " 0

&
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Fig. 5 Brace’s structure by pre-tensioned mounting, calculated and drawn in Matlab
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Fig. 6 Brace’s compliance, calculated and drawn in Matlab

Radial loads in joints and axial loads on bones are also estimated, allowing
more accurate pre-dimensioning of brace’s structural elements.

For refining the solution, CAD models are developed next and simulation
procedures are carried out, using the Multi Body Simulation (MBS) method.
Structure’s weight, friction, damping and inertial forces are taken into account.

In Fig. 7a, an example of a brace model constructed in SolidWorks is pre-
sented; Fig. 7b shows a Motion Analysis procedure for compliance under vertical
load using SolidWorks Motion.

The brace is composed of 200 mm long bones and 120 mm long inner bones.
The pneumatic muscles with 20 mm stroke are in relaxed state 150 mm long
between the attachment holes centers. The traction springs with 5 N/mm stiffness
coefficient are pre-tensioned by 20 mm.

(a) (b)

Fig. 7 Brace model in SolidWorks (a) and the simulation screen for vertical compliance in
SolidWorks Motion, with pneumatic muscles, tendons and load (b)
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Fig. 8 Simulation results: a variation of applied load on correction point M, and b vertical
displacement of the correction point M under load

In this procedure, a progressing vertical load applied 1 s after the simulation
start increases from O to 50 N in 5 s, and then remains stable (see Fig. 8a).

The vertical displacement of the correction point M under load is shown in
Fig. 8b. The designed brace is stiffer, with only 5 mm displacement under 50 N load.

4 Conclusions

The calculation, modeling and simulation procedure presented in the paper may be
used for pre-dimensioning the brace’s structural elements, assessing the compliance
and corrective action, customizing and optimizing the structure for a given patient.

The structure with vertical main muscle and tendon provides stronger corrective
action, but allows less compliance. The best compromise to solve this contradic-
tion is to be achieved through optimization or by designing custom elastic ele-
ments with progressive stiffness or with limited deformation.
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Virtual Model for Kinematic Analysis
of Human Upper Limb

Elena Mereuta, Marian Tudoran, Daniel Ganea
and Claudiu Mereuta

Abstract The paper presents a kinematic model of the linkage that models the
human upper limb and which is used for the kinematic analysis. To achieve that
goal Catia software and its features were used. The paper presents the steps to be
followed and the results provided by the simulation of that spatial mechanical
structure. We have been able to show the angles, the angular velocities, the angular
accelerations for different input motions suitable to reveal the activity of the most
important muscles of the human upper limb.

1 Introduction

Knowledge of mechanics and the behaviour of the musculoskeletal system is a
prerequisite to designing systems to assist persons with disabilities, such as
prostheses, orthosis and neuro-prostheses. Due to the complexity of skeleton of the
hand the kinematics modeling is a challenge (Sancho-Bru et al. 2011).

This complexity compels researchers to develop simplifying assumptions in
order to facilitate better understanding and model managing (Bullock et al. 2012).
However, the assumptions have important implications regarding the accuracy of
the final model (Valero-Cuevas 2003). These studies focus on kinematics analysis
of human upper limb and simplifying assumptions are used in a wide range of
models described in the literature as follows: descriptions on the biomechanics of
the hand (Brand and Hollister 1999), kinematic models conceived for studying the
neuromuscular control (Valero-Cuevas 2005), the techniques for identification of
gestures analysis (Erol et al. 2007; Pavlovic et al. 1997) the fingers motion
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analyses in order to support the development of multiple fingers robots (Zhaojie
and Honghai 2008), measurement of the active space of the human upper limb
related to the rehabilitation and ergonomics (Kuo et al. 2009).

2 Modeling the Human Upper Limb

In order to create the kinematic model of human upper limb the environmental
modelling program named CATIA was used. The kinematic model of the linkage
which simulates the movement of the upper limb consists of five constraints and
four kinematic elements (Tudoran 2013; Fig. 1).The shoulder is modelled using
two rotational joints (Dragulescu 2005). The rotational axes of joints are orthog-
onal. The following motions are allowed: abduction -adduction motion of the arm
(joint A) (Fig. 4); flexion—extension motion of the arm is (joint B) (Fig. 1).

The elbow is modeled using joint C (Fig. 1) which allows the forearm flexion—
extension motion. The joint D allows the pronation—supination motion of the
forearm whose rotational axis is not coincident to the longitudinal axis of the
forearm, in order to ensure the tipping of radius over the ulna during the pronation
(Fick 1904). The wrist is modeled using joint E, which allows only the flexion—
extension motion to palm (Dragulescu 2005).

The geometrical model of the human skeleton was retrieved from the virtual
library 3Dlancer,' as 3D surfaces in StudioMax. In order to get a realistic model of
bones we have used a feature provided by AutoCAD that consists of refining the
surface which was converted to a solid aiming to get automatically the bone
mechanical properties (Tudoran 2013).

The joints of the human upper limb were modeled using rotational joints. The
axis of rotation of the joint is oriented according to the anatomical consideration.
Thus, the motion must be as closed as possible to real motion, and the distance
between the joint surfaces must be constant throughout the motion. Using two
geometric constraints, the elbow is modeled as a joint (Fig. 2), which allows the
forearm flexion—extension motion.

The forearm joint must allow the pronation—supination and its rotational axis
intersect the radius proximal head and ulna distal head (Fig. 3). The wrist is
modelled using three cylindrical joints. In each of these joints, in addition to the
rotations also translations are occurring. The translations are neglected due to
small displacements. Thus, a rotational joint is used to model the motion toward
the bones of the forearm, considering stiffened carpal bones (Fig. 4). The shoulder
is modelled using two rotational joints. In order to achieve that goal we have used
a universal joint (A) (Fig. 5).

To study muscle contraction in kinematic terms, the muscle is modelled
through two semi couplings, corresponding to the proximal and distal end that
translates one to another.

' http:/3dlancer.net/en/3dmodel-human-skeleton-4792.html.
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Fig. 1 Kinematic model of
the human upper limb

The semi coupling is modelled using two lines at right angles, A; and A, and a
plane. Because the longitudinal axis of the muscle is not in the motion plane
(Fig. 6b) the connection between the muscle and the bone is carried out using an
universal joint B (Fig. 6a; Tudoran 2013).

The biomechanical model of the human upper limb (Fig. 7b) comprises six
muscle fibres (Fig. 7a) corresponding to the brachial muscle, with long and short
head of the brachial biceps muscle, medial, lateral and long head of the brachial
triceps muscle.

Fig. 2 Elbow model
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Fig. 3 Forearm joint model

Fig. 4 Wrist joint model

Fig. 5 Shoulder joint model
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(b)

Fig. 6 Kinematic modelling of brachial muscle a insertion points of muscle b longitudinal axis
of muscle

(a)

Fig. 7 Arm muscles: a anatomical model, and b biomechanical model
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3 Simulation Results

In order to perform the kinematic analysis of biomechanical model of upper limb
we have chosen the following motions: the flexion of the forearm and the push-up.
The flexion of the forearm highlights the brachial and biceps muscle activity, while
the push-up emphasizes the triceps muscle activity. The spatial end-effector
motion emphasizes the kinematic behaviour of the centres of gravity of the seg-
ments composing the skeleton of the upper limb.

The flexion motion consists of forearm motion within the range 0°-90° (Fig. 8).
The initial position of the forearm during flexion is the palm facing forward
(Fig. 8).

The direct kinematic analysis has provided information on the muscles short-
enings, velocities and accelerations of those contractions (Tudoran 2013). So,
during flexion the brachial and biceps muscles are shortening. Their variation with
respect to time has the same shape but different values (Fig. 9, Table 1).

The biceps long head shortens with 35.7 mm, which is a shortening of its length
with 12.72 %. Values are close to those of the short head, 36.01 mm, 12.04 %
respectively, but compared to the brachial muscle, are higher. The brachial muscle

Fig. 8 Forearm flexion
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Fig. 9 Push-up motion

Table 1 Muscles shortening during flexion

Muscle Initial length (mm) Final length (mm) Shortening

(mm) (%)
Biceps—long head 280.54 244.84 35.70 12.72
Biceps—short head 299.09 263.09 36.01 12.04
Brachial 141.90 128.247 13.66 9.62

(\Vitmeter )

Fig. 10 Long head triceps lengthening

Mechansm. 1\Jonts\tnceps long\Length
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Fig. 11 Long head triceps lengthening velocity

Fig. 12 Long head triceps lengthening accelerations
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length recorded at the beginning a rise of 0.4 mm, corresponding to a rate of
0.28 % of the total length of the muscle fiber, followed by a emphasized short-
ening up to 9.62 %, i.e. 13.66 mm.

For the flexion the muscle contraction velocity has recorded an increase up to
7.71 m/s for long head and 7.95 m/s for short head, corresponding to the inflection
point of the shortening curve variation. The velocity curve of the brachial muscle
shows small differences in comparison with the other curves of variation as a result
of the fact that this muscle is lengthening before the shortening phase.

The maximum values of the acceleration of the biceps, the long head and short
head they are approximately equal to each other, 2.66 m/s* respectively 2.69 m/s>.
Instead, acceleration of brachial is smaller (1.46 m/s?) due to the fact that the
shortening is less than that of the biceps muscle.

For the kinematic analysis of triceps—long, lateral and medial head, the law of
motion has been chosen to match the push-up motion (Fig. 9).

The inverse kinematic analysis has provided information on the lengthening,
the velocities, and the accelerations of triceps muscle fibers. In this case, the end
effector has to slide along x axis. During that push-up motion three of the triceps
muscle fibers are lengthening. The time variation of these lengthens is shaped the
same for the lateral and medial head, but the values are different.

The shape of the lengthening curve of the triceps long head (Fig. 10) is different
from the other two fibers curve shape (lateral and medial), featuring an extended
stretch since the insertion point of this fiber is on scapula and not on the humerus
as in the case of the other two. The medial head of the triceps muscle is length-
ening with 30.51 mm, which represents a percentage of 28.79 % of the initial
muscle length. The long head of the triceps shows the lowest elongation,
19.49 mm or 7.89 %.

For the push-up motion, we have found that contraction velocities of the lateral
and medial fibres of the triceps muscle have increased to 8.05 and 8.07 m/s cor-
responding to the inflection point of the lengthening curve. The triceps long head
contraction speed (Fig. 11) has registered a smaller increasing compared to the
other two fibres. This curve shows small differences in comparison with the other
curves due to the fact that this muscle fibre has an extended elongation floor.

The analysis of accelerations shows that for the lateral head and the medial head
the maximum values are similar, of 8.71 m/sz, respectively 8.59 m/s>. Instead, for
the triceps long head the acceleration shows much lower values, 3.85 m/s?, due to
the fact that the muscle shortening is bigger than the other two fibres (Fig. 12).

4 Conclusions

The kinematic model provides information about displacements, velocities and
accelerations of bone segments composing the skeleton of the upper limb. This
information can be used as input in the design of orthotic devices. So the most
relevant conclusions are:
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The brachial muscle has a slightly different behaviour than the biceps (long and
short head) due to the fact that the input position is corresponding to the situation
in which the forearm bones are prolonged to the arm bone and not in orthostatic
position.

The forearm flexion stresses especially the long head and the short head of the
biceps compared to the brachial muscle. To stress only the brachial muscle, either
during medical rehabilitation programmes, either during sports training, the flexion
should be in the range of 0°-2.53° flexion of the forearm.

The push-up motion stresses the triceps medial head muscle compared to the
other two fibres of the same muscles. To stress only the triceps long head, both in
medical rehabilitation programs, and in sports training the push-up must be in the
range of 380-450 mm sliding along Oy axis of end effector.

The proposed kinematic model is highly complex and allows the simulation of
different and complex motions.
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Estimating the Muscle Force Using
a Kinematic Model of the Human Upper
Limb

Elena Mereuta, Marian Tudoran, Daniel Ganea
and Claudiu Mereuta

Abstract The paper presents a kinematic model for a human upper limb that
provides data for estimating the muscle force using Hill’s model for the muscle
force. In order to determine the force developed by human arm, we have measured
the elongation and the contractions of the model of the muscle and the shortening
velocities that are input data in the Hill model. The model enables to compare the
magnitude of the muscle of a normal upper limb to a disabled one.

1 Introduction

Modeling the muscles has been a constant aim of researchers in biomechanics. They
have desired either to anticipate the muscles behaviour under certain conditions, or
to describe how they work and estimate the force that they develop. The planar
models developed by Huijing and Woittiez (1984), have proved to be good enough
for estimating the effect of muscle fibres slope on the force they develop. If we intend
to use the muscle model for estimating the neuro-muscular control, we have to find
out the link between the force they develop and their lengths or the contraction
velocity (Winters and Stark 1985). Finite element models are useful when interaction
between muscle fibres is taking into account (van der Linden 1998).

Basically, muscle models may be grouped into two categories: Hill-type models,
which describe muscle functioning at macroscopic level using empirical relation-
ships (Hill 1938), however confirmed by experiments, and advanced models that
explain their behaviour at level (Winters and Stark 1987). A very simple model of
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muscle can be the result of surface observations and investigations and may lead to
areaction of the system other than the real. A too complex muscle model may lead
to failure to achieve the expected results, owing to the large number of details.

2 Hill’s Model for Muscle Force

The most used muscle model is the Hill’s model. Assuming that the muscles are
the actuators of the musculoskeletal system and that they are made up of fibres that
generate forces and tendons that are connected to the bones, it is shown that there
are factors that influence the developed force. As a result, the muscles can not
be neglected when creating the biomechanical model of the human upper limb.
The muscle force depends on the number of stimulated fibres and the of
contraction velocity. The Hill’s model is describing the relationship between
maximum force developed a muscle fibre and its length (Fig. 1) or between the
maximum force and contraction velocity (Fig. 2).
The force developed by a contracting muscle is:

£ =1 v 1) (1)

where: a(t) describes the activation/deactivation state of the muscle; v is the
contraction velocity and /¢ is the muscle length.

For an isometric contraction of muscle the force maximum is corresponding to
an optimal length /77, of elastic element (Fig. 1). For values greater than or smaller
than this optimum value, the ability of the muscle to produce force decreases.
Force—velocity relationship establishes a link between the developed muscle force
of and muscle contraction velocity, at the optimal length of active fibres.

To study the kinematics of muscle contraction, we have modelled the muscle
using two semi couplings, corresponding to the proximal end (the muscle origin)
and distal end (the muscle insertion point), which are sliding each other.

Fig. 1 Force-length curve 1
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Fig. 2 Force-velocity curve
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3 Estimation of Muscle Force Using Hill’s Model

Estimation of a muscle force can be achieved using a muscle model and experi-
mental measurements electromyography (EMG) type (Lloyd and Besier 2003).
The method is not always effective because there are 38 muscles, and most of them
are either small or are overlapping and their detachment in order to estimate the
force developed is virtually impossible. The Hill’s model renders the possibility to
estimate the force developed by the muscles, based on muscle contraction,
respectively, on the muscle shortening/lengthening and on the contraction/
stretching velocity. The muscle force—length curves (Chalfoun et al. 2005)
highlight the fact that it is extremely important to know the length of the muscle
fibre (/) and optimal length of the fibre (lﬁl ) The muscle force is the sum of
active and passive force (Fig. 3).
The maximum muscle force a can be determined as follows:

Fnax =A X1 (2)

where: A is the physiological cross-sectional area of the muscle; 7 is the specific
muscles tension.

For estimating the muscle forces parameters related to the physiology
of muscles are required, such as cross-sectional area (A), the specific muscles
tension (), the angle muscular fibre («), the muscle length and its optimum length
(Hale et al. 2011, Table 1).

The Hill’s model (Hill 1938) estimates the total force generated by the muscle—
tendon unit as follows:

Fig. 3 The force-length
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Table 1 Parameters for estimating the upper limb muscles forces

Muscle A (cm? 7 (N/ecm?)  Fmax (N) (@) (@ (M) (m) (l’(‘;’) (m) (ZOM)/(IM)
Triceps  Long 40 58 2,320 9.1 0.246 0.099 0.402
Lateral 2,320 0.175 0.566
Medial 2,320 0.105 0.943
Biceps  Long 8.2 475.6 0 0.280 0.26 0.929
Short 475.6 0.299 0.870
Brachial 14.4 835.2 0.141 0.064 0.454
FM —_ FPE + FCE (3)

where: FM¥—muscle total force, FP’E—passive force, F¢E—active force.
A more general formula describing the force produced by the muscle-tendon
unit was formulated by Audu and Davy (1985):

FM — pT — Fmax[a(t)<f(l)+fp(l)} (4)

Walter (1999) sets out the relationship between the muscle force and its length:

N2
0.9634x (17._)
e+1) la

B Gl ) I S
f(S) _ . I: 0.35327% (1—iq) :| ,,,ia<1 (5)

e~ 2727277 xIn(e+ 1) qg=1
where:
M _ M
M-

I

(6)

&=

is the muscle relative lengthen; (I¥)—the length of muscle fibre; (ly ) the optimal
length of the fibre corresponding to a maximum muscle force; i,—the muscle
constant (Walter 1999).

The passive elastic force of the muscles is determined using the relationship
established in Walter (1999):

fole) = by - € — by (7)

where: by, b, are muscle constants (b; = 0.03; b, = 7) (Hill 1938).

It has been proved (Garner and Pandy 2003) that the muscle acts efficiently
within the range (0.5 = 1.5 - '), meaning that ¢ € (—0.5; 0.5). Furthermore,
starting with 1.2 - /¥ the muscle force is passive.

The kinematic model of the upper limb allows the estimation of the most
important muscles forces, because the motion simulation has provided the length
variation of the muscle fibre and thus, using data and formulas from literature we
were able to assess its time variation, as well as its dependency on the contraction
velocity of the muscle. We are now able to compare the motions for a normal
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Fig. 4 Average isometric force: a biceps long head, b biceps short head, and ¢ brachial

upper limb to those of a disabled one. Thus, considering the upper limb flexion, we
have found that the muscles biceps long head, short head and brachial develops
higher average forces (Fig. 4a—c) for a person who can perform the full motion
(900) versus a person with disabilities (450).

We have concluded that for long head and short head biceps, at the input state
of motion, there are no significant differences (Tables 2, 3). Thus, up to the 3.5 s,
the difference is smaller than 5 % between the disabled and full mobility upper
limbs. After this moment the differences grow to 37 % at the end of the stage.

As for the brachial muscle, we conclude that the flexion stresses a disabled
upper limb 0.9 % more, after which the force is almost constant throughout the
motion. Compared to the average force developed in a brachial muscles of the
upper limb that can perform complete flexion, a 36 % lower force is revealed.

Similarly, the average force developed by the other muscles of the human upper
limb can be determined.

Table 2 Average force in long head biceps

Time Long head biceps Relative shortening Average isometric force
Normal Disabled Normal Disabled Normal Disabled
0 0 0 0.079 0.079 0.661 0.661
0.125 0.000 0.000 0.079 0.079 0.661 0.661
10.000 —35.700 —13.814 —0.058 0.026 1.388 0.870

Table 3 Average force in short head biceps during flexion

Time Long head biceps Relative shortening Average isometric force
Normal Disabled Normal Disabled Normal Disabled
0 0.000 0.000 0.079 0.079 0.661 0.661
0.125 0.000 0.000 0.079 0.079 0.661 0.661

10.000 —37.221 —15.026 —0.064 0.021 1.436 0.891
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4 Conclusions

The kinematic model is able to provide the kinematic parameters that describe the
motion and the average forces developed by the most important muscles of the
upper limb. The brachial muscle force can be assessed only using biomechanical
models. Experimental measurement of this muscle activity using EMG cannot be
done using non-invasive methods. Therefore, the kinematic model is an alternative
to such invasive procedures. The muscle forces and their time variations are input
data in dynamic models of the human upper limb. Starting from the average force,
it is possible to determine the force magnitude, based on the maximum developed
muscles force from literature (Chalfoun et al. 2005).
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Formulations in Advanced Dynamics
of Mechanical Systems

I. Negrean, C. Schonstein, K. Kacso and A. Duca

Abstract In the paper, in keeping with the fact that the robots are complex
mechanical systems, on the basis of matrix exponentials, some notions applicable in
advanced dynamics of mechanical systems, as well as variational principle from
analytical mechanics will be analyzed. There will be presented the D’ Alembert-
Lagrange principle, written in the generalized form, and a few formulations on the
Hamilton’s variational principle. On the basis of these aspects, by using of important
mass distribution parameters, there will be expressed the kinetic energy and first and
second order of the acceleration energy, the last one into a new formulation.

Keywords Robotics - Matrix exponentials - Acceleration energy - Dynamics

1 Introduction

Within this paper the main objective consists in a few formulations about varia-
tional principle used to determine the moving differential equations for any
mechanical system. But, at the beginning the geometry and kinematical equations
followed by mass distribution must be established.

2 Forward Kinematics in Advanced Mechanics

On the basis of new formulations about the matrix exponentials, according to
Negrean and Negrean (2001) and Negrean et al. (2008), in the following the
equations of geometry and kinematical will be defined according to aspects from
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