Mechanisms and Machine Science 24

Paulo Flores
Fernando Viadero Editors

New Trends in
Mechanism and
Machine Science

From Fundamentals to Industrial
Applications

@ Springer



Mechanisms and Machine Science

Volume 24

Series editor

Marco Ceccarelli, Cassino, Italy



More information about this series at http://www.springer.com/series/8779


http://www.springer.com/series/8779

Paulo Flores - Fernando Viadero
Editors

New Trends in Mechanism
and Machine Science

From Fundamentals to Industrial
Applications

@ Springer



Editors

Paulo Flores

Department of Mechanical Engineering
University of Minho

Fernando Viadero
Department of Structural and Mechanical
Engineering

Guimaraes University of Cantabria
Portugal Santander
Spain

ISSN 2211-0984
ISBN 978-3-319-09410-6
DOI 10.1007/978-3-319-09411-3

ISSN 2211-0992 (electronic)
ISBN 978-3-319-09411-3  (eBook)

Library of Congress Control Number: 2014946391

Springer Cham Heidelberg New York Dordrecht London

© Springer International Publishing Switzerland 2015

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief
excerpts in connection with reviews or scholarly analysis or material supplied specifically for the
purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the
work. Duplication of this publication or parts thereof is permitted only under the provisions of
the Copyright Law of the Publisher’s location, in its current version, and permission for use must
always be obtained from Springer. Permissions for use may be obtained through RightsLink at the
Copyright Clearance Center. Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

EUCOMES 2014 is the fifth event in a series that was started in 2006, under the
Patronage of IFToMM, International Federation for the Promotion of Mechanism
and Machine Science. The aim of the conference is to bring together European
researchers, industry professionals, and students from the broad range of disciplines
referring to Mechanism Science, in an intimate, collegial, and stimulating
environment.

The EUCOMES conference began in February 2006 in Obergurgl (Austria), and
has continued subsequently in Cassino (Italy) in September 2008, Cluj-Napoca
(Romania) in September 2010, and Santander (Spain) in September 2012. The 2014
edition is organized by the Center for Mechanical and Materials Technologies
(CT2M) and the Department of Mechanical Engineering (DEM) of the Engineering
School of the University of Minho in Guimardes, Portugal, from 16 to 19
September 2014.

This book compiles the most recent research results in mechanism science,
intended to reinforce and improve mechanical systems in a variety of applications
in daily life and industry. This book is published under the Machine and Mecha-
nism Science series and addresses issues related to: Theoretical kinematics, Com-
putational kinematics, Mechanism design, Experimental mechanics, Mechanics of
robots, Dynamics of machinery, Dynamics of multibody systems, Control issues of
mechanical systems, Mechanisms for biomechanics, Novel designs, Mechanical
transmissions, Linkages and manipulators, Micromechanisms, Teaching methods,
History of mechanism science, and Industrial and nonindustrial applications.

EUCOMES 2014 received more than one hundred submissions, and after a
rigorous review process by at least two reviewers for each paper, 100 papers were
accepted for oral presentation at the conference and are included in this book.

We express our grateful thanks to IFToMM, Portuguese Association of Theo-
retical, Applied and Computational Mechanics (APMTAC), the Department of
Mechanical Engineering of the University of Minho, the members of the Interna-
tional Scientific Committee for their cooperation: Prof. Bukhard Corves (Germany),
Prof. Doina Pisla (Romania), Prof. Fernando Viadero (Spain), Prof. Jean-Pierre
Merlet (France), Prof. Manfred Husty (Austria), Prof. Marco Ceccarelli (Italy),



vi Preface

Prof. Paulo Flores (Portugal), and Prof. Teresa Zielinska (Poland), the members of
the Award Committee and the members of the Honorary Committee.

We also want to express our gratitude to all the authors for their interest in
participating in EUCOMES 2014 and for writing the manuscripts in a timely
manner, allowing this conference to be a reality in a short period of time.

We thank all anonymous and volunteer reviewers for their outstanding work,
which allowed the Conference Springer Book to be published as scheduled.

We thank the University of Minho for hosting the EUCOMES 2014 conference
and we express our deepest gratitude to The Local Organizing Committee: Eurico
Seabra, Jodo Mendonga Silva, José Machado, Luis Ferreira da Silva, Mario Lima,
Nuno Peixinho, Paulo Flores (Chairman), Pedro Souto, and Sara Cortez.

Guimarées, June 2014 Paulo Flores
Santander Fernando Viadero
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Dimensional Synthesis of Six-Bar Linkages
with Incomplete Data Set

Shaoping Bai

Abstract The paper deals with the synthesis problem of six-bar linkage for motion
guidance with a finite set of prescribed poses. Compared with four-bar linkage
which admits exact solutions for five separated poses, the six-bar linkages in
general admit infinitive many solutions for the same number of poses, due to the
fact that the motion-guidance in the case of six-bar linkage provides incomplete
data for linkage synthesis. In this paper, the problem of six-bar linkage synthesis is
revisited addressing the problem with incomplete data and its implication in design
flexibility. A new method is developed to incorporate with incomplete set of data. A
design example is included to demonstrate the application of the method.

Keywords Burmester problem - Six-bar linkage - Rigid-body guidance - Exact
dimensional synthesis - Synthesis with incomplete data set

1 Introduction

Rigid-body motion guidance, or the Burmester problem, deals with the finding of
geometric parameters of linkages, classically, the four-bar linkage, for a prescribed
set of finitely separated poses.' The problem begins with a set of locations, or poses,
for the floating link. For four-bar linkage, the synthesis is conducted for cranks. The
design of one crank is to find a dyad being given by a pair of points, the circlepoint
in the floating link and the centrepoint in the grounded link. Two cranks designed
form the desired four-bar linkage.

! “Are there any points in a rigid body whose corresponding positions lies on a circle of the fixed
plane for the four arbitrarily prescribed positions?” [1].
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The Burmester problem has been extensively studied for the case of four-bar
linkages. Bottema and Roth [2], McCarthy [3] and Hunt [4] solved the problem by
intersecting two centrepoint curves of two four-pose problems for two subsets of
four poses out of the given five-pose set, to obtain the centers. Modler [5] inves-
tigated various special cases. Al-Widyan and Angeles [6] developed a robust
algorithm to synthesize four-bar linkages, in which circlepoints and centrepoints
were found through the intersections of the four possible contours of the four-pose
problems. The Burmester theory was also generalized for spherical and spatial four-
bar linkages [7, 8].

While the major literatures are related to the four-bar linkages, there are very few
works reported for six-bar linkages. A method of six-bar linkage synthesis was
developed by Soh and McCarthy, where they considered the linkages as constrained
3R chains [9]. An optimum synthesis method for six-bar linkages using differential
evolution was reported in [10]. Dimensional synthesis of six-bar linkages was
studied for a symmetrical Watt’s mechanism in [11]. Compared with four-bar
linkages, the six-bar linkages in general have a large flexibility in synthesis. The
flexibility is due to the fact that the synthesis with prescribed poses, namely, five
poses, lead to a mixture of motion-guidance and path generation problems, the latter
having incomplete data set to be a determined case. While a set of incomplete pose
data allows designers to define some link dimensions as additional constraints in
addition to the prescribed poses, it brings new problem to deal with the flexibility in
synthesis. Novel methods are required to handle the synthesis of six-bar linkage.

In this paper, the Burmester problem is re-visited with extension to six-bar
linkages. The problem of dimensional synthesis with incomplete data is addressed
and its implication in design flexibility is discussed. A new method is developed to
incorporate with incomplete set of data and demonstrated with a design example.

2 Problem Formulation

We extend the classic Burmester problem from the four-bar linkage to the six-bar
linkage. The Burmester problem reads: A rigid body, as shown in Fig. 1, is to be
guided through a discrete set of m poses, given by {r;, 0;}', where r; is the position
vector of a landmark point G of the body at the jth pose and 0; is the corresponding
angle of a line of the body. The problem consists in finding the joint centers Ay and
B, aka the circlepoint and the centrepoint, that define the BAq dyad. Dyads DCj and
FE are determined likewise.

The problem at hand is to find the three revolute-revolute (RR) dyads to con-
struct a six-bar linkage able to visit the prescribed poses. The linkage in Fig. 1 is the
type of Stephenson-III mechanism, which is the linkage addressed in this work. In
the balance of this paper, we will develop a general synthesis method for five poses,
applicable to problems admitting both RR and PR (prismatic-revolute) dyads.
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Fig. 1 A six-bar linkage with
revolute-revolute (RR) dyads
only

3 Synthesis with Burmester Theory

In applying the Burmester theory, the reference coordinate system is established
with the origin at point Gy. The moving coordinate system is attached to the floating
rigid body, with the origin located at G;.

Without loss of generality, we start the synthesis with a general four-bar linkage,
as shown in Fig. 2. Under the usual rigid-body assumption, the synthesis equation is
readily derived:

Fig. 2 Two finitely-separated
poses of a rigid body carried
by the coupler link of a four-
bar linkage
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| (r;—b) +Qao |* = lag —b|*,  forj=1,...m (1)
—_————
ajfb

where ay and b are position vectors of points Ag and B, the design parameters of the
linkage. Q; denotes the rotation matrix carrying the guided body from pose 0 to
pose j by an angle ¢; = 0; — Op.

Equation (1) is the vector form of the Burmester theory, which implies that the
trajectory of point A is a circle of radius r = ||ag — b)|, centered at point B.

Upon expansion of Eq. (1) and simplification, we obtain

T

r.r;
bT(l—Qj)aoJrIj]»TQjao—l'_inJroJ:O, ji=1,...m (2)

which are the synthesis equations that can be used to compute the design param-
eters. The equation contains four variables, which are the coordinates of points A
and B. The dyad admits exact solutions for at most five poses (m = 4), a well-
known result.

Likewise, the synthesis equations for RR dyad CyD are

1 .
d"(1 — Q)eo + 1/ Qo — rfd + Erorj =0, j=1,...m (3)
3.1 Synthesis Equation for PR Dyads
To accommodate both PR and RR dyads, we define

b="
w

w=1 or 0 (4)

A PR dyad can be regarded a case with w = 0, i.e., b corresponding to a point at
infinity. Moreover, we define ||f|| =1, in that a point at infinity has only a
“direction,” but not a position.

Upon substitution of Eq. (4) into Eq. (2), and simplifying, we obtain

[(1_Qj)ao_rj]Tﬂ:07 jzlv"’am (5)

3.2 Elimination of Motion Variables

The orientation angle ¢); is a motion variable which is not the interest of designers.
It could be eliminated as presented below.

We develop below all terms of Eq. (2) by writing Q; in the form Q; = ¢;1 + s/E,
in which 1 is the 2 x 2 identity matrix, while s; = sin ¢; and ¢; = cos ¢;. Hence,
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b" (1 —Q;)agp = b" (1 — ¢;1 — 5;E)ay

6a
= bTa() — Cijao — Sijan ( )
roQjao = I'jT(le + SjE)aO (6b)
= ¢} ag + s;1] Eag
Equation (2) can be written for dyad AgB in a short form as
Alcj+Bl~9_j+Cl =0 (78.)
with all coefficients being
A; =rjag—b'a (7b)
By =r]Ea; — b"Ea, (7¢)
Ci=b"ag —r/b+1r]r;/2 (7d)
Likewise, the synthesis equation for dyad CyD leads to
AQCj + B2Sj +C,=0 (83.)
with
Az = l']TC() — dTC() (Sb)
B, = roEco —d"Ecy (8¢)
Cy=d"co—r/d+r]r;/2 (8d)
Equations (7a) and (8a) yield
BiC, — C1B, A1C — A G
=l o A2 T 9)
A132 —AzBl Ale —AzBl
Finally, substituting the solutions of ¢; and s; into sjg + cf =1 yields
ATC3—2A1CrA,Cy + A5CT + BiChA 1By — BICoA; — C1B3A; (10)

+CiByA2B) — AIB3 + 2AB,A;B) — AZBT =0

which is the equation for the four-bar linkage applicable to pose j. It is seen that the
equations are dependent only to the displacements, but not to the orientations. In
this light, it is obvious that the problem for the dyads is converted to path
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generation, rather than motion guidance. On the other hand, the synthesis of dyad
EyF is still a problem of rigid-body guidance.

3.3 Flexibility of Design with Incomplete Sets

Based on the formulated equation of synthesis, the problem is decomposed into two
subproblems, one rigid-body motion guidance, and the other path generation. The
two subproblems admit different solutions:

e The solution for RR dyad EyF pertains to the motion guidance problem. It
admits exact solutions for maximum 5 prescribed poses, i.e., m =4, a well-
known results.

e The path generation of the four-bar linkage BAoCyD, on the other hand, admits
exact solutions for maximum 9 prescribed positions.

For the problem at hand, it is not possible to provide prescribed data separately
for the two subproblems. When five poses are predefined, it is known that finite
exact solutions exist for motion guidance, but infinitively many solutions for path
generations. The problem of six-bar linkage synthesis thus admits infinitely many
solutions for the five-pose synthesis.

In the six-bar synthesis with five poses, the dyads CyD and AgB have only
position constraints, while the orientation angles are motion variables, which are
dependent on the link dimensions. In this light, the two dyads are subject to con-
straints of incomplete data sets. The incomplete data implies flexibility to define a
few design parameters by designers, while exact solutions are still possible. Dif-
ferent selections of design parameters can be applicable to getting solutions. Some
possibilities include:

e Select and define one of the two RR dyads, either AgB or CyD. In this case, we
have a known 3R kinematic chain. The problem requires only to find the other
RR dyads, together with the chain EyF. This is the case of synthesis with
constraints of 3R chain, which was reported by Soh and McCarthy [9].

e Select and define two grounding points, i.e., centrepoints, B and D. The problem
becomes to find two circlepoints Ay and Cy, together with the dyad EgF.

e Specify any four coordinates for the four points Ay, B, Cp and D.

There are other possibility of selection to be explored. Note that the selection
might lead to no-solution situation. Thus how to specify robustly additional con-
ditions (constraints) will be a challenging problem to study.
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Fig. 3 The six-bar linkage

Table 1 Five poses for the

J r; [cm] 2
example

0 [0 o 0

1 [-2.89 23.12]" —45°

2 [11.46 33.74]" —67°

3 [2.34 30.05]" =90°

4 (029 3.0]" -150°

4 A Design Example

We provide an example to illustrate the foregoing synthesis procedure. This
example is related to the motion guidance of window opening by a six-bar linkage,
as demonstrated in Fig. 3. The window has a pivoting joint in the middle, while one
of its end is connected to a linear guide through a prismatic joint. The linkage thus
includes both RR and PR dyads. The poses to be visited are listed in Table 1.
Prior to embarking on the numerical solution of the synthesis equations, we
normalize the equations to render them dimensionless, thereby avoiding loss of
precision. All displacements are normalized through characteristic length

Refer to Fig. 3, a fixed coordinate system % is established, for which ry = 0
and ¢, = 0. Two moving frames .7 ¢ and # y are attached to the coupler link and
the window, respectively. Their origins are coincident at point G.
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Table 2 Solutions for the example

Points Coordinates [cm] Points Coordinates [cm] Points Coordinates [cm]
B [-25,0]" Ay [-35.,—1.12] E [36.032,4.67)
D [—20,0]" Co [-30.57, —3.54] n [—.344, .938]"

* User-specified parameters

Two rotation matrices for frames % - and &y are defined

Rj:[cosqﬁj —sind)j} Qj:{coswj sintﬂj}, i=t.m (12)

sing;  cos ¢; siny/;  cosy;

where m = 4 is the number of poses in this problem.
The synthesis equation for dyad EyF is

(r;—(1-Q)e)' n=0 j=1,...m (13)

where n is the direction vector normal to the guiding slot.

Equations (2), (3) and (13) compose the system of synthesis equations for this
six-bar linkage.

We specify two centrepoints, namely, B and D. The other points and the normal
vector of the guiding slot are found as listed in Table 2. The synthesis error in this
example is found as 2.773 x 107°,

5 Conclusions and Discussion

The synthesis of six-bar linkage is studied by resorting to the Burmester theory. The
synthesis equations are formulated for a Stephenson mechanism by extending
synthesis equations of four-bar linkage to the six-bar. The equations reveal that the
six-bar linkage synthesis with five poses is essentially a problem with incomplete
data set—a determined dyad synthesis for motion guidance, combining with a
underdetermined four-bar linkage for path generation. The synthesis of six-bar
linkage is thus generally in need to incorporate with incompleteness of pose data.
The synthesis strategy is discussed. An example is included to demonstrate the
application of the developed method.

The paper deals with linkage synthesis with incomplete data for the case of six-bar
linkages. As a matter of fact, the synthesis with incomplete data can also be found in
other cases, where non-symmetric kinematic chains exist. For example, the synthesis
of spatial RCCC linkage is involved with incomplete data set too, as RC and CC dyads
admit exact solutions for different number of poses. The synthesis with incomplete
data stands for a special type of problem and requires more attentions.
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Given the incompleteness of data, additional conditions can be provided to

obtain solutions, which implies a great flexibility in design to choose freely some
design parameters. The selection of parameters with consideration of robustness is
an interesting problem for future study.
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Mathematical Modelling and Simulation
for Beaded Pad Automatic Weaving
Trajectory

Jianye Yan, Ligang Yao, Dongliang Lin and Zhijun Liu

Abstract Beaded pads utilized as cooling mat and handicraft are popular. Now-
adays, all the beaded pads are hand-woven. This paper proposes a beaded pad
automatic weaving method to solve the hand-woven problems of inefficiency, poor
consistency and higher cost. The single-line direct-threading automatic weaving
method is proposed on the basis of the investigation of the hand-woven process.
Further, the beaded pad automatic weaving trajectory mathematical modelling and
simulation for the proposed single-line direct-threading weaving method is
presented.

Keywords Beaded pad - Motion trajectory - Upward-string - Downward-string

1 Introduction

The beaded pad shown in Fig. 1 is a cushion which connects the beads in turn
vertically or horizontally. The pad unit consists of four beads (0-3) and a single-
line. The constraints between the beads and the single-line make the beaded pad’s
structure tight and stable. The pad can keep the seat clean and cool in summer.
Although this kind of the beaded pad favored by the majority of consumers, the
pad sold in the market is hand-woven so far. There are still no automatic weaving
machines for weaving this kind beaded pad, and even the corresponding weaving
trajectory analysis and simulation. There are other kinds pads which are weaved
with a tool [1-3] based on the wrap/weft weaving method, unfortunately these pads
have compact integral structure and poor air permeability. Another kind of pads are
made by using lockstitch weaving method [4-6] under the lockstitch machine’s
stitch and their structures are instability and easy to damage because of the knot in

J. Yan (X)) - L. Yao - D. Lin - Z. Liu
School of Mechanical Engineering and Automation, Fuzhou University, Fuzhou, China
e-mail: yanjianye0728 @163.com

© Springer International Publishing Switzerland 2015 13
P. Flores and F. Viadero (eds.), New Trends in Mechanism and Machine Science,
Mechanisms and Machine Science 24, DOI 10.1007/978-3-319-09411-3_2



14 J. Yan et al.

Fbead S-string

0-bead
=, (b
b
) 1 et ~
-bead SR - W - e
e B - - - Ee
T g ) b
big; Vo A i b |
* Ak
S

Fig. 1 3-D model and physical map of the beaded pad

the cord inside the bead hole. The proposed mongline right angle loop [7] and right

angle weaving method [8-10] are merely applicable to hand-woven, due to too
many turns of the needle weaving.

2 Single-Line Direct-Threading Automatic Weaving
Method

Currently, the beaded pad is weaved with method of single-line by hand, which is
tedious and inefficient. The human weaving process, shown in Fig. 2, is carried out
by stringing four beads (0-3) at the two ends of the single-line and then piercing
one string ends through bead 3 to get a four-beads unit. The other units could be
weaved in the same way. The two ends of the single string are defined as the

1-bead B
downward-string
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b
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bead uint
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Fig. 2 Beaded pad weaving process
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row/column 1

Fig. 3 String g’s motion trajectory

downward-string and upward-string [11]. So the weaving trajectory is the move-
ment routes for upward-string and downward-string. The string end whose first step
moves upwards/rightwards is defined as upward-string A/downward-string B. A list
of pad units connected by a string in the horizontal and vertical direction is called
the row and column. The unit numbers in Fig. 2 are termed as row and column
respectively. Therefore, the pad is denoted as LD,,,,.

According to above mentioned weaving method, the trajectory of the upward-
string and downward-string for the LD,, pad can be illustrated in Fig. 3 without
displaying the beads. The arrows show upward-string and downward-string’s
movement direction in the process of weaving and the string initial point is located
in the lower left corner.

On the basis of the human weaving method and weaving trajectory, the single-
line direct-threading automatic weaving method [12] is proposed and shown in
Fig. 4. It simplifies the hand-weaving process and avoids the two ends of the
string’s alternate threading motion. It’s easy to be implemented on the machine.
The automatic weaving process can be described in the follows. First, thread all
needed beads on the upward-string, at this position the upward-string is in a state of
straight line. Then, thread a bead on the downward-string B and pierce the
downward-string B through the second bead’s hole to form a bead unit. The
machine can weave single-row pad by repeating the process for downward-string B.
The upward-string needs to pierce the bead to complete the weaving process when

(a) (b)

B
downward-string downward-string

A
upward-string I-bead 0-located bead upward-string 4-bead 0-located bead

Fig. 4 The weaving process of single-line direct-threading weaving method
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Fig. 5 Numbering the beads

it weaves the second-row according to Fig. 2. It has the similar threading movement
between the upward-string and downward-string. As long as it controls the woven-
bead number, the threading trajectory and when the string passing through the bead,
the beaded pad weaved with the above method achieves the same goals that weaved
with the method of single-line by hand.

Based on the above weaving method, the number of beads which are pierced on
the upward-string is 2qg + 1. While weaving the first row, it needs to thread an
additional bead on the downward-string by controlling its movement in weaving a
bead unit, so the number of beads pierced on the downward-string is g. The
upward-string and downward-string, with the constraints of the first row unit, need
to pierce the beads alternately and accomplish the same threading movement, when
the machine weaves the next row unit. According to the method and the law of
upward-string and downward-string’s movement route, the upward-string strings a
bead and the downward-string strings another bead. Then the upward-string and
downward-string pierce the common bead so as to complete a bead unit. The
process of numbering the beads for the beaded pad is shown in Fig. 5. The number
of the beads which are on the upward-string and downward-string is shown in
Fig. 5. It presents the situation where the row p is 4 and the column ¢ is 6.

3 Mathematical Modeling for the Weaving Trajectory

In order to describe the threading process, it needs to analyze the law of string’s
movement route. The paper respectively extracts the motion trajectory of upward-
string and downward-string in Fig. 6.

It is obvious that the motion trajectories of string in the odd/even row are the
same, shown in Fig. 6. That is, weaving trajectory has a period in two rows. The
string has the same movement direction every four steps (one arrow stands for one
step) in every row, except the last column of the odd row for the downward-string.
Therefore, it considers that the string’s period of motion is four steps every rows,
every four steps has a fixed cycle. So, the downward-string’s motion trajectory has
a periodical characteristic. It only needs to describe one period of the motion as
describe the threading process. Similarly, the downward-string’s motion trajectory
has the same law.
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row/column | 3 4 ~ row/column

Fig. 6 a Upward-string’s motion trajectory. b Downward-string’s motion trajectory

In order to describe the law of motion path of upward-string and downward-
string with mathematical method, it needs to simplify the trajectory of string. The
string’s terminal must be linear motion and pierce through the centre axis of the
beads hole, regardless of the position of the string, and the steering angle must be
rectangular. The steps of upward-string make the following stipulations: number the
steps form 1 in each row, count from left to right (right to left) for the odd (even)
row, and start to count form the first horizontal direction of each row. The number
of steps in each row is 2gq after processing. Because the downward-string’s motion
trajectory has the same law as the upward-string’s, this paper only gives the
mathematic expression of downward-string.

After simplification, the motion trajectory of i and i + 1 row for the downward-
string is shown in Fig. 7. where i and i 4 1 are odd, the solid line and double dash
dot line represent i and i + 1 row of the downward-string respectively, the number
beside the arrow is step number 7n;. The relation between step and column number
can be deduced from the picture.

The coordinate system is established in Fig. 8. Where the origin of coordinates is
the initial point of the first step of the first row in the downward-string and i is odd.
The end of each step is the starting point of the next step in the figure and the
movement of step can be obtained according to the coordinates of the end of each

‘ 2g5) Sl
oS qu 2(q-./>u T\ \P o
— — =
,. A )
i el .
row/column 2 Jj J+l q-1 q

Fig. 7 Relations among motion trajectory, step and row/column number
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Fig. 8 Coordinate representation for the downward-string’s motion trajectory a column j is odd,
b column j is even

step. The mathematical expressions of destination coordinates of downward-string
can be obtained, if the step-length L (L is the bead length), the step number n;, row
i and column j is given.

The destination coordinates (x, y) of each step at odd rows i of downward-string.

x=jXxL

Fornlzjl’{y:(i—l)xL (1)
. Jx=jxL
For ny = 2j, {y:ixL (2)

Where j is odd column, as shown in Fig. 8a.

P x=jxL
Forn; =2j—1, {y—ixL (3)
() if j x=jXxL
1 <p,
ISPy =iy xL
For n; = 2j, ) (4)
Q) if j = x=jXxL

Where j is even column, as shown in Fig. 8b.
The destination coordinates (x, y) of each step at even rows i 4 1 for downward-
string and each step for upward-string can be obtained with the same method.

4 Simulations of the Weaving Trajectory

The program flow diagram of string’s motion trajectory can be obtained according
to the relations among string’s motion trajectory, step and row and column number.
Define the basic parameters as below: p = 6 and g = 6, which is given a beaded
pad of LDgy¢, and set the step length L = 10. The motion trajectories of upward-
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Fig. 9 Simulation result of the motion trajectory a uplink’s motion trajectory, b downlink’s
motion trajectory
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Fig. 10 Numbers of the bead pad a numbers for uplink b numbers for downlink

string and downward-string in weaving process are solved by computer using the
program. The result is shown in Fig. 9. The process of numbering the beads of the
beaded pad can be simulated, and the result is shown in Fig. 10. The number of
each bead shown in Fig. 10 is one-to-one correspondence to the number shown in
Fig. 5.

The motion trajectory shown in Fig. 9 is the simulation result of upward-string
and downward-string motion trajectory of beaded pad weaving process shown in
Fig. 6. The movement direction of the string can reference Fig. 6, and the initial
point is located in the lower left corner.
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5 Conclusions

This paper proposed a single-line direct-threading automatic weaving method for
beaded pads and classified the motion as the synthesis of upward-string and
downward-string. The weaving trajectory has the same period in two rows except
the last column of the odd row for the downward-string. The proposed mathe-
matical modelling and simulation methods can illustrate the automatic weaving
trajectory directly and correctly.
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Graphical User Interface
for the Singularity Analysis
of Lower-Mobility Parallel Manipulators

Stéphane Caro, Latifah Nurahmi and Philippe Wenger

Abstract In this paper, a new graphical user interface is developed for the sin-
gularity analysis of lower-mobility parallel manipulators. The algorithm used for
this tool is based upon the Grassmann-Cayley Algebra in addition to the concept of
wrench graph to provide a simplified expression of the superbracket decomposition.
Then, using the appropriate geometric incidences, the superbracket expression will
be transformed into a geometric statement characterizing the singularity conditions
of the manipulators. In this graphical user interface, useful options are introduced to
better guide the user in the formulation of the superbracket and the interpretation of
the singularities.

Keywords Singularity - Parallel manipulators - Grassmann-Cayley algebra -
Graphical-user interface

1 Introduction

A graphical user interface called SINGULAB was developed by Ben-Horin et al. in
[2] as an automatic tool for the singularity analysis, geometric interpretation and
visualization of singularities of some classes of parallel robots. This interface is
based on Grassmann-Cayley Algebra (GCA) and can be used to analyse 6-degree-
of-freedom (dof) Parallel Manipulators (PMs) and more precisely Gough-Stewart
Platforms (GSPs). Nevertheless, this interface cannot be used to analyse the sin-
gularities of lower-mobility PMs for the following reasons:
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1. SINGULAB does not consider points at infinity in the superbrackets which lets
the user simplify and operate manually with monomials and brackets containing
points at infinity.

2. For lower-mobility PMs the choice of two points on a Pliicker line of the
extended Jacobian matrix Jg is not as simple as for GSPs. Indeed, in many cases
there are several (more than two) points likely to be selected on a given line of
Je and their choice for the superbracket expression is not straightforward.

3. SINGULAB does not vanish a bracket with three aligned points or with four
coplanar distinct points.

As a consequence, we have developed a graphical user interface to analyse a
large range of lower-mobility PMs and to help the user well formulate the super-
bracket and interpret the singularities. This tool considers the points at infinity
which were used for the first time in a superbracket by Kanaan et al. in [3], in
addition to the concept of wrench graph developed by Amine et al. in [1]. The
wrench graph illustrates the wrenches acting on the PMs in the projective space.

2 The 3-Dimensional Projective Space

The 3-dimensional projective space P° is characterized by the affine space R* and
the plane at infinity Q... In the projective space IP°, a finite point is represented by
four homogeneous coordinates a = (a;, az, a3, l)T, while a finite line is represented
by six Pliicker coordinates F = (s;r X s).

Let underline points denote points at infinity. This notation is used in the text,
while points at infinity are be denoted with capital letters in the interface. Any finite
line has a unique point at infinity ¢ = (s;0). This point only depends on the line
direction s. Any pair of parallel finite lines along s intersects at one common point at
infinity c. All parallel finite planes intersect each other at one common line at infinity,
namely, M = (03x1;m). This line passes through the point at infinity of any finite
line orthogonal to m. Two lines at infinity intersect at a unique point at infinity.

3 Grassmann-Cayley Algebra

The GCA was developed by Herman Grassmann and Arthur Cayley as a calculus
for linear varieties. This geometric algebra expresses a synthetic geometric condi-
tion by expanding two main operators, namely join “V”’ and meet “A” operators and
typically provides brackets which are determinants of four homogeneous coordi-
nates. It provides a translation of synthetic geometric conditions into invariant
(coordinate-free) algebraic expressions.

The basic elements of GCA are termed extensors, which are symbolically
denoted by Pliicker coordinate vectors. The extensors are vectors that represent
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geometric entities without making reference to any coordinate system. they are
characterized by their Step 1, 2, and 3 that correspond to point, line and plane
respectively.

3.1 Superbracket Decomposition

The rows of the extended Jacobian matrix Jz (Jz was further explained in [1]) are
composed of six wrenches corresponding to six Pliicker vectors. Those six wren-
ches are either actuation wrenches or constraint wrenches. The determinant of Jz
corresponds to the superjoin of the six associated Pliicker vectors, named super-
bracket. Consequently, a singularity occurs when the superbracket is equal to zero,
namely, the six Pliicker vectors are dependent.

The superbracket is an expression involving 12 points selected on the governing
lines and can be developed into a linear combination of 24 bracket monomials, each
bracket monomial being the product of three brackets of four projective points:

24
S = [abcd.ef.gh.ijkl] = >y, (1)
i=1

y; is the bracket monomial and it is given in [1-3]. Usually the selection of the
twelve points must lead to the simplest expression of the superbracket
decomposition.

The bracket of four projective points is defined as the determinant of the matrix
whose columns are the homogeneous coordinates of these points. This bracket is
null if and only if all points are coplanar. Hence, the bracket of any four points at
infinity is null. In the same vein, a bracket containing three aligned points is null.

4 A Graphical User Interface for the Singularity Analysis
of Lower-Mobility Parallel Manipulators

In what follows, we explain the steps provided in this new graphical user interface,
shown Fig. 1.
4.1 Superbracket Expression

To make the difference between points at infinity and finite points in the interface,
we use capital letters for points at infinity while lower-case letters stand for finite
points.
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Fig. 1 Graphical user interface for the singularity analysis of the 3-UPU PM

A superbracket expression is formulated with twelve points selected on six
Pliicker lines corresponding to the governing lines of a given PM. However, for
lower-mobility PMs the selection of two points on a constraint or an actuation
wrench of a given leg is not trivial. In most cases, more than two points are likely to
be selected on a given wrench and the most appropriate choice is not necessarily
obvious. Thus, the user has two possibilities to provide information about the six
governing lines:

1. To enter two points on each governing line.

2. To enter multiple points on each governing line. This option is useful when
there are some geometric relations between points on different governing lines.
Thus, when the choice of two points on each line is not trivial, this option can be
used to express all possible superbackets (selections of two points among the
possible points on each line) and to return the most convenient expression(s).

4.2 Relations Between Points

The next step before expanding the 24 monomials of the superbracket expression is
to provide the interface a set of vanishing rules in order to return uniquely the non-
zero monomials.

Accordingly, the first two properties to implement in the superbracket decom-
position are:
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1. To vanish any monomial in which at least one bracket has two identical points
among its four points.

2. To vanish any monomial in which at least one bracket has four capital letters
(points at infinity).

To increase the efficiency of the simplification in the superbracket decomposi-
tion, we add an option to enter, if necessary, some sets of collinear and/or coplanar
points. In that case, these sets will be taken into consideration automatically by the
interface when decomposing the superbracket to vanish some additional monomials
instead of doing it manually.

4.3 Superbracket Decomposition

An important property to highlight here is that a superbracket decomposition
depends on the order of the entered lines in the superbracket. This is due to the
expression of the 24 monomials. Let us consider for example the two superbrackets
S| = [ab,ac, ef,gh,ij,kl] and S, = [ab,ef,ac,gh,ij,kl]. If we compare the decomposi-
tion of these two superbrackets based on the form of Eq. (1), we can easily notice
that the number of brackets in the decomposition of S| in which point a repeated is
greater than the number obtained with the decomposition of S,. Thus, different
permutations of the lines of the superbracket may lead to different numbers of non-
zero monomials.

On the other hand, it should be noted that the geometric interpretation of the
singularity condition depends on the permutation of the six superbracket lines, i.e.,
a different permutation of the same six lines may lead to another geometric inci-
dence and thus, to other geometric interpretations of singularities. Moreover, some
permutations do not lead to a geometric interpretation. Thus, the superbracket
decomposition in the interface provides three options to the user:

1. Original permutation: this option expresses the non-zero monomials corre-
sponding to the original permutation of lines, namely, to the order of lines as
they were entered in step 1. In case multiple points are entered on the six lines,
the original permutation takes the first entered two points on each line.

2. Shortest expression: this option will decompose the superbrackets obtained from
all the possible permutations of the six lines and will return a permutation
providing the minimum number of non-zero monomials and expand these
monomials. In case multiple points are selected on the six lines, this option will
first make all the possible choices of two points on each line and then develop
all possible permutations for each choice to return finally one of the permuta-
tions that provides the minimum number of non-zero monomials and expand
these monomials.

3. Other solutions: this option operates similarly to the previous one to provide, if
any, a permutation with 2, 3 or 4 non-zero monomials.
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4.4 Interchangeable Points and Geometric Entities

The next step is to explore the obtained superbracket decomposition, consisting of
non-zero monomials, in order to find automatically the geometric entities involved
in the singularity condition. These entities can be lines, planes or tetrahedra.

First, we assume that if a point appears more than once in each monomial, then
each appearance will belong to a different geometric entity. Each monomial has
three brackets, each bracket containing four points, thus 12 points are part of
geometric entities that have to be identified. From the definition of the meet
operator, to obtain a monomial of brackets of four points, the involved geometric
entities may be 2- or 3-extensors (lines or planes). Otherwise, a meet including a 4-
extensor (tetrahedron) and another entity would lead to a bracket containing five
points. Moreover, a monomial composed of brackets of four points may result from
a bracket containing a tetrahedron and two other brackets resulting from a meet of
lines and planes. Accordingly, when the main entities that we are looking for are
lines, planes and tetrahedra, the following groups can be found:

. three tetrahedra;

. two tetrahedra and two lines;

. one tetrahedron and four lines;

. one tetrahedron, two planes and one line;
. four planes;

. two planes and three lines;

. six lines.

~N O\ R W=

The searching procedure for the geometric entities was detailed in [2]. It is applied
in our interface to highlight the geometric entities involved in the geometric singu-
larity conditions. However, not all of the seven groups enumerated above can be
associated with a geometric interpretation of the singularities. This will depend on the
geometric incidence that can be identified in each case. Therefore, the interface pro-
vides many possible solutions to the user so that they can select the (one of the)
solution(s) that provide(s) geometric interpretation(s) of the singularities.

For instance, some geometric entities are explained as follows:

1. Three tetrahedra. In such a case, the superbracket decomposition takes the
form: S = [abcd][efgh][ijk1] and the corresponding singularity condition is
that at least one of the three tetrahedra (brackets) vanishes, i.e., consists of four
coplanar points.

2. One tetrahedron, two planes and one line. In such a case, the superbracket

decomposition takes the form: S = [abcd]([efg 1.1} [1 jk1]) and the singu-
larity conditions are:

(a) Points a, b, ¢ and d are coplanar.

(b) Line hi intersects with the intersection line of planes efg and jk1.
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3. Four planes. In such a case, the superbracket decomposition takes the form:

S =labc a][ef gﬁ][; jk1] and the singularity condition is that the four
planes abc, efg, jk1 and dhi intersect at least at one common point.

4. Two planes and three lines. For example let us consider the superbracket
decomposition

S = [abdi][akle|[jfeh] — [abdj][akle][ifeh] )
— [abdk][aije][1feh] + [abdl][aije][kfeh]
The geometric entities are two planes: abd and feh and three lines: ak, 1e and

ij. To highlight the singularity conditions corresponding to this case, let us rewrite
it as follows:

S = [akle]([abd i][j feh]) — [aije]([abd k][1 feh)) (3)

From [1], we know that:

([abd i][] feh]) = abd A feh A 1]
and . .
([abd k][1 feh]) = abd A feh A k1

Now if we let mn be the intersection line of planes abd and feh, then:

abd A feh A ij = [mnij]
and
abd A feh A k1 = [mnkl]

Finally, the superbacket S of Eqgs. (2) and (3) becomes:
S = [akle|[mnij] — [aije][mnkl] 4)

Thus, the singularity condition corresponding to this group of geometric entities,
namely, two planes abd and feh and three lines ak, 1le and ij, is that the product
of the volume of two tetrahedra [akle] and [mni j] is equal to the product of the
volume of two tetrahedra [ai je] and [mnk1] where mn is the intersection line of
planes abd and feh.

An alternative notation for sum over shuffles is dotted notation. The dots are
simply placed over the shuffled vectors, with the summation and sign implicit, as
explained in [4].
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4.5 Singularity Conditions

The last stage in the interface is to enumerate the singularity conditions of the PMs
under study. Since several solutions are provided by the interface, the user can
select the solution, in which he/she wants to visualize the geometric interpretation,
namely, the original permutation, the shortest expression, a superbracket with two
(respectively with three, or with four) non-zero monomials. It is noteworthy that the
properties related to points at infinity are considered in the results provided by the
interface.

An additional option is provided with the button “see more results”. Accord-
ingly, by pressing on this button, another window is opened, which enumerates all
the superbracket permutations providing n <4 non-zero monomials as well as the
geometric singularity condition, if there is any, associated with each permutation.
Moreover, a “hints” button is also introduced in this window to indicate, when the
interface cannot find a geometrical interpretation, some useful substitutions that can
be made manually in order to obtain further simplifications of the superbracket
decomposition.

5 Applications

In this section, the proposed graphical user interface is used to analyse the singu-
larity conditions of the 3-UPU PM, shown in Fig. 2. The 3-UPU PM is a 3-dof PM
proposed by Tsai [5] and is composed of three identical UPU legs. Each leg consists
of one universal joint attached to the base, one actuated prismatic joint and one
universal joint attached to the moving platform. Each leg applies one constraint

Fig. 2 The 3-UPU PM
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moment perpendicular to the axes of both universal joints and one actuation force
that intersects points A; and B; (i = 1,2, 3).

In a non-singular configuration, the constraint wrench system of such a PM is
spanned by three moments. Let n; be direction perpendicular to the axes of both
universal joints in each leg, thus M, = (03x1, 1;) be such three moments. We may
formulate Mcl = gh, Mcz =gi and MC3 = hi. In turn, the actuation wrench

system of such a PM is give by F ai = (fais TBi X fia)- fui 1s unit vector along the leg i
and rp; is a position vector of point B;. These forces can be expressed as: Fa1 = ab,

F « = cd and F 3 = ef. The wrench graph of the 3-UPU PM is shown in Fig. 3 as
studied in [3]. The extended Jacobian matrix J g of this manipulator is expressed as:
JE - [falafaZ,faS»MclvM023M03]~

From the expression of the extended Jacobian matrix, the superbracket expres-
sion can be formulated as S = [ab, cd, ef, gh, gi, hi]. This expression is entered
into the proposed graphical user interface as an input. The results are shown in
Fig. 1 in which the singularities fall into two main cases: [ghi] = 0 and [bdf] = 0.
The first condition corresponds to the constraint singularities when the limbs lose
their ability to constraint the motion. Whereas the second condition corresponds to
the actuation singularities when the limbs of the manipulator cannot control the
translational motion of the moving platform.

6 Conclusions

A new graphical user interface was introduced in this paper that allows the user to
analyse automatically the singularities of the lower-mobility PMs. This interface
was developed based upon the GCA in addition to the wrench graph. The rules for
the formulation of the superbracket of a lower-mobility PM were introduced. Then,
some rules for the simplification of the superbracket decomposition and some
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bracket properties related to the existence of points at infinity were presented.
Furthermore, this interface applies the rules of simplification of the superbracket
decomposition and provides geometric conditions for the parallel singularities of
the PM under study.
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On the Redundancy of Cable-Driven
Parallel Robots

J.-P. Merlet

Abstract This paper addresses the concept of redundancy for cable-driven parallel
robot (CDPR). We show that although CDPR may be considered as kinematically
redundant, they constitute a special class for which the self-motion manifold is 0-
dimensional and that they are not not statically redundant (i.e. the tension distri-
bution cannot be changed continuously while keeping the platform at a given pose).
A direct consequence is that a CDPR with more than 6 cables is always in a
configuration where at most 6 cables are simultaneously under tension. However
for a given pose there may be several set of 6 cables that are valid, which allow us
to define the concept of weak statical redundancy. We show how the possible valid
configuration(s) may be determined on a trajectory. All these concepts are illus-
trated on a real robot.

Keywords Cable-driven parallel robots - Kinematics - Redundancy

1 Introduction

Cable-driven parallel robot (CDPR) have the mechanical structure of the Gough
platform with UPS rigid legs except that the UPS rigid structure is substituted by a
cable whose length may be controlled. In practice we may assume that the output of
the coiling system for cable i is a single point A; while the cable is connected at
point B; on the platform (Fig. 1). The flexibility of the cable at A;, B; allows to
consider that we have a U and S joint at these points. We denote by d; the distance
[|AiBi|| and by /; the length of the cable between the coiling system and B;. The
length [; may be written as [; = a; + p; where a; is a constant length corresponding to
the amount of cable between the coiling system and A; and p; is the cable length
between A;, B;. In this paper we will assume that the weight of the cable is neg-
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ligible so that there is no sagging. If cable i is under tension, then it exerts a force f;
on the platform such that

fi:_ "L'l‘ (1)

where 1; is the positive tension in the cable. As a cable cannot exert a pushing force,
if the cable is not under tension then f; is 0. Consider a CDPR with n cables and let
7 denotes the set of f; which are not 0 while # will be the external wrench applied
on the platform with the torques applied around a point C. The mechanical equi-
librium imposes

7 =J"TX) (2)

where J~T is the transpose of the inverse kinematic jacobian matrix of the robot
whose j-th column is ((AjB;j/p; CBj x AjBj/p;)). This matrix is dependent upon
the pose X of the platform. A CDPR will be called pure force submitted (PFS) if the
wrench Z at is center of mass G is reduced to a force while the torque components
are 0. A pose will be called suspended if

1. the robot is PFS and the platform is only submitted to a force g composed of the
gravity force and of small non vertical disturbances
2. at this pose we have g.A;B; > 0 for all i such that cable i is under tension

A CDPR will be called suspended (SCDPR) if all poses of its workspace are
suspended. Hence the cables of a SCDPR cannot exert a downward force and the
mechanical equilibrium of the robot relies on the gravity force.

A CDPR with a platform having m dof is also called fully constrained if all the
dof can be controlled. A well known result is that a fully constrained robot must
have at least m + 1 cables, except in the case of a SCDPR where only m are
required. However a strong argument for designing CDPR with more than the strict
minimum of cables (and hence usually called redundant CDPR) is that additional
cables, if appropriately located, may drastically increase the size of the workspace
of the robot. Hence several authors have addressed the problem of calculating the
reachable workspace with positive tensions in the cables [1, 4, 5, 7, 11, 13, 15, 16].
Another reason to have more cables is to to be able to change the distribution of the
cable tensions. Numerous works have addressed the problem of computing an
appropriate set of cable tensions, for a given platform pose, see [2, 3, 10, 12, 14] to
name a few. In this paper we will consider CDPR with more than 6 cables and
examine the notion of redundancy of such a robot.
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Fig. 1 Cable driven parallel A
robots: on the left the
suspended version

2 Redundancy of CDPR

In this paper we assume that the cables of a CDPR are not elastic (elasticity of the
cables induce other difficulties that has been partly addressed in [8]). The concepts
of redundancy of parallel robots has been properly addressed recently by Miiller [9]
but needs to be refined for CDPRs. Let q be the set of the n joint variables of the
robot and let us define the loop closure constraints by h(q) = 0. Time differenti-
ating this equation leads to J(q)q = 0 where J is the constraint jacobian. The local
dof of the robot is defined as n — rank(J) while the maximal value of this quantity
over a given workspace W is referred as the global dof 6. The robot will be denoted
kinematically redundant if 6 > Dim(W) while the degree of kinematic redundancy
is defined as 6 — Dim(W). The self-motion of a kinematically redundant robot is
defined as the set of joint variables that may be obtained for a fixed pose of the end-
effector. The dimension of this manifold may be equal to the degree of kinematic
redundancy (e.g. for a 7R serial robot) but this is not always the case. For example
for a 6 dof CDPR with m > 6 cables at a given pose the joint variables p have fixed
values: hence although the degree of kinematic redundancy is m — 6 > O the self-
motion manifold is zero-dimensional. Hence we may refine the concept of kine-
matics redundancy by asserting that a robot is kinematically redundant iff the
dimension of its self-motion manifold is not equal to 0: with that definition CDPR
are not kinematically redundant.

Now let’s look at the actuation scheme and define m as the number of actuated
joint variables, under the assumption that the CDPR have at least 7 cables (or 6 for
SCDPR). The degree of redundancy of the actuation is defined as m — J and a
parallel robot is called redundantly actuated it m — 6 > 0. With that definition a
CDPR with at least 8 cables (7 for SCDPR) is redundantly actuated. But we have to
to determine if this redundancy can be used to change the distribution of the tension
in the cables while maintaining the pose of the platform: in other words we have to
examine if actuation redundancy implies statical redundancy.

We must first note that a cable coiling mechanism is a single input- single output
system (SISO) which implies that, for example, we may control the length of the
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cable or its tension but not both. As for preserving the pose of the platform we have
to control the lengths of the cables we consequently cannot change their tensions.

Another point in that direction is to look at the mechanical equilibrium condition
(2) which is used as the basic equation for workspace and tension distribution
algorithm. There is a constraint for using this equation that is seldom mentioned:
they are valid only if p; = [|AjB;||. Even if we assume that we have an exact
measurement of p; managing the distribution of all cable tensions implies that the
CDPR controller is able to satisfy the constraint p; = ||A;B;|| at any time. Such an
assumption is unrealistic (especially with the discrete time controller that is used)
and with the unavoidable uncertainties in the measurements and control. In reality a
CDPR at each time will have at most six cables under tension, while the other
cables will be such that p; > ||A;Bj|| and consequently are slack. This allows us to
claim that redundantly actuated CDPR are not statically redundant.

We define the cable configuration of a CDPR at a given pose as the set of cable
number that are under tension at this pose. A m cable configuration is a cable
configuration with m cables under tension, the others being slack. We consider
CDPR with non elastic cables with m > 7 cables (m > 6 for SCDPR). In that case
the number of cables under tension is at most 6. But for a given pose the number of
cables sextuplets such that the cable tension are positive and satisfy the mechanical
equilibrium condition (2) may not be unique. If this is the case let us define mg as
the number of valid cables sextuplets. For each of them we may calculate the cables
tensions by solving (2) which is a set of 6 linear equations in the 6 unknown cable
tensions. These tensions will differ for each of the mg cable configurations. Hence a
pose will be called weakly statically redundant if ms > 1: at such a pose we may
adjust the cable tension distribution by selecting one of the cable configuration in
the set of m cable configurations. In practice this means that the cables that are not
part of the selected cable configuration should be made slack by setting their control
variable p; to a value that is significantly larger than [|A;B;|| for this pose. We will
illustrate these concepts on an example.

We consider the large scale robot developed by LIRMM and Tecnalia as part of
the ANR project Cogiro [6] This robot is a SCDPR with 8 cables whose A; coor-
dinates are given in the following Table 1 will all dimensions in meters.

The platform pose is defined by the coordinates x,, y,, z, of its center of mass in
a given reference frame. The orientation is defined by the three Euler’s angles
v, 8, ¢. We consider a circular trajectory for this robot defined by

Xy = c08(Am)y, = sin(An)z, =2y =0 =¢ =0

where 1 is a parameter in the range [0, 1]. As mentioned previously although this
CDPR has 8 cables only 6 of them at most will be in tension simultaneously. Our
purpose is to determine what are the cable configurations that satisfy the constraint
(2) on the trajectory. For that purpose we will consider all combinations of 6 cables
among the possible 8. It is then relatively easy to determine on which part of the
trajectory a given set of 6 cables allows to satisfy the constraints.
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Table 1 A; coordinates

X y z X y z
—7.175 —5.244 5.462 —7.316 -5.1 5.47
—7.3 52 5.476 —-7.161 53 5.485
7.182 53 5.488 7.323 52 5.499
7.3 -5.1 5.489 7.161 -5.27 5.497

Figure 2 shows the result for all the trajectory. The analysis of these curves
shows that there is not a single 6 cables configuration that remain valid on all the
trajectory. Furthermore at any pose on the trajectory there are at least 3 valid cable
configurations and up to 7 configurations. A possible strategy to perform this
trajectory while minimizing the number of configuration changes will be to start
with 4 = 0 under configuration 345678 until 1 reaches the value 0.39239, switch to
configuration 123456 at this pose until 4 is 0.589, move to configuration 123478 at
this point until A is 0.9043 and then move again to configuration 345678 until A = 1.

The circular trajectory has been tested by LIRMM on the robot without taking
into account the cable configurations. An analysis of the measured motor torques
(which does not exactly reflect the cable tensions but give a rough idea) have shown
that indeed the robot switches between 6 cables configurations during its motion at
time that are compatible with our calculation.

This trajectory is hence weakly statically redundant and we may use this
property to manage the tension distribution. For example for A = O there are 4 valid
cable configurations with ||ffleo and ||z]l» for a mass of 1 N: 125678 (0.78425,
1.48345), 145678 (0.81685, 1.51699), 235678 (0.76469, 1.4422), 345678
(0.76623, 1.4639).

3 Cable Configuration and Uncertainties

Up to now we have examined the cable configuration at a given pose but we have
also to consider that the pose is obtained from the uncertain cable lengths mea-
surements. Hence to reach a nominal pose X, we apply as control p, but the real
lengths of the j-th cable lies in the range [pé — Ap, pé + Ap] where Ap represents
the limits of the control and measurement errors. The problem we want to solve
may be stated as follows:

Problem: determine all possible valid 6-cables configurations for all values of
the p’s in their ranges

An assumption is made in our algorithm: the actual pose of the platform is close
to Xp, i.e. the platform has not moved close to another solution X; of the forward
kinematic problem p, = f(X). This is a weak assumption as we are able to calculate
all the forward kinematics solutions and therefore the full set of valid cable
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Fig. 2 The possible cable 13467é34578,w~“”“”'” e 345678
configuration on the circular
trajectory. The arcs have been
translated to show the valid
cable configuration
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configurations. We will call dominant cables the one under tension in a given cable
configuration.

As the p’s have interval values we consider solving this problem with interval
analysis. Under that assumption the mechanical equilibrium constraints become a
interval linear system # & = At for which there are methods that allows one to
determine if this system admits only positive solutions in 7 or has at least one of the
7 that is always negative or maybe either positive or negative according to the real
values of the p’s. In the same manner interval analysis allows to determine if for
given ranges for the p’s constraints such as ||A;Bj|| <p; is always valid, is always
violated or may be valid for some some p; and violated for some others.

For a given cable configuration with n cables under tension the unknowns are the
pose parameters, the real values of the p of the CDPR with m = 6 cables and the
n tensions. With the minimal representation of a pose we end up with 6 + m + n un-
knowns. If n = 6 the constraints we have can be decomposed into three sets

e a system of 6 equations composed of the 6 kinematic equations in the pose
parameters and the 6 p

e the 6 Eq. (2) that is easily solvable as soon as the pose is known

e aset of m — 6 inequalities p; > [|A;Bj]|

Note that all the unknowns may be bounded as we have assumed that the pose
remains close to the nominal pose Xy so that all solutions shall lie within a set of
ranges .#y. The interval analysis algorithm we are using is a classical branch and
bound algorithm whose principle has been explained in several papers. It basically
consider a list . L of possible set of intervals for the unknowns, called a box, that is
initialized with .#.
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For each box in % we start the algorithm by fixing the pose parameters to the
mid-points of their intervals. For this pose we have a unique value for the cable
lengths and we check if the lengths of the dominating cables all lie in the p ranges
and for the non dominating cables k that we have a value pi in the p; ranges such
that p! > ||AxBk||. If the cable lengths satisfy these properties we then check the
positiveness of the 7 of the dominating cables by solving the linear system (2). If
this is the case the current cable configuration is valid and the algorithm completes.

If this test fails the algorithm checks if at least one of the constraints is always
violated, in which case the box is eliminated from % . If this cannot be asserted the
box is bisected (i.e. one unknown is selected and its range is bisected into two
ranges) and the 2 boxes resulting from this bisection are placed at the end of ¥ and
the algorithm moves to the next box in Z.

This algorithm is guaranteed to complete because of the bisection process except
in 2 cases: there is a singularity around X or a box is reduced to a single point and
the numerical round-off errors do not enable to assert the constraints In both cases
we perform a local analysis that is not described here for lack of space.

We have implemented the algorithm described in the previous section to
determine all 6-cables configurations. We use as test an analysis of the possible
cable configurations for the pose obtained for A = O of the circular trajectory for the
robot presented in Sect. 2. At this pose if we have no uncertainty on the cable
lengths, then we have 4 possible cable configurations: 125678, 145678, 235678,
345678. If we have an uncertainty of +3 cm on the p measurement the cable
configuration 124578 becomes possible. The 5 cable configuration are determined
in a computation time of 43 mn. If we extend 4p to +4 cm, then the cable con-
figuration 123678 becomes also possible and it takes about 3 h to determine all
cable configurations. For a 4p of 1 cm the maximal deviation of the platform pose
[|X — Xo|| is 0.019307+ [0, 0001] meter for the Euclidean distance and the maximal
absolute deviation for each components of C are 0.008064, 0.007066, 0.011388
meters with an error in the range [0, 0.0001].

4 Conclusions

This first major contribution of this paper is to clarify the concept of redundancy for
CDPR. Having more cables than strictly necessary to control the 6 dof of the
platform has a large influence on the robot workspace but the redundancy level is
much weaker than is usually believed: the kinematics redundancy and static
redundancy manifolds are O dimensional (meaning that the cable tensions cannot be
continuously controlled). Hence it is unclear if a cable tension control scheme will
really improve the tensions distribution while certainly will leads to poor posi-
tioning accuracy. On the other hand position and velocity control are much less
sensitive to parameters errors, which explain the surprisingly good performances of
CDPR prototypes. Note that the concept of cable configurations with 6 cables under
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tension while the other one are slack has been observed experimentally on a 8
cables CDPR.

The performances of CDPR may possibly be improved by using a cable con-
figuration planning algorithm that will

e select the best set of 6 dominating cables among the possible cable configura-
tions. For example the best set may be the one leading to the lowest positioning
errors for given bound of the p measurement errors or the one satisfying an
optimality criterion for the cable tensions

e deliberately let the non dominating cables become slack.

This strategy of voluntary letting cables become slack is clearly counter-intuitive
and has to be confirmed experimentally but may be the best one for CDPR.

To conclude we have examined cable configuration having 6 dominant cables at
a given pose but we have already extended the cable configuration research to less
than 6 dominant cables and to a trajectory. This result will be presented in another

paper.

This research has received partial funding from the European Community’s
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On the Resolution of Forward Kinematic
Problem Using CAD Graphical
Techniques: Application on Planar
Parallel Robotic Manipulators

K.A. Arrouk, B.C. Bouzgarrou and G. Gogu

Abstract The existence of singularity-free trajectories joining different assembly
modes of a parallel robotic manipulator is a crucial property that permits to have a
large effective workspace. The investigation of such a characteristic requires con-
sidering the forward kinematics problem. In this paper, an original method for
forward kinematics resolution and singularity-free trajectory planning between
different assembly modes is presented. The proposed method is based on a pure
geometric approach and exploits the CAD environments utilities for geometric
entity manipulations such as Boolean operations. The developments presented
herein are mainly performed on 3-RPR planar parallel robot (PPR) and can be
extended to several 3-DOF PPRs providing some adaptations.

Keywords Forward kinematic problem (FKP) - Computer-aided design (CAD)
techniques - Planar parallel robot (PPRs) - Singularity-free trajectory planning -
Coupler curves -+ NURBS surfaces

1 Introduction and State of the Art

The resolution of the forward kinematic problem (FKP) remains an outstanding and
complex task for robots having parallel structure. We can state the FKP of a parallel
robot (PR) as follows: determining the pose coordinates of the end-effector char-
acteristic point (EECP) fixed on the mobile platform for given values of the actu-
ated joints variables. It is well known that the inverse kinematic problem (IKP) of
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these mechanisms is, in general, much easier to resolve than the forward one. As a
matter of fact, IKP of PRs can be resolved using formulations developed for serial
robots. FKP formulation leads to a set of non-linear equations with multiple
solutions. That is to say, parallel robot has several ways of assembling for specified
motorized joints variables. Even though PPRs have only 3-DOF, and despite the
apparently simple architecture of these mechanisms; no closed form solution can be
established for its FKP. Many research papers carried out in the area of PPRs has
been focused on this challenging problem referred as resolving the FKP [3, 4].
Research in this domain has mainly focused on the transformation of the FKP into a
high order univariate polynomial. In what follows, we present a concise overview
of the approaches used to resolve FKP only for PPRs. Numerical and algebraic
methods have been proposed to solve FKP of 3-RPR. In [3, 8] authors have
independently shown that the FKP of this mechanism can be reduced to the solution
of a characteristic polynomial of degree 6. The formulation due to [3] has then
become the standard one [9]. In this approach, the key idea aims to find an equation
which depends only on the orientation angle of the mobile platform, by eliminating
all other variables from the system of equations. Finally, a tangent-half-angle
substitution is performed to translate sine and cosine functions of £, which desig-
nates the orientation angle of the moving platform, into rational polynomial
expressions in variable T = tan(/2). Husty [5] has used the technique of kinematic
mapping to resolve the FKP for 3-RPR. In this work, he formulated a mathematical
equation by considering the displacements of EECP in the four-dimensional
homogeneous space. Hayes and Chen in [4] have presented a geometric and
algebraic tool which consists in developing a set of constraint equations that can be
used to solve the inverse and forward geometric problems of all possible three-
legged planar platforms possessing 3-DOF. Rojas and Thomas have suggested a
numerical approach to find the FKP solutions of 3-RPR which avoids all problems
related to other approaches, and have shown how the univariate polynomials of all
fully PPRs can be derived directly from that of the 3-RPR robot by formulating
these polynomials in terms of distances [9] and oriented areas [10]. The polynomial
thus obtained is achieved straightforwardly avoiding both variable eliminations and
tangent-half-angle substitutions. In [7] authors have proposed a 2D graphical
method for the kinematic synthesis of different examples of four-bar linkages using
CAD software. Kilit in [6], has proposed a geometric approach for FKP analysis
based on 22 steps for 3-RRR. Readers can refer to our previous work [1], where an
extensive bibliographic study of FKP resolution issue has been performed.

2 Classical Graphical Interpretation of the FKP: General
3-RPR-Type PPRM Case Study

The choice of the 3-RPR PPM is motivated by its practical interest, mechanical
simplicity, and rich mathematical properties [9]. In these notations, P stands for the
actuated prismatic joint and R for passive revolute joint. This manipulator has 3-
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Trajectory 1: Circular curve

@ (b) L
\____.~ Trajectory 2: Coupler curve

Fig. 1 Graphical resolution interpretation of the FKP for 3-RPR-type PPR

DOF. It is composed by a mobile platform and a fixed base connected by three
kinematic chains called limbs. Each limb is composed by an actuated prismatic joint
and two passive revolute joints at its two extremities. In this study, the rotary
motion of passive revolute joints are assumed unlimited. We denote by A; (i = 1, 2,
3) the center of the ith revolute passive joint attached to the fixed base. With a view
to simplification, the origin of the fixed coordinate system Rq (Op, Xy, Yo, Zp) is
attached to point A; as depicted in the Fig. 1. Similarly, we denote by B; (i = 1, 2, 3)
the center of ith revolute passive joint attached to the mobile platform. The planar
coordinates of A; in Ry (Op, Xy, Yo, Zy) are denoted by (c;, d;). The planar coor-
dinates of B; in Rg (Og, Xg, Yg, Zg) are denoted by (xy;, y»;)- We denote by E the
end-effector characteristic point (EECP) attached to the mobile platform. Its planar
coordinates in Rqy (Og, Xo, Yo, Zp) are given by (xg, yg). The orientation of the
mobile platform around the axis OyZ, is defined by angle 5. The operational
variables, giving the position and the orientation of the mobile platform relative to
the base, are xz, yr and £.

A deep understanding of the FKP is an essential step in developing resolution
methods. In this paragraph, the classical geometric interpretation of such a problem
is presented.

For 3-RPR mechanism, the actuated joint variables are fixed: the length of the
three legs A|B;, A>B; and A3B; are respectively fixed to py, p, and p3. If the leg
A3Bj; is disconnected from the rest of the mechanism, see Fig. 1a, it can be observed
that B, belonging to the mobile platform, describes a coupler curve of the four-bar
mechanism (A;B;B,A,) which is a six-degree algebraic curve. Besides, the
extremity B; belonging to the disconnected leg A3B; describes a circular curve of
radius p; and centered in A;. The points of intersection between the coupler and the
circular curves correspond to the possible locations of B; for which the 3-RPR
mechanism can be assembled. Therefore, the number of intersection points corre-
sponds to the number of FKP solutions of a 3-RPR manipulator.
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In Fig. 1, the six assembly-modes of 3-RPR-type PPR are graphically deter-
mined. It must be noted that, if we modify the p; value, the number of intersecting
points may be 0, 2, 4 or 6, which corresponds to the number of assembly-modes for
this type of manipulator. For this mechanism, it has been confirmed, by using
Bézout’s circularity theorem, that the number of FKP solutions is equal to 12,
where 6 of them are imaginary [11]. Consequently, there are at most 6 possible
solutions of the FKP for the 3-RPR manipulator associated to the different assembly
modes.

The mechanism geometric parameters for the example illustrated in Fig. 1 are:
P1 = 1498, P2 = 1538, p3 = 12, Cy = 1591, C3 = dz = O, d3 = 10, ll = 1704,
I, =16.54, I3 = 20.84, ¢ = 50.1 deg.

3 Proposed Approach for FKP Resolution

The key idea of our method is to consider each limb of a PPR as a serial chain
isolated from the rest of the mechanism and having the mobil platform as effector.
When actuated joint variables of planar 3-DOF robot are fixed, the EECP describes
a 2D region embedded in the 3D operational space (x, y, f). The intersection of
these regions gives a set of finite number of points corresponding to the solutions of
the FKP associated with the various assembly-modes of the robot.

3.1 CAD-Graphical Technique for FKP Resolution

The proposed CAD graphical technique has been implemented in CATIA® CAD
software, it consists of four major steps which will be illustrated for 3-RPR-type
PPR: Step 1: Construction of the feasible curves (regions) by the extremity of each
limb when the actuated joint variables are fixed. This step consists, for a given
orientation of the mobile platform, in constructing the 2D curve achievable by the
vertex of each limb isolated from the rest of the mechanism, when the actuated joint
variables are fixed. For the 3-RPR manipulator, these regions are circular for fixed
prismatic joint strokes, Fig. 2a. These circular regions are centered in the first
revolute passive joints defined by points A, A, and A3, and have as radii the joint
variables p{, p, and p3. Step 2: Construction of generic helical trajectories. In this
step, the helical curve represents the orientation change of the vector B;E when the
orientation angle f of the mobile platform varies from 0 to 2x; see Fig. 2a. The axis
of each helical curve is normal to the plane containing the circular region deter-
mined in Step 1. The radius of the ith helix is equal to ||B;E||, and the height of the
helix is 2m rad for f = 2m, as depicted in Fig. 2b. For each limb, a generic helical
trajectory is created independently. Step 3: Generation of the swept surface
reachable by the EECP associated to each limb for all orientations of the mobile
platform. In order to generate continuously the whole surface produced by each
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Centre of the initial circular
region (Helical axis departure
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\ Circular region after
translation

Circular region centre (departure of
helical curve) after translation with

I4E"

Fig. 2 Procedure for construction of a swept surface for one limb of 3-RPR-type PPR

limb corresponding to different values of the orientation angle of the mobile plat-
form, a sweep operation is applied.

This operation consists in sweeping the region created in Step 1, for a given
orientation of the platform and after performing a translation on it by vector
B.E (i = 1, 2, 3) along the helical generic trajectory which is set up in Step 2, as
shown in Fig. 2b. It is applied by iteration to all vertex regions reached by three
kinematic chains of the manipulator, Fig. 3a. Step 4: Determination of the common
points (xg, Vg, ) associated to the different assembly-modes for the PPR. Once we
have modeled all surfaces feasible by the chosen EECP associated to the different
limbs on the moving platform, we determine all points associated to the different
assembly-modes by using intersection operations (Fig. 3¢). This can be formulated:

{(xi, 90, B:),i = 1. .Nu} = Sscrewt (P1) N Sserew2 (P2) N Sserews (03) (1)

Note 1: The surfaces created in Step 3 will be named “helical surfaces” or
“screw surfaces”, or “twisted columns”. It is noteworthy that the position of the
EECP influences the construction parameters of the surfaces generated; in other

(a)

L

(b) (c)

B B E—
L - I
- T AsM,

,-u,u"‘\-T Sscrew2
SSrrrwJ /

: \s."f:/ 7 :fx_\f.ﬂﬂ

Fig. 3 Screw surfaces (twisted columns) attainable by the point E associated to each limb
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words, if point E is fixed on the center of the second revolute joint represented by
points B; with (i = 1, 2, 3), in the center of B, for example, the helical surface
produced by this limb A;B; degenerates into a cylindrical one. The radius of the
helical trajectory for this limb will tend to zero, that means: |BE|| = 0. The height
of the cylindrical surface represents the amplitude of the orientation of the moving
platform.

Note 2: Through the proposed developments, we can state that a classical 2D
coupler curve of a four-bar linkage, in XY plane, is nothing but the orthogonal
projection along S direction of 3D curve resulting from the intersection of two 3D
screw surfaces, constructed according to the above described CAD graphical pro-
cedure. This mathematical result can be proven in another framework.

3.2 Numerical Examples

In this subsection, a numerical example is presented in order to illustrate the
effectiveness of the proposed CAD graphical approach. The accuracy of the FKP
resolution based on this approach can be verified by applying the inverse kinematic
model (IKM) to the set of Pag.nv points. Afterwards, the results obtained are
compared to the target values of the joint variables py, p,, and p3. We consider
herein two PPRs of type 3-RPR, the first robot has the geometric design parameters
that has been studied in several papers [1-3, 12]. These parameters are depicted in
Sect. 2 of this paper with p; = 16.5, p, = 18.5, and p; = 17. The second robot have
the following geometric design parameters ¢, = 20, d» = 0, ¢3 = 40, d3 = 0,
Iy =1, =13 =52, with p; = 50, p, = 40, p; = 35, this robot is proposed in [1].

If we apply our CAD graphical technique to these manipulators, we obtain a set
of 6 Cartesian coordinates for (Robot 1), and 4 Cartesian coordinates for (Robot 2)
associated to the assembly-modes. The CAD procedure is completely illustrated in
Fig. 4. A 3D representation of these configurations is given. In order to highlight
the orientation of the mobile platform for these two 3-RPR-type PPR, theirs pos-
tures have been drawn in 3D representation, Fig. 4. We have considered in these
cases study that the EECP is located in the center B; of second revolute passive
joint of first limb for both robots, see Fig. 1. To verify the accuracy of our proposed

x'[i , Ay,
Se=r v

Fig. 4 Resolution of FKP for robot 1 (a), and robot 2 (b) using our CAD approach
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CAD technique, we compare the obtained results with the target values. So, we
calculate the image in the joint space of each obtained pose, associated to the
assembly-modes, by using the IKM. The resulted poses are indicated in Table 1.

Note 3: The target values for Robot 1 are p; (16.5, 18.5, 17), and for Robot 2 p;
(50, 40, 35). Due to the fact that CAD software uses Spline curves and NURBS
surfaces, a very small deviation between the exact solutions and those obtained by
our proposed CAD graphical approach can be observed

4 Singularity-Free Paths Connecting Assembly Modes

The generation of singularity-free trajectories connecting different assembly modes
is very important to extend the effective workspace of the robot. In our study, the
interferences which can occur between different mechanism parts are neglected.
Figure 5 shows clearly that parallel singularity surface divides 3D total workspace
into two adjacent regions [1, 2], so called aspects. In fact, the concrete represen-
tation and superposition of CAD models of singularity-free zones within the 3D
total operational workspace, CAD model corresponding to parallel singularity
surface, and FKP solutions in the same graph allows robot designers to identify
effectively the solutions of FKP associated with different assembly modes, which
belong to different singularity-free regions within workspace.

The last result gives designers all the possibilities to cope with problems related
to the generation of singularity-free trajectories. Our CAD approach offers the
potential to connect, two different solutions of FKP without the need to encircle a
cuspidal point in the joint workspace [12] for the 3-RPR-type PPR where three
solutions of FKP coalesce. For more details on the techniques used to determine the
CAD model of 3D total workspace, parallel singularity surface, and singularity-free

(a) (b)

B 3D total operational iy £
vao e { workspace ) jl(,'... -

/  Surface de singularity 4 —

Fig. 5 Superimposing in the same graph the 3D workspace CAD model, parallel singularity
surface and solutions of FKP for robot 1 (a) and robot 2 (b)
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Fig. 6 Singularity-free trajectories connecting assembly modes: Robot 1 (a), Robot 2 (b)

regions for different architectures of PPRs readers can refer to our works [1, 2].
Figure 6 shows CAD model for planning singularity-free trajectories for both 3-
RPR-types PPR described previously which connect different assembly modes.

5 Conclusions

A new graphical technique using CAD tools for FKP resolution of PPRs is pre-
sented. 3-RPR manipulator has been taken as an example of application; but our
approach can be used for all PPRs. This method offers a better understanding of the
assembly modes and the singularity-free trajectories within 3D workspace. In fact,
designers don’t need to develop analytic expressions neither for 3D workspace nor
for FKP resolution. Indeed, our work opens the door widely to go very far in the use
of geometric approaches to analyze, design and optimize PRs.

Acknowledgments This work is supported financially by the Excellence Laboratory “LabEX”
IMobS3 of Clermont-Ferrand, and the Research National Agency.

References

1. Arrouk KA (2012) Techniques de Conception Assistées par Ordinateur (CAO) pour la
caractérisation de l’espace de travail de robots manipulateurs paralléles. Ph.D. Thesis,
Unversity Blaise PASCAL-Clermont II, Institut PASCAL

2. Arrouk KA et al (2012) CAD based geometric procedures for workspace and singularity
determination of the 3-RPR parallel manipulator. In: Gogu G, Maniu I, Lovasz E-C, Fauroux
J-C, Ciupe V (eds), Mechanisms, mechanical transmissions and robotics, pp 131-140, Trans
Tech Publications, ISBN 978-3-03785-395-5

3. Gosselin C et al (1992) Polynomial solutions to the direct kinematic problem of planar 3-DOF
parallel manipulators. Mech Mach Theor 27(2):107-119

4. Hayes MJD et al (2004) Kinematic analysis of general planar parallel manipulators. ASME J
Mech Des 126(5):866-874

5. Husty ML (1995) Kinematic mapping of planar three-legged platforms. In: Proceedings of
15th Canadian congress of applied mechanics CANCAM, Victoria, Br. Columbia, Canada, vol
2, pp 876-877



52

10.

11.

12.

K.A. Arrouk et al.

. Kilit O (2010) A new geometric algorithm for direct position analysis of planar 3-RRR

manipulator. In: Proceedings of international symposium of mechanism and machine science
IFToMM, Turkey, pp 396402

. Kinzel EC et al (2006) Kinematic synthesis for finitely separated positions using geometric

constraint programming. ASME J Mech Des 128(5):1070-1079

. Pennock GR, Kassner DJ (1992) Kinematic analysis of a planar eight-bar linkage: application

to a platform type robot. ASME J Mech Des 114(1):87-95

. Rojas N, Thomas F (2011) The forward kinematics of 3-RPR planar robots: a review and a

distance-based formulation. IEEE Trans Rob 27(1):143-150

Rojas N, Thomas F (2013) The univariate closure conditions of all fully parallel planar robots
derived from a single polynomial. IEEE Trans Rob 29(3):758-765

Tancredi L, Teillaud M (1999) Application de la géométrie synthétique au probléme de
modélisation géométrique directe des robots paralleles. Mech Mach Theor 34:255-269

Zein M et al (2008) Non-singular assembly mode changing motions for 3-RPR parallel
manipulators. Mech Mach Theory 43(4):480-490



Introducing Distance Restrictions
in the Deformed Position Problem

I. Fernandez de Bustos, V. Garcia Marina, M. Abasolo and R. Avilés

Abstract The deformed position problem is the basis for methods dealing both
with synthesis and analysis of mechanisms. This paper analyzes how nonlinear
restrictions can be introduced into the method so that it can be used to represent
restrictions in the distance between two arbitrary points in the mechanism. The
applications of this algorithm range from designing grippers to defining the required
behavior of discrete elements such as springs or dampers. In order to introduce
these restrictions, the original method has undergone heavy modifications to include
simple Karush-Kuhn-Tucker systems along with saddle-point avoidance and under
determined Hessian matrices. Two possible variants of the method were studied.
Numerical results of the method have been included to demonstrate the efficiency of
the alternatives offered by the method.

Keywords Optimization - Mechanism synthesis and analysis - Karush-Kuhn-Tucker
systems + Nonlinear restrictions

1 Introduction

The deformed position problem has shown itself to be highly versatile when used in
the analysis and synthesis of mechanisms, having been successfully employed to
solve position problems, mechanism synthesis [1] and even path-planning problems
[2]. As in any other optimization problem, the versatility is much increased by the
means of restrictions implemented to allow boundary conditions and requirements
to be introduced.

Many different restrictions can be readily introduced by including linear con-
straints, but some features can only be implemented by means of nonlinear
restrictions. Although the inclusion of nonlinear restrictions in the deformed
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position problem is not new [2], no proper study has yet been conducted on
alternative ways of introducing them and solving the resultant system. The efficient
introduction of such restrictions is a prerequisite to approaching the synthesis of
mechanisms with these kinds of restrictions.

2 The Deformed Position Problem

The deformed position problem is defined in the following form. First, we define
the mechanism as being composed of deformable, linear elastic elements. Then,
restrictions are derived from the mechanism topology (fixed points and similar
boundary conditions). Finally, other boundary conditions derived from the problem
to be solved (input values, for example), are introduced. Most of these restrictions
are linear, but if the aim is to simulate the input by means of a linear actuator, in the
general case a nonlinear constraint must be introduced, which is the point of this
work.

In its simplest form of the method, a mechanism can be defined as consisting of
truss elements. In this case the error function can be written as in Eq. (1):

>

L) = W({x}) - L), (1)

i=1

where L; is the undeformed length of truss #; [;,({x}) is the deformed length of the
truss, as defined for the coordinates of the joints to be optimized, {x}; and b is the
number of trusses in the mechanism. We can safely say that this is a finite element
approach, in which the finite elements represent the solid-rigid elements of the
mechanism. In the case of elements including more joints, it might well be nec-
essary to include other kinds of elements having angular dimensions. From now on,
we will use the simplest form of the objective function, Eq. (1), but keeping in mind
the fact that the algorithms presented here are of general use.

With this in mind, we can define the deformed position problem as the problem
of obtaining the coordinates {x} that minimize Eq. (1), subject to the linear
restrictions defined by the fixed element and/or input elements and any nonlinear
restriction defined by input elements. One of these possible nonlinear restrictions is
the point-to-point distance requirement which was the subject of this study.

3 Introducing Point-to-Point Distance Restrictions

A point-to-point distance requirement in a precision point is the desired distance
from a point of an element in the mechanism to some point of a different element.
This requirement, although it may seem to be of little interest, is in fact of great
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relevance to the design of many mechanisms, ranging from motorcycle suspen-sions
to grippers. If we denote (x,,y,) as the coordinates of the first point and (x,,y;) as the
coordinates of the second point, the most straightforward method of representing the
requirement is Eq. (2), where D; is the required distance for the i restriction:

(1) = v/ (i — %)+ O — yar)? — Dy = 0. @)
But also of interest is the alternative, expressed by Eq. (3):

7i({x}) = (Wi — Xat) + (i — Yai) —D? = 0. (3)

The interest in this formulation resides in the fact that its derivatives are easier to
obtain, but convergence should be checked.

In previous works, Eq. (2) has been successfully used to solve, for example, the
path-planning problem. But this is not a general case, due to the fact that it is a
successive position problem; thus we always have a good starting guess for that
optimization problem, which avoids problems derived from saddle points.

The most straightforward method of solving the problem is to use Lagrange
multipliers. To implement them, our expanded error function takes the form:

F({x}) =f({x1) + Y r({x}). (4)
=1
Or, using Eq. (3), the alternative expanded error function:
FUH) = ) + S 2l {x)) 5
t=1

where 4, is the Lagrange multiplier for restriction .

4 Optimization Process

The minimization of Eq. (5) by sequential programming using the Newtonian
method for multiple variables requires the first and second derivatives of Eqs. (4)
and (5) with respect to the variables {x} and with respect to the Lagrange multiplier
{A}. It is easy to obtain, for the first formulation:

on({x}) an o - Ybi = Yai)
a{x} - {gl({ })} d,({x}) Exb,‘—xai) ’ (6)
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where di({x}) is the value of the distance among the points as defined by the
coordinates. For the second formulation:

—(Xbi - Xai)
e Pl S
(y})i - Yai)

The second derivative for the first formulation:

=B Ly 1B Ly
r,({x}) —Lly; 1- l%,- Lilyi -1+ lﬁ,’
o~ =g | e e e |
Lbi  —L+B <Ly 1P
(8)
where 1; = ( T )}Ca)’ and [,; = ):Z( {x)}}‘; For the second formulation:
) 2 0 -2 0
T mea- 1% 5 3 o o
0 -2 0 2
The resultant Karush-Kuhn-Tucker system:
H({xD] [ET{xD]| [ 4{x} | _ _ [ {Ge}
w o TR =R 1)

being [H,] = [H] + [H,], where [H] is the Hessian matrix of the original function

and [H,] = 2): [A:({x})], and {G.} = {G} + {G,}, where {G}is the gradient of the

t=1

original ‘ function and
(G} = 2 A (G LE = Ha (D} {eo(D} - {&:({x)}]" and
n({x})
{R}=1« ...
rr({x})

The second formulation leads to similar equations.

In order to solve this system, we decided to use the null-subspace method (see
[3]), mainly because we wanted to obtain a result which separated the part of the
increment of the coordinates required to verify the restrictions from the rest of it.
This allowed us to scale the increment that was not needed to verify the restrictions.
In order to do so, we separated the original system in:
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[H"] 4{x} + [E)" 4{0} = —{G"} (11)
and:

[E]A{x} = —{R} (12)

The null-subspace method introduces the expression:

Ax} = A{x, } + [N]A{y}, (13)

where [N,] is the null subspace of [E] and A{x,,} is a particular solution of Eq. (12).
In order to obtain [N,] and A{x,}, we resorted to the Golub-Reinsch [4] algorithm
for the SVD factorization. The SVD factorization has the advantage that we obtain
the less norm solution for A{x,}. This is important in order to make the correction
of the solution required to verify the restrictions as small as possible. An alternative
which is currently under investigation is tridiagonalization to obtain this solution
rapidly, yet keeping the numerical error as small as possible.
Introducing Eq. (13) into Eq. (11), we obtain:

[H]*INJA{y} + [E) 4{y} = —{G} — [H]"A{x, }. (14)
Pre-multiplying by [N,]”, we obtain a symmetrical system:
N THI N A{y} = =[NJ{G} — N [H] 4 {x, }. (15)

We must remember that [N,] is the null subspace of [E] and, thus, [N][E] = O.
Taking into account the Karush-Kuhn-Tucker conditions, we can use Eq. (15) to
implement saddle point and undesired extrema avoidance. In order to do so,
modified factorization systems can be used, but these lead to a lack of control on the
resolution.

An alternative is to perform diagonalization of the system, which can be done
utilising SVD [4], Bunch-Kaufmann [4], Bunch-Parlett [4] or the factorization
presented in [5]. The authors opted for the latter, since it represents a good com-
promise between computational cost and accuracy. The advantage of this approach
is that the optimization is decoupled to arrive at a set of independent optimizations
comprising one variable each, rather than a system of coupled optimization equa-
tions. Obviously, this decoupling is only valid for the order two approximation of
the error function in the current iteration, but it is obtained for each iteration at
negligible cost. This decoupling allows each of the decoupled variables to be
tackled independently, and the result can be modified accordingly if it means a non-
desired extrema (maximization in this case) or a inflexion point (Fig. 1).

In this study the increment in the event of saddle point or inflexion point was
simply fixed in the correct direction given by the gradient.
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Fig. 1 Topologies for the simple and complex test mechanisms with the placement of the point-
to-point restriction

5 Experimentation

A set of simple problems was designed to test the efficiency of both alternatives.
These can be divided into simple and complex, ‘far’ and ‘successive’, and
‘deformed’ and ‘undeformed’ problems. A problem is ‘far’ when the starting guess
is far from the solution to be obtained, and ‘successive’ whenever the starting guess
is close to the solution. A problem is ‘deformed’ whenever there is no undeformed
solution verifying the requisites, and ‘undeformed’ when there is a solution that
could be achieved by the mechanism without deformation.

Here we will show the results for only two representative configurations, due to
space limitations. Note that not only is the convergence in deformation energy of
interest, but also the verification of the nonlinear restriction.

In most examples, the linear formulation led to an extremely fast reduction of the
error in the restriction, which would usually translate into a marginally more rapid
convergence, but most of the time the difference was unnoticeable, as in Fig. 2
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Fig. 2 Evolution of the deformation energy and the linear restriction error for the simple
mechanism, successive problem, undeformed case
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Fig. 3 Evolution of the deformation energy and the linear restriction error for the simple
mechanism, far guess, undeformed case
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Fig. 4 Evolution of the deformation energy and the linear restriction error for the complex
mechanism, far guess, undeformed case

(although this was not always the case, as we will see in Fig. 4). It is important to
point out that this aggressive behavior sometimes leads to an oscillation in the
restriction that leads to delayed convergence, as can be seen in Fig. 3.

The complex mechanism only showed an increment in computational cost, but
with similar behavior.

6 Conclusions and Future Work

The behaviors of two formulations for introducing nonlinear distance restrictions in
the deformed position problem were studied. Both methods seemed to perform
without major problems, but one was simpler to implement and the other usually
achieved better convergence.
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The next task to be performed is to take advantage of these implementations to
approach the synthesis of mechanisms with fixed length restrictions and other point-
to-point constraints. It is also of interest to use a similar quadratic form to approach
the deformation problem itself, and it is also important to develop other nonlinear
restrictions such as angular requisites.
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On Generalized Euler Angles

Aleix Rull and Federico Thomas

Abstract This paper first explores the generalization of Euler angles to the case in
which the rotation axes are not necessarily members of an orthonormal triad, and
presents a concise solution to their computation that relies on the calculation of
standard Euler angles. Then, this generalization is taken one step further by
introducing translations, that is, by defining generalized Euler angles about screw
axes using a variation of the principle of transference that avoids the use of dual
numbers. As an example, the obtained formulation is applied to solve the inverse
kinematics of a 3C manipulator.

Keywords Euler angles - Generalized Euler angles « Dual Euler angles - 3C
Manipulator

1 Introduction

Decomposing a rotation into three partial rotations about prescribed axes is con-
sidered an important problem in the parametrization of the three-dimensional
rotation group [1] with applications to motion planning and inverse kinematics. For
example, the inverse kinematics of a wrist-partitioned manipulator requires the
decomposition of a given finite rotation of the end-effector into three successive
finite rotations about prescribed joint axes. When these three axes are selected
from an orthogonal basis, the rotation angles are the well-known Euler angles. The
case in which the three axes are not necessarily orthogonal was first treated by
Davenport in [2]. He considered the case in which the first and the third axes were
orthogonal to the second, but the angle between the first and third was arbitrary. In
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1978, Dimentberg took the problem in all its generality and reduced it to three
quadratic equations each relating the tangent of the half input angle with the tan-
gents of the half rotations angles [3]. In 1992, Wohlhart obtained a similar
expression for the first rotation angle and two linear equations relating the tangents
of the first angle and each of the other two angles, thus improving Dimentberg’s
formulation [4]. The main problem of these two formulations is their discontinuity
at £z. In 2003, Wittenburg and Lilov [5], and Shuster and Markley [6], indepen-
dently gave a successful solution to the problem that avoids this formulation sin-
gularity. More recently, in 2011, Mladenova and Mladenov solved the problem
using a vector-like parametrization of the rotation group [7], and in 2012 Piovan a
Bullo presented a solution based on a coordinate-free formulation [8].

Another generalization of Euler angles consists in introducing translations, that
is, in defining Euler angles about screw axes [9]. This leads to the concept of dual
Euler angles which has successfully been used in several biomechanical applica-

tions [10, 11]. A dual angle, say <2), is defined as a dual number of the form ¢ + €d,
with ¢ = 0, so that ¢ is the rotation about and d the slide along a given axis. Dual
numbers were introduced in the 19th century by Clifford, and their application to
rigid body kinematics was subsequently generalized by Kotelnikov and Study in
their principle of transference. This principle essentially states that, if dual angles
replace real ones, then all equations obtained for spherical problems are also valid
for spatial ones [12]. Therefore, general coordinate transformations can be
expressed as a sequence of rotations through three dual Euler angles.

This papers deals with the problem of computing dual Euler angles for the case
in which the three rotation axes are not mutually orthogonal, thus giving a unified
treatment of the two generalizations of Euler angles available in the kinematics
literature. It is interesting to observe that this problem was implicitly solved by
Pennock and Vierstra in [15] when calculating the inverse kinematics of the general
3C manipulator [15]. Curiously enough, this connection remained unnoticed in all
subsequent works dealing with generalizations of Euler angles. One of the purposes
of this paper is to highlight this connection and to provide a more concise and
readable formulation to that given in [15].

The rest of this paper is organized as follows. In Sect. 2, by relying on the
computation of standard Euler angles, a concise way to compute generalized Euler
angles is presented. Next, in Sect. 3, this result is extended to dual angles using an
alternative formulation of the principle of transference that makes no explicit use of
dual numbers. The derived equations are then used, in Sect. 4, to solve the inverse
kinematics of a 3C manipulator. Finally, conclusions are drawn in Sect. 5.

2 Computing Sets of Generalized Euler Angles

The problem of decomposing a rotation about an axis n by an angle ¢ into three
successive rotations about three axes mj, np, and n3 by angles a;, a,, and as,
respectively, can be algebraically expressed as:
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Ri(¢) = Ry, (21) Ry, (22) Ry, (03). (1)

Expressing the rotations about ny, n,, and n; in terms of rotations about the z-
axis, we have:

CiR,(21)C] CaR, (02)C5 C3R,(23)Ch = Ry (),

where C;, i =1, 2, 3, is a rotation matrix that rotates the reference frame so that the
rotated z-axis coincides with n;. Rearranging terms, this can be rewritten as:

CIR[(¢)C iR, (2)CCoR,(2)CI C3R, (23) = L.
Then, computing the products of all constant matrices, we obtain:
AlRZ(OCI)AzRZ(OCZ)A3RZ(OC3) =1

Now, after computing a set of valid ZXZ Euler angles for A;, i = 1, 2, 3, we
have:

Ry (B1)Rx(71)Rz(01)Ry (211 )Rz () Ry (72) Rz (62) Ry (012)
RZ(B3)RX(V3)RZ(53)RZ(OC3) =1

Hence, by collapsing the sequences of rotations about the same axis into a single
rotation, we conclude that:

Ry (71)Rz(01) Ry (72) Rz (02) Ry (73)Rz(03) = 1, (2)

where 0; = 01 + a4 +ﬁ2,92 :52+062+ﬁ3, and 05 :534-0(3-1-/31.

Observe that Eq. (2) can be seen as the closure condition of the spherical triangle
depicted in Fig. 1 [13]. Then, the analogues of the law of cosines for the angles 6,
6, and 65 of this spherical triangle allow us to write:

g1(71572,73,01) = cos | cos y, — cosy3 — siny; siny, cos 0; = 0, (3)
82(71, 72,73, 02) = cosy3cosy, —cosy; —sinyzsiny,cosy =0,  (4)
23(71,72, 73, 03) = cos y3 cos y; — cos y, — sin 3 siny; cos 03 = 0. (5)

Finally,

COS 7, COS Y, — COS V3
0, ==+ arccos< =,

siny; siny,

COS 3 COS P, — COS
0, =+ arccos( 3 2 L,

sin y; sin 7y,

COS Y3 COS Y| — COS
0; ==+ arcc0s< 73 4! yz).

sin y; siny,
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Fig. 1 Spherical triangle
associated with matrix Eq. (2)

If we take one solution for any of these three angles, the solution for the other
two becomes unique. Thus, we have two sets of solutions. To avoid checking the
eight combinations of signs to obtain the two right combinations, we can express,
for example, 6, and 65 in terms of #;. To this end, applying the law of sines to the
spherical triangle in Fig. 1, we have:

n-y
sin 0, = /1 sin 6y,
73
n?
sinf; = 72 0,
73
Therefore,
siny; . COS 5 COS P» — COS
0, =atan2| — n sin 0y, y3. Vz. N ;
sin y5 siny; siny,
sin . COS )3 COS Yy — COS
0; = atan2| — 72 sin 01, y3. yl. 12 .
sin y, sin y; siny,

As an example, consider the problem solved in [4] and [7] (note that the latter
reference contains several typos in the provided numerical values). In this particular
case, m; = (cos80° cos45°,cos 80°sin45°,sin80°), m, = (sin 60°,cos 60°,0),
n; = (1,0,0), n = (cos 50° cos 25°, cos 50° sin 25°,sin 50°), and ¢ = 60°. Using
the procedure given above, we obtain

51 = 90°, B, = 143.03°, 0, = +£93.24°,
5y =—2739°, By =—60°, 0, =+9188°,
53 =132.01°, B, =29.78°, 0 = +149.58°.

The resulting two sets of solutions are {oy = 33.73° 0p = —4.50°, 03 =
48.63°} and {o; = —139.79°, a, = 179.27°, 03 = —12.21°}, which coincide with
those given in [4] and [7].
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3 Applying the Principle of Transference

All the presentations of the principle of transference invariably resort to the alge-
braic structure of dual numbers, but for our purposes it is better to avoid it to derive
a more easily implementable formulation. To this end, let us suppose that a loop
closure conditions in a spherical mechanism can be expressed as:

gl(él?"')él‘l) :07"'7gm(£la"'a§n) :Oa

where ;i = 1,.. ., n represent rotations about the axes ny, ny, .. ., n,, respectively.
Then, if we do not only rotate but, at the same time, we also translate along the
directions defined by these axes the quantities di,d,, ..., d,, respectively, these
translations cannot be assigned independently, they must satisfy the following
n relationships:

agl agm -
Zd 2 Zd o5 ~

where the sign of d; is imposed by the sign of ¢; according to the right hand rule (see
[14] for details).

Now, if we apply the principle of transference, as stated above, to (3), (4), and
(5), we obtain:

dV] d01
(a; ap a3 ) d, | + (by by ds ) dp, | =0, (6)
d‘/s d93

where d,,,d,,,d,,,dp,,dg,, and dy, correspond to translations along the axes asso-
ciated with the rotation angles y,, 75, 3, 01, 02, and 603, respectively, and

—siny, cosy, — cos Y, siny, cos 0, siny; siny, sin ;

a; = | siny, ,bi=10 ,
— €08 Y3 8iny; — sin y3 cos y; cos 03 0
—Cos y; siny, — siny; cos y, cos 0, 0

a, = | —cosy;siny, —siny;cosy,costy |, by = | siny;siny,sinb, |,
sin y, 0
sin y; 0

a3 = | —siny;cosy, —cosyysiny,cosl |[,bs =] 0
— sin y; COS J, — COS Y5 sin p; cos 03 sin y; siny; sin 0;

In the next section, these formulas are used to solve the inverse kinematics of a
3C manipulator.
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4 Example: Inverse Kinematics of the 3C Manipulator

Clearly, calculating the inverse kinematics of an oblique spherical wrist' is equiv-
alent to solving (1) for a;, a,, and as. As a generalization, it can be observed that
calculating the inverse kinematics of serial manipulator with three cylindrical joints
can be reduced to solve the same set of equations to obtain the revolute joint angles,
and the system of equations in (6) to obtain the prismatic joint displacements.

The inverse kinematics of a general 3C manipulator was solved for the first time
in [15]. Since then, this has remained the standard reference for this kind of robot.
To exemplify the equivalence between calculating the inverse kinematics of 3C
manipulators and calculating generalized dual Euler angles, let us considered the 3C
manipulator shown in Fig. 2. Solving its inverse kinematics reduces to solve the
matrix equation

Tz (dl )Rz(gl)Rx(_300)Tx(35)Tz(d2)Rz(92)Rx(700)

T, (43 R0 (50) T (30) = E. 7
where E represents the location of its end-effector. If we set
0 0 -1 -115
e=1100 & | ®
00 0 1

and calculate the ZXZ dual Euler angles of ETx(—30)T,(—50), (7) can be rewritten
as:

T, (d1 )Ry (01) Ry (—30°)Tx (35)T, (o )Ry (02) Ry (70°) Ty (d3) Ry (03)

9
= R;(—90°)T,(55)Rx(90°) Tx(—25)R;(90°)T,(65). ©)

After rearranging terms, we finally obtain:
Ry (—90 °)Tx(25)R, (0, + 90 °)T4(d; — 55)Rx(—30 °)T(35) (10)

R, (02)T,(ds)Ry (70 ©)Ry (03 — 90 °)T,(d5 — 65) = L

After dropping translations and proceeding as explained in Sect. 2, the following
two sets of revolute joint angles are obtained: {0, = 43.16°,0, = —129.08°,
03 =67.16°}, and {0, = —223.16°,0, = 129.08°,0; = 112.84°}. Then, substi-
tuting these results in (6), and solving the resulting linear system in d;, d»
and d3, we obtain the following sets of translations for the prismatic joints:
{d\ =52.49,d, =2.9,d; = 89.54}, and {d, =57.51,d, = —2.9,d; = 40.46},
respectively. In Fig. 3, the robot is represented in both configurations.

LA spherical wrist is said to be simple if n; Ln, and m, Ln; or oblique, otherwise.
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1 di a; (67
di|0| O
0135(—30°
d2|0| O
00| 70°
ds| 0 0
50|30 O

Fig. 2 A 3C manipulator and its DH-parameters

Fig. 3 The two inverse kinematics solutions of the analyzed manipulator for a particular location
of its end-effector (see text for details)
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5 Conclusions

We have presented an alternative simple procedure to calculate sets of generalized
Euler angles. Next, this procedure has been extended from spherical to spatial
kinematics using a variation of the principle of transference that does not rely on the
use of dual angles. The arising equations have been shown to be equivalent to those
resulting from solving the inverse kinematics of the general 3C robot, a problem
already solved using dual orthogonal matrices by Pennock and Vierstra in [15].
Probably due to the fact that, in the example presented by these authors, the axes of
the cylindrical joints are orthogonal, their work has been overlooked in recent
papers dealing with generalizations of Euler angles.
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Guaranteed Detection of the Singularities
of 3R Robotic Manipulators

Romain Benoit, Nicolas Delanoue, Sébastien Lagrange
and Philippe Wenger

Abstract The design of new manipulators requires the knowledge of their kine-
matic behaviour. Important kinematic properties can be characterized by the
determination of certain points of interest. Important points of interest are cusps and
nodes, which are special singular points responsible for the non-singular posture
changing ability and for the existence of voids in the workspace, respectively. In
practice, numerical errors should be properly tackled when calculating these points.
This paper proposes an interval analysis based approach for the design of a
numerical algorithm that finds enclosures of points of interest in the workspace and
joint space of the studied robot. The algorithm is applied on 3R manipulators with
mutually orthogonal joint axes.

Keywords Interval analysis - Singular points + 3R Robot « Cusp - Node

1 Introduction

Algorithms and methods described in this article are applied to the study of a family
of robotic manipulators: 3 revolute-jointed manipulators with mutually orthogonal
Jjoint axes. Those manipulators are first studied because they can be regarded as the
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positioning structure of a 6R manipulator with a spherical wrist. A main point is
that they can be cuspidal, which means that they can change their posture without
having to meet a singularity, as detailed in [1] and [10]. It may or may not be the
desired behaviour. A cuspidal robot has at least one cusp in a planar cross section of
its workspace. On the other hand, the existence of nodes in this section is intimately
related to the existence of voids in the robot workspace. Thus, cusps and nodes are
important points of interest [5]. A classification based on the number of such points
can be established [1, 4].

The main point of the algorithm and methods we are detailing here is to use
Interval Analysis to enclose, in a guaranteed way, the cusps and nodes in the
generator plane section of the manipulator workspace. To find these points, we use
two systems of equations, whose roots are joint space points yielding the cusps and
nodes. To enclose the roots of those systems of equations, the Interval Newton
method is used.

We will verify that, for manipulators with no internal motion, and with some
imprecision in their geometric parameters, it is possible to find their cusp and node
points, with the formerly introduced algorithms.

Complete studies of manipulator families, as done in [1], allow one to choose a
manipulator within a large range of geometric parameters, when a precise behaviour
is needed. Alternatively, algorithms presented in this article make it possible to
study manipulators with geometric parameters between chosen bounds. It makes
them a first step in guaranteeing the behaviour of a manipulator, given its geometric
parameters, and the precision affordable for building the actual manipulator.

2 Studied Manipulators

The studied manipulators have three unlimited revolute joints. Thus, it is sufficient
to restrict the analysis to their last two joints. Since the workspace is symmetric
about the first joint axis, it is enough to restrict its analysis to a planar half cross-

section in the plane defined by (/x> + )?,z), that we will identify to (x* +)?,z)
for computational purposes.

Figure 1 shows the studied manipulator and its geometric parameters. Note that,
for a matter of convenience in our algorithms, angles f5; have been used instead of
the standard o;, where f5; = /2 — o;

We will first consider the same manipulators as in [1] that is, manipulators with
orthogonal rotations and no offset along their last joint. With conventions chosen
in Fig. 1, these manipulators are defined by f, = iz = r; = 0. We will show that
our methodology is able to provide the same results as in [1]. Furthermore, our
approach can also be used for manipulators with an offset along their last joint and
always returns an exact enclosure of the searched singular joint space points.
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Fig. 1 Kinematic diagram of
a general 3R manipulator with
0, =0

3 Application of Interval Analysis

3.1 Interval Analysis

Interval analysis is a computing method, that operates on intervals instead of
operating on values. The point of this is mainly for numerical computation because
it allows one to enclose values in intervals, whose bounds can be exactly stored by a
computer. With this computing method, thus, values are guaranteed to be between
bounds (see [6, 8]). Interval analysis is a simultaneous computation of numbers and
errors.

In this article, domains will be vectors of intervals. The notion of interval can be
extended by Cartesian product, so Interval analysis can be extended to domains by
the use of inclusion maps.

Definition 3.1.1 (Inclusion map)
Let fbe a map. An inclusion map of fis a function [f] that associates to a domain D,
a domain [f](D) such that f(D) C [f](D). Note that (x € D = f(x) € [f](D)).

In practice, the inclusion map [f] of f is chosen to minimize the domains [f](D)
with respect to inclusion.

This computing method is useful for its usability when a limited set of values can
be exactly represented, as for numerical computations. In this case, a point P is
represented by the smallest domain D containing P and f(P) is represented by
[f1(D), the smallest domain in the image space containing f(D).

3.2 Interval Analysis in Robotics

Interval analysis is a tool that can be used for many applications in Robotics (see
[7]) such as computing the kinematics of manipulators, including parallel ones.
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Indeed, the Interval Analysis properties seen in Sect. 3.1 allow one to search interest
points, without any round-off error (see [7] again).

One of the robotic applications of Interval Analysis is singularity analysis, that
is, finding singular points of the kinematic map of a manipulator. To find those
singular points, a general scheme is used, which consists of a subdivision and
shrinking process on the domain of study. The main idea is that the searched points
are defined as roots of an equation. Then, any domain whose image by the map
associated with the equation does not contain 0, does not contain any searched
point. If a domain may contain a root, then an operator is used to shrink the domain
to smaller ones containing the roots in the initial domain. Ultimately, when the
domain cannot be reduced this way, it is cut into several sub-domains that are
studied again. An instance of this scheme, to enclose the singular points of
manipulators, can be found in [3] and [2]. What makes the general scheme syn-
ergistic with Interval Analysis, is that they both operate on domains and have the
purpose to enclose computed values.

Several methods, using Interval Analysis or not, exist to enclose the singular
points of a manipulator. But, it is also necessary to verify the nature of those
singular points. For instance, suppose you succeeded in finding the enclosure of the
singular set in the workspace as in Fig. 2a. The real singular set can be either as in
Fig. 2b or c. To conclude on the behaviour of the manipulator, it is necessary to
verify if the two curves intersect or not.

In this paper, we propose an algorithm to enclose specific singular points that
define the behaviour of a manipulator, using Interval analysis. Accordingly, next
subsection proposes a method to enclose numerically roots from a system of
equations, through Interval Analysis: The Interval Newton method.

(a) (b) (0

Fig. 2 Example uncertainty of singular set crossing. a Example enclosure of a singular set in the
workspace, b instance of crossing enclosed singular set, ¢ instance of non-crossing enclosed
singular set
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3.3 The Interval Newton Algorithm

Given a square system of equations described by f= 0, we can define an operator over
domains. This Interval Newton operator Nyassociated to the map f'is defined by:

Np:D—x — ((df(D))™" x f(x)), where D is adomain and x € D (1)

df (D) is the matrix of intervals enclosing all the matrices associated to the linear
map of the differential of f at a point in D and (~)71 is the operator of matrix
inversion. The main point is that the topological relation between D and
N(D) depends on the presence of a root in D:

1. if Ny(D) C D then 3lx € D such as f(x) = 0 and x € Ny(D),
2. if Ny(D)ND = () then3/x € D such as f(x) =0,
3. if Ny(D) N D # ( then (if 3x € D such as f(x) = 0 then x € N;(D) N D).

The Interval Newton method applied with f is defined (see [9]) as being the
Algorithm 1

Algorithm 1 Interval Newton Algorithm

Require: A list “domains-of-study” of domains (D;) e, and a real number “precision”, ¢ > 0

return Two lists of vectors of intervals : “roots” and “indeterminate”

Core of the algorithm {The algorithm computes the Interval Newton operator, associated with the
studied map, on the domains in “domain-of-study”, and adds the ones that check the inclusion of
condition 1. to “roots”, while cutting the domains for which the presence of a root is unclear
(condition 3.) and adding back the defined domains to “domains-of-study” (as long as their sizes
are not smaller than ¢).}

Remark 3.3.1 (Interval Newton Algorithm with no indeterminate)

The Interval Newton algorithm is able to find the roots of a square system of equations
if the Jacobian matrix associated with it is invertible for the roots of the studied system,
implying that the Interval Newton method can only find isolated roots.

The Interval Newton method can also fail if the chosen precision is not small
enough. For instance it can allow a studied domain with a size smaller than the
precision to contains several roots. One then has to choose a smaller precision,
such as no domain can contain several roots.

4 Finding Cusps and Nodes

4.1 Notations and Definitions

o JS refers to the joint space formed by couples (0, 03),
o SWS refers to a plane section of the workspace, containing the first rotation axis
of the robotic manipulator and described by couples (p = x* +y*,z2),



74 R. Benoit et al.

f:JS = R?> —R? = SWS is the kinematic map of the robotic manipulator,
e fi,fr:JS =R?>—R are the components of f. Their expressions are, with i, =

B3 =0:

— (01, 0,) = (cos(0;)(dy cos(02) + d3) + dy — r3sin(01))? + (dy sin(02) + r2)?,
— f2(01,0,) = sin(0y)(dy cos(02) + dz) + r3 cos(0y),

o df refers to the differential of f and Df refers to the Jacobian matrix of f (the
matrix associated to df).

e An internal motion occurs when the end tip point P reaches a joint axis. In this
case, the inverse kinematics admits a continuum of solutions, which forms a line
in the joint space.

e The joint space singular points are the points such as det(Df) = 0.

e The workspace singular points are the images through f of the joint space
singular points.

e Cusps points and nodes points in the workspace are singular points satisfying
some additional properties: a cusp admits three equal inverse kinematic solu-
tions and a node admits two distinct pairs of equal inverse kinematic solutions.

e Cusps and nodes in the joint space are the sets of the inverse kinematic solutions
of the cusp points and node points in the workspace, respectively.

o S, is the singular set in the joint space.

AE = {(a,a)|la € E}

4.2 Applying the Interval Newton Algorithm

4.2.1 Application to the Cusps

Geometric considerations: We consider that a joint cusp point, C, is a point for
which the orthogonal of Ker(df(C)) is collinear with the gradient of the singular
curve, defined by det(Df) = 0. It is worth noting that in RR?, being collinear with a
vector v = (vi;v;) #0 is the same as being orthogonal to the vector
w = (—v;v1) # 0. Also, if Df(P) # 0, the rows of Df are a base of the orthogonal
of Ker(df(P)) and as long as Df(P) is invertible, the orthogonal of Ker(df(P)) is of
dimension 2 and thus it cannot be collinear with grad(det(Df))(P). Putting all of
this together, we can conclude that if grad(det(Df))(P) is not the null vector and Df
(P) is not the null matrix, then P is a cusp point if :

o 0 det(df 9 0 det(df _

Gy (-H5LP) + P - Hg Py =0 .
e 0 det(df 0 0 det(df

Be) (25D P) + B ()5 (P) =0

Specificities for the algorithm: System (2) is square, which allows one to use the
Interval Newton Method to find its isolated roots. The roots of system (2) that we
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are searching are singular points. Then, we will apply the Interval Newton Method
only if a studied domain contains a singular point, that is, if det(Df) may be null on
the domain. The final point is that grad(det(Df))(P) and Df(P) must not be null for
the searched roots P, in order to detect those. Then, we will always verify that the
components of grad(det(Df)) and Df(P) are not null on the domains that should
contain a cusp-root. If it is not the case on one of the isolated domain, it will be cut
into pieces that will be studied again.

4.2.2 Application to the Nodes

Geometric considerations: Node points are much simpler than cusp points for
transcription in roots of a map. Indeed, we are searching for couples

(x1,%2) € R? x R? — AR?, satisfying :

fla) =f()
det(Df (x1)) =0 (3)
det(Df(x2)) =0

Specificities for the algorithm: To apply the Interval Newton method to the
system (3), this system needs to be a square one, which is the case here, with 4 joint
variables and four equations. We search the roots in JS x JS C R? x R? while
avoiding the roots in AJS C AR?, because on this last subset, the Jacobian matrix
associated with the system (3) is not invertible while having roots and the Interval
Newton method fails.

Instead of applying the time consuming process of verifying that a studied
domain does not intersect AJS and verifying the injectivity of f, restricted to a subset
of §; each time the intersection occurs, one can build a covering of S; verifying a
well chosen property. Indeed, if the covering is done so that any intersecting
domains admit a hull on which f, restricted to S;, is injective, then, it suffices to
apply Interval Newton algorithm with system (3) to couples of disjoint domains, in
this last covering.

Note that the covering, built along with the process, is a guaranteed covering of
the singular set.

5 Performances of the Algorithms

Implementing and Running the Cusp and Node Algorithms

All results in this section are valid for any value, or interval of values, of rs.
To implement, in C++, the algorithms defined in Sect. 4.2, for 3 revolute-jointed
manipulators with mutually orthogonal joint axes, we calculated the formal
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expression of the derivatives and matrix derived from f, needed in the algorithms.
The algorithms evaluate the needed expression on the required domains, replacing
the standard functions and operators by corresponding inclusion maps."

The application to more general 3 revolute-jointed manipulators, with f, # 0 or
p3 #0, can be done by calculating their kinematic map. But, as the formal
expressions increase in length, the running time of the algorithm may increase and
the precision needed to enclose the interest points may need to be higher.

In the implemented algorithms, the initial domain of study for (6,, 63) can be defined
using any domain or list of domains, in R?. The domain of geometric parameters can
also be chosen. Our algorithms are currently being improved to contain a procedure
enclosing the usable joint space, given a simple volumetric model of the manipulator.

Table 1 shows results returned by the algorithms® applied to examples of classes
of studied parameters® for 3 revolute-jointed manipulators, with orthogonal axes
and with an initial domain of study for (0,,0;) of [-3.1415,3.1415] x
[—3.1415,3.1415] close to the [—m, 7] X [—=, n] full range for the joint angles.

The cusp enclosing Algorithm

Manipulator inducing no indeterminate (cases a, b, d and e of Table 1): The
algorithm has been applied to every example of geometric parameters sets in [1].
When the manipulator does not have an internal motion, for a moderate precision,
the algorithm needs little time to find the rigorous enclosures of the cusps, and does
not return any indeterminate domain.

Manipulator inducing indeterminate (case f of Table 1): When the algorithm is
applied to a robot that has internal motions, it finds the cusps outside the internal
motions, with the same running time as before. The algorithm then has to run for
some time until it encloses the lines associated with the internal motions with
domains whose size is the chosen precision. The running time is then dependant of
the chosen precision.

The nodes enclosing Algorithm

On domains where there is no cusps and no internal motion lines (case d of Table 1)
the nodes enclosing algorithm concludes after a running time close to the one
needed for the cusp enclosing algorithm with no internal motion. However, when
the domain includes a cusp (cases a, b and e of Table 1) the running time of the
algorithm increases quite significantly, because, near cusps, f restricted to S§j, is
injective only on small domains. In the same way, the Interval Newton method can
conclude, only on small domains when the hull domain of its two components is
close to a cusp point.

! The library used to handle intervals and operate on them is “Filib++".
2 Running time is given for a computer with a 64 bits operating system and an Intel® Core™ {7
CPU.

3 Notation: [n] is used for non computer storable parameter replaced by the smallest interval
containing it.
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Application with domains of geometric parameters

Our algorithms have been implemented to handle intervals of geometric parameters,
so to use intervals of parameters (as for case b of Table 1) it is only needed to define
a domain of geometric parameters which is not restricted to a point.

If the algorithms find a solution domain, then, for any set of geometric
parameter in the defined domain of parameters, there is a single interest point in the
solution domain. There will be no interest point in any domain that is neither a
solution domain nor an indeterminate domain for any set of geometric parameter, in
the defined domain of parameters. Ultimately, it can exist interest points, for any set
of geometric parameter in the defined domain of parameters, only in solution
domains and in indeterminate domains. For a manipulator with an internal motion,
the algorithms return, at least, enclosures for a subset of the interest point and a
covering of the research space that can contain interest points.

6 Conclusion

The main interest of the proposed method is that it can be used to find any isolated
point of interest for the evaluation of the behaviour of any manipulator, provided it
can be defined by a root of a square system of equations. Then, this methodology
constitutes a possible way of describing a robotic manipulator singular set, allowing
for the guaranteed detection of isolated specific singular points of interest.

It is to be noted that most of the running time of the algorithm is used to treat
domains where the Interval Newton algorithm fails to conclude. To increase the
performance of the algorithm, alternate methods for splitting and localized tests
need to be used and are searched.

As for a lot of Interval Analysis algorithms, our algorithm can be time con-
suming when dealing with complicated kinematic functions or high dimension
domains of study, especially for the nodes enclosing algorithm, due to the doubled
dimension of the domain of study, although attenuated by a pre-subdividing in the
joint space. However, provided that the algorithm runs for the time needed with a
sufficient precision, it is able to find enclosures for the searched points without
errors, or at least a subset of those enclosures and a covering of the searched points.
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Workspace Analysis for Evaluating
Laparoscopic Instruments

J.-H. Borchard, F. Dierfien, J. Kotlarski, L.A. Kahrs and T. Ortmaier

Abstract Laparo-endoscopic surgery is the treatment of choice in a variety of
intra-abdominal interventions, leading to lower infection risk, shorter recovery time,
and smaller scars. This paper presents a method for quantifying workspaces of
instruments in laparoscopic surgery. In contrast to most existing approaches, the
proposed performance criterion combines the executable positions and orientations
of the instrument’s functional end. Together with both, an intervention specific
workspace and consideration of collisions between instruments, the introduced
criterion is suitable to evaluate and compare laparoscopic instruments and systems
quantitatively. A three-dimensional, color-scale visualization of the criterion helps
analyzing laparoscopic instruments or systems. The presented methods are evalu-
ated with instruments of the da Vinci Surgical System by Intuitive Surgical, Inc.
While evaluating the presented performance criterion, the workspace dependency
of EndoWrist instruments under influence of different distances of trocar points is
demonstrated and quantified.

Keywords Kinematic evaluation - Workspace - Medical devices - Laparoscopic
surgery

1 Introduction

Laparo-endoscopic surgery is the treatment of choice in a variety of intra-abdominal
interventions, leading to lower infection risk, shorter recovery time, and smaller
scars. Typically, an endoscope and two laparoscopic instruments for tissue
manipulation or suturing are inserted through trocars. Common laparoscopic
instruments provide four degrees of freedom (DoF) only. Therefore, the complexity
of interventions is limited. New surgical instruments are available or in develop-
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ment, providing additional joints at the instrument tip to support six DoF for
manipulation. One of those instruments is already in use in many clinics, the Endo
Wrist of the da Vinci Surgical System by Intuitive Surgical Inc. [1].

Recently, different approaches to further reduce invasiveness have been devel-
oped, e.g. laparo-endoscopic single-site surgery (LESS) [2, 3]. In LESS, typically a
scope and laparoscopic instruments are inserted through one incision, leading to an
almost unremarkable scar if the cut is positioned in the umbilicus. For instance,
Intuitive Surgical developed the VESPA instruments for use in LESS [4]. Petroni
et al. [5] and Ding et al. [6] present the SPRINT and the IREP Robot for LESS two
intracorpural arms with six DoF.

For evaluating such systems quantitatively, only few approaches are published
so far. For instance, Deutschmann et al. [7] use a performance number for evalu-
ating laparoscopic instruments according to the feasibility of desired trajectories.
Other authors presented the reachable workspaces of the EndoWrist, the SPRINT,
and the IREP system [5, 8, 9]. The aforementioned approaches define the reachable
workspace as positions of the end-effector (EE) which can be reached with at least
one orientation. This workspace offers an easily comprehensible visualization, but
while comparing reachable workspaces of different systems, the following ques-
tions remain open:

e How many different orientations are possible while accessing specific positions
with a manipulator?
How affect collisions of instruments the reachable workspace?
How can a performance number be defined to compare instruments or overall
LESS systems in terms of workspace suitability for specific interventions?

This kind of evaluation and comparison is a precondition for systematic
development and determination of optimal designs and kinematics. This paper is
driven by the following hypotheses:

e Interventions have specific desired workspaces and those are independent from
laparoscopic instruments and systems.

e Information about executable workspace is helpful for benchmarking laparo-
scopic instruments or systems.

e The number of executable poses (position and orientation) in comparison to the
number of overall possible poses of a workspace acts as performance criteria for
evaluation and quantification of laparoscopic instruments or systems.

e 3D visualization of performance numbers helps comparing laparoscopic
instruments or systems.

In a previous work we presented methods for defining a desired workspace and
modeling of the kinematics and shape of laparoscopic systems [10]. Based on these
methods, this paper presents a performance number, the percentage of executable
six dimensional poses, for evaluating and quantifying the executable workspaces of
developed systems. It combines the ability of an EE to reach desired positions and
orientations. Hence, this performance number is convenient to be used in optimi-
zation approaches or to compare different systems. Furthermore, the performance



Workspace Analysis for Evaluating Laparoscopic Instruments 83

number is visualized in the three dimensional space. Therefore, existing approaches
of non medical systems [11, 12] are adapted.

To demonstrate the significance of the proposed methods simulation results are
presented. For that, EndoWrist instruments of the da Vinci Surgical System are
modeled. Furthermore, the dependency of the workspace of the EndoWrist
instruments on the distances between the trocar points are analyzed. Thereby, the
influence of collisions to the executable workspace, i.e. executable positions and
orientations, of these instruments is quantified.

2 Material and Methods

2.1 Workspaces and Performance Number

Here, two different workspaces are considered to evaluate laparoscopic equipment
quantitatively. The desired workspace Wiae, adapted to the intended intervention,
contains a number Of g target poses Py ; @ Manipulator should be able to
reach:

Wtarget = {ptarget,i“ € {17 e ntal'gﬁ}}' (1)

The executable workspace Weye o contains all target poses P inside the
desired workspace Wiy ge: an instrument A is able to reach:

Wexe,A = { Wlarget Vsys,A (ptarget,i) } : (2)

The function fiys A (Prareer;) depends on the kinematics model, the shape model,
and the configuration, i.e. pose of instrument B and laparoscope, of the studied
system. It returns one, if a target pose py,.s; is executable by instrument A and zero
if not. A target pose Py, i executable by instrument A, if its inverse kinematics
has a solution for p,..; and no collisions with instrument B or laparoscope are
identified. The performance number

|Wexe<A|
ose.c = ———— 100 % 3
Ppose, |Wtarget| ! ( )

rates the system by calculating how much percent of the poses inside the desired
workspace are executable.
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2.2 Evaluated Medical Equipment and Parameters

To execute a specific six dimensional pose Py, ; an instrument needs at least six
DoF. The classic manual laparoscopic instruments do not achieve this requirement.
They have, besides the functional DoF of the forceps, only three rotational and one
translational DoF at the trocar point. The da Vinci Surgical System by Intuitive
Surgical Inc. is widespread in use and overcomes this limitation [1]. Its instruments
have two additional DoF at the instrument’s tip (see Fig. 1). With these wrist joints
the instruments provide six DoF.

The values of the EndoWrist’s kinematics and shape are manually measured.
The modeling is adapted from a previous publication [10].

The rotatory joints Gew,1, Gew,2, and gew 3 as well as the prismatic joint ge. 4 are
located at the trocar point. The joints gew,1 and gey > represent the pivoting of the
instrument’s shaft under elastic deformation of the abdominal wall. They are limited to
—90° < gew,1 £90° and —90° < gew» < 90°. The joint gy 3 allows for a rotation of
the instruments shaft and is expected to be unlimited. With joint gey 4 the linear
movement of the shaft into the abdomen is modeled. The limits 8 mm < gey 4
< 367 mm ensure the shaft to completely stay inside the trocar. The full length of the
shaftl.,, 1 = 375 mmis used to represent the shaft’s shape for the collision monitoring
only. The first wrist joint between the shaft and the wrist link /oy, » = 9.3 mm s limited
to —85° < gew,5 <85° by design. The second wrist joint is limited to —105°
< gew < 105°. The grasper is modeled as a rigid link /¢y 3 = 17 mm without rep-
resenting the grasping movement, which is neglected in this paper. For collision
monitoring the diameter of all links are considered with dey, = 8 mm.

Additionally the kinematics and shape of the da Vinci Si HD by Intuitive Sur-
gical Inc. is modeled in the same way as the EndoWrist instruments. Differences are
the limits of the linear movement of the shaft into the abdomen 8 mm < gy 4
<379 mm and the full length of the shaft [, = 387 mm. Furthermore, the scope
has no wrist joints but an angled view axis about ¢, = 30°. For the collision
monitoring the diameter of the shaft is considered with dy. = 12 mm.

The instruments’ bases with the driving pulleys of the instrument as well as the
robotic arms of the Da Vinci Surgical System are not modeled. Therefore, their
kinematic limitations and the collisions among themselves are not represented. On
the one hand, this leads to larger workspaces than the real Da Vinci Surgical System
is able to execute. On the other hand, this simplification focus the problem of
instrument clashing, making the results more general and independent of the system
used outside the patient.

2.3 Simulation Setup and Visualization

The EndoWrist instruments where used for LESS [13, 14], but surgeons com-
plained about a smaller workspace and more self collisions with respect to con-
ventional use of the system. These effects will be evaluated quantitatively in this
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l

ew,2

Fig. 1 Kinematik of EndoWrist long forceps, Intuitive Surgical Inc., Sunnyvale, USA

paper. Therefore, in a sequence of several simulation settings the influence of trocar
distance d; to the executable poses pposec 18 analyzed. The simulation is simplified
in a way that the trocars are positioned as corners of an equilateral triangle with
origin in the center of mass (compare Fig. 2). For each simulation different trocar
distances 12 mm < d; <250 mm are defined. Figure 2 shows the simulated situa-
tion: left trocar (compare Fig. 2b) is equipped with EndoWrist (instrument B),
upper trocar with a da Vinci Si HD, and right trocar with EndoWrist (instrument A,
not shown). For all trocar distances d; the EE of instrument B has the same position
Peen = (200mm, O, 0,)" and is not rotated referring to the coordinate frame of
origin (CF),. The view axis of the endoscope is always directed to the EE position
of instrument B PecB with a distance of dyceg = 70 mm. Its revolute joint is fixed
and set to g, 3 = 0°, so that the view comes always from the upper site.

The desired workspace shall satisfy the needs of the desired intervention. Here, a
cholecystectomy is chosen [15, 16]. The position and size of the gallbladder leads
to a spherical desired workspace with radius rys = 100 mm and distance of dys =
200 mm between sphere center and abdominal wall. That leads to the coordinates of
the sphere center p,, = (dys, 0, 0, )T = Peep- Target positions are defined inside
the volume with d, = 15 mm mesh and additionally on the surface of the volume.
At each target position 6° target orientations are defined. Altogether, this leads to
Niarger = 4.5 10° target poses Prarget,i-

To get an easy interpretable visualization of the executable workspace Weye a, a
volume is estimated. As result, the shape as well as the volume of the executable
workspace are approximated and visualized. Additionally, the proportion of exe-
cutable orientations at each position is visualized in a color scale.

3 Results

To point out the influence of the trocar distance d; on the percentage of executable
POSES Ppose,c Of an EndoWrist, several simulations with a setup defined in Sect. 2.3
are performed. Figure 3 shows the results of two different trocar distances. It can be
noticed, that the number of executable orientations at each position is limited to
approximated 60 %. This result is caused by the limits of the wrist joints gew,s and
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Executable orientations at each position
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Fig. 2 Clipped executable workspace of instrument A (not shown) in a sectional view with a
trocar distance d; = 150 mm and a number of executable poses of ppose,c = 42.4 %. a Side view.
b Front view

Executable orientations at each position
60% 45% 30% 15% 0%

1 H H

(a) (b)

Fig. 3 Executable poses ppose,c of instrument A (not shown) inside of the desired workspace for
different trocar distances d; in a front view. a d; = 150 mm; ppoee.c = 42.4 %. b d; = 14 mm; ppoge;
=102 %

gew of instrument A. These joints inside the patient are, in addition to the joint
gew,3 outside the patient, primarily responsible to orientate the EE. The limits of the
joints gews and gews lead to the confinement that the EE of the EndoWrist
instrument can not be angled towards its trocar point.

The number of executable orientations of instrument A is not equal at each
position. This effect is caused by collisions with the instrument B and the scope,
respectively. The collisions affect the executable workspace less when using bigger
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Fig. 4 Rate of executable positions not limited pposine and limited due to collisions ppesic and rate
of executable poses not limited pposenc and limited due to collisions pposec of an EndoWrist
Instrument with respect to the trocar distance d;

trocar distances d;. For example, in Fig. 3a a trocar distance of d; = 150 mm is
assumed. Here, the collisions affect only small areas behind the instrument B and
the scope, leading 0 pposec = 42.4 %. The influence of collisions increases when
the trocar distances decreases. If the trocar distance is reduced to d; = 14 mm (see
Fig. 3b) some positions inside the desired volume are not executable in any ori-
entation. The number of executable poses decreases t0 pposec = 10.2 %.

Figure 4 gives an overview of the percentage of executable poses ppose Of the
instrument A with respect to the trocar distances d;. Useful for comparison, the rate
of executable positions ppesic is added. Therefore, all positions inside the desired
volume are considered, which are executable in at least one orientation. Addi-
tionally, the rate of executable poses and positions are calculated without consid-
ering the limitations due to collisions (Ppose,nc and Pposi nc)-

With the last-mentioned disregard of collision detection, the executable positions
Pposine and the executable poses pposenc do not give sensitive results for different
surgical settings, e.g. different trocar distances d;. Hence, self collisions have to be
considered. In this case the number of executable positions ppesi . and the number of
executable poses pposec increase while increasing the trocar distances d.

When the number of executable positions pposic has a almost constant value for
trocar distances dy < 80 mm, the number of executable poses ppose.c is still sensitive.
Furthermore, the number of executable positions pposic does not indicate the sys-
tems ability of executing different orientations, being essential for performing
complex tasks. The results show, the performance number pposc is sensitive
enough for evaluating, comparing and optimizing laparoscopic instruments. The
examined simulation shows, the executable workspace decreases dramatically while
using trocar distances d; < 60 mm. Especially in LESS the instruments have a very
low distance to each other. The EndoWrist instruments seem to have some limi-
tations for use in that settings.
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4 Conclusion and Future Work

This paper introduced appropriate methods and a criterion to quantitatively rate and
compare systems for laparoscopic surgery. For that purpose, a performance number,
the percentage of executable poses is introduced. The proposed criterion combines
the ability of an EE to reach desired positions and orientations. This performance
number is convenient to be used in optimization approaches and to compare dif-
ferent systems. In comparison to most existing approaches, collisions are consid-
ered within the workspace analysis leading to practical results. The results show the
significance of the performance number, i.e. the percentage of executable poses.
Furthermore, the presented approaches are easy to adapt and transferable to dif-
ferent laparoscopic systems. This is the precondition for the final aim of the authors,
to automatically synthesize intervention optimal kinematiks for LESS equipment.

In addition, the visualization methods result in meaningful figures. Here, the
number of executable positions inside the desired workspace is presented as a
volume and the executable orientations are visualized in a color scale.

References

1. Guthart GS, Salisbury JK (2000) The Intuitive™ telesurgery system: overview and
application. In: Proceedings of the IEEE international conference on robotics and
automation. pp. 618621, San Francisco, CA. ISBN: 0-7803-5886-4

2. Ahmed K, Wang TT, Patel VM, Nagpal K, Clark J, Ali M, Deeba S, Ashrafian H, Darzi A,
Athanasiou T, Paraskeva P (2011) The role of single-incision laparoscopic surgery in
abdominal and pelvic surgery: a systematic review. Surg Endosc 25(2):378-396

3. Rao PP, Rao PP, Bhagwat S (2011) Single-incision laparoscopic surgery—current status and
controversies. J Minim Access Surg 7(1):6

4. Escobar PF, Haber GP, Kaouk J, Kroh M, Chalikonda S, Falcone T (2011) Single-port
surgery: laboratory experience with the daVinci single-site platform. J Soc Laparoendosc Surg
15(2):136

5. Petroni G, Niccolini M, Menciassiz A, Dario P, Cuschieri A (2013) A novel intracorporeal
assembling robotic system for single-port laparoscopic surgery. Surg Endosc 27(2):665-670

6. Ding J, Goldman R, Xu K, Allen P, Fowler D, Simaan N (2013) Design and coordination
kinematics of an insertable robotic effectors platform for single-port access surgery. In:
Proceedings of the IEEE/ASME transactions on mechatronics

7. Deutschmann B, Konietschke R, Albu-Schauffer A (2013) Task-specific evaluation of
kinematic designs for instruments in minimally invasive robotic surgery. In: 2013 IEEE/RSJ
international conference on intelligent robots and systems (IROS)

8. Clinical Advantages of the da Vinci S and da Vinci Si Systems Compared to the Standard da
Vinci System. Intuitive Surgical Inc. (2009)

9. Xu K, Goldman RE, Ding J, Allen PK, Fowler DL, Simaan N (2009) System design of an
insertable robotic effector platform for single port access (SPA) surgery. In: Proceedings of the
IEEE/RS]J international conference on intelligent robots and systems (IROS)

10. Borchard JH, Kotlarski J, Ortmaier T (2013) Workspace comparison of cooperating
instruments in laparo-endoscopic single-site surgery. In: Proceedings of the IEEE/ASME
international conference on advanced intelligent mechatronics (AIM)



Workspace Analysis for Evaluating Laparoscopic Instruments 89

11.

12.

13.

14.

15.

16.

Petitt JD, Miller K (2003) Sixdimensional visualisation of end-effector pose using colour
spaces. In: Proceedings of the Australian conference on robotics and automation

Zacharias F (2012) Knowledge representations for planning manipulation tasks. Springer,
Berlin

Ragupathi M, Ramos-Valadez DI, Pedraza R, Haas EM (2010) Robotic assisted single incision
laparoscopic partial cecectomy. Int J Med Rob Comput Assis Surg 6(3):362-367

White MA, Haber GP, Kaouk JH (2010) Robotic single-site surgery. Curr Opin Urol 20
(1):86-91

Kishk SM, Darweesh RM, Dodds WJ, Lawson TL, Stewart ET, Kern MK, Hassanein EH
(1987) Sonographic evaluation of resting gallbladder volume and postprandial emptying in
patients with gallstones. AJR Am J Roentgenol 148(5):875-879

Ko SY, Kim J, Lee WJ, Kwon DS (2007) Compact laparoscopic assistant robot using a
bending mechanism. Adv Robot 21(5-6):689—-709



A Novel, Loop-Based Approach

for Rigidity Detection for Systems

with Multiple Spherical-Spherical Bars:
The “Double-Banana’ Case

F. Simroth, H.F. Ding and A. Kecskeméthy

Abstract Rigidity detection is a very important tool for structural synthesis of
mechanisms and the processing of CAD-generated models, as it helps to unveil
possible sources of inconsistency in Griibler’s count of degrees of freedom (DOF) and
thus to generate consistent kinematical models of complex mechanisms. This paper
proposes a loop-based rigidity detection algorithm that is able to detect rigidity/
mobility for special cases including multiple spherical-spherical pairs, such as the
famous “double-banana” mechanism. To this end, the algorithm tracks “isolated”
DOFs which are split into “fully isolated” and “transmitted isolated”” DOFs. Using the
independent loops as the basic building blocks, the kinematical network and its
reduced loop connection graph are obtained, from which rigid sub-systems and the
inherent “global” isolated rotational DOFs are recognized. The procedure is explained
for the “double-banana” mechanism but is easily extended to other mechanisms.

Keywords Rigidity detection - “Double-banana” mechanism - Kinematical
network - Multiple spherical joint

1 Introduction and Problem Statement

Rigidity detection has attracted researchers in the field of robotics and mechanisms
since many decades as it is a necessary component in the process for automatic
synthesis of mechanisms as well as the processing of CAD-generated models. The
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problem is to identify (1) whether a mechanism contains substructures with nega-
tive DOF and if so, detect (2) the parts forming the rigid substructures, such that
their negative degrees of freedom (DOF)s do not illicitly cancel out positive DOFs
in other parts of the structure. Based on Laman’s theorem [1], many algorithms
were proposed to detect the rigidity for both planar and simple spatial mechanisms.
Hwang and Hwang [2] presented an algorithm for the detection of rigid sub-chains
based on a loop-decreasing method which is limited to the detection of rigid planar
kinematic chains. Lee and Yoon [3] proposed a method that involves deleting
binary chains in turn to simplify the chain for rigid sub-chain detection. But the
computer-aided implementation of this method has not been accomplished yet. For
the first time Tuttle [4] obtained basic rigid chains with 7 or fewer links, and then
attempted according to these rigid chains to identify rigid sub-chains in systems
with more links. But with increasing complexity, this method can hardly be applied
to mechanisms with more than 10 links. Moukarzel [5] adopted the description of a
system as a collection of rigid bodies connected by bars to improve efficiency of
rigidity detection. The algorithm for detecting the rigid structure in planetary gear
trains is proposed by Hsu and Wu [6] while this algorithm is limited to a planar
graph. Recently, a theorem based on an independent loop set is presented by Ding
[7], where by three operations of loops rigidity of planar mechanisms can be
detected. Xia, Ding and Kecskemethy [8] presented a loop-based method for
identifying rigid subsystems based on a kinematical network.

Although many rigidity detection algorithms have been thus provided, an
automatic rigidity detection algorithm for systems involving isolated DOFs, such as
the famous “double-banana”, shown in Fig. 1, seems not to have been reported so
far. The “double banana” consists of 18 rods connected at 8§ nodes which can be
interpreted as (multiple) spherical joints. If we give to each node 3 DOFs and
subtract one constraint per bar, then the Griibler count gives DOF = 0, thus sug-
gesting that the structure is rigid. However, one can clearly “see” that the double
banana structure consists of two rigid bipyramids, one at the left and one at the
right, which are coupled together by two spherical joints (A and B). Thus there is an
“implied edge” [9] between A and B about which the two halves can rotate with
respect to each other, while the longitudinal direction along this edge is overcon-
strained with DOF = —1.

Fig. 1 The “double banana”
mechanism

! SDOF: +1
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IDOF: -1
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Another famous test equation for rigidity is Maxwell’s rule [10] proposed in
1864, which states that a statically and kinematically determined framework with
b bars and j joints follows the equation

b=3j—6 (1)

It is obvious that a bipyramid (single banana), with 9 bars and 5 joints (correctly)
satisfies the condition of the Maxwell’s rule. However, also the “double-banana”
structure obeys the Maxwell’s rule, although it is obviously not rigid. Thus, this
structure is a classical (non-trivial) example of a mechanism satisfying Maxwell’s
rule of a statically and kinematically determined framework, but which is never-
theless generically able to move, and which has thus attracted considerable attention
in the literature: Fowler [11] analyzed the symmetry of the structure, and presented
the result of the symmetry of multiple banana mechanisms; Cheng and Sitharam [9]
studied the rigidity of the 3D structure with the “double-banana” as an example; and
Rojas [12] proposed the position analysis based on the closure condition of the
“double-banana”.

The cause for the double-banana paradox is that there exist in the mechanism
“isolated” DOFs (at the outset a total of 18 “isolated”—i.e. immaterial—DOFs as
rotations of the bars about their axis) which create an own level of transmission
kinematics, which in some parts become overconstrained, while in others remain as
“free”. An algorithm for identifying mobility/rigidity must thus be able to track
these isolated DOFs in order to detect where they are overconstrained and where
they can spin freely.

We propose in this paper a novel procedure for tracking such isolated DOFs by
viewing the structure not as an assembly of bars and joints, but as a system of
interconnected kinematical loops, called the “kinematical network™ [13]. The
interconnected kinematical loops are chosen as a set of “smallest” independent
loops, termed a minimal cycle basis, in which the sum of numbers of relative joint
variables within each loop over all loops is smallest. While the number n; of
independent loops is unique and is given by n;, = ng — ng + 1, where ng is the
number of proper (binary) joints and ng is the number of bodies, the choice of the
independent loops is not unique. In the present case we choose the 11 independent
loops shown in Fig. 1. Note that, apart from loop L11, which is quadrilateral, all
loops are triangles, each “corner” being embodied by a spherical joint. At the
beginning, each loop is regarded as an independent transmission element, i.e., all
relative motions within a loop are regarded as independent. When several loops are
incident to one joint, kinematical balance equations may arise between the relative
internal loop variables, stating e.g. for spherical joints that the product of rotation
matrices of the relative rotations defined within each incident loop at the spherical
joint yields unity (=3 dependencies). As shown in [13], the number of kinematical
balance conditions at each joint is equal to nc = n;, — ng + 1, where ng_is the number
of incident loops and ng is the number of incident bodies at the joint. Clearly, for
the loop basis of Fig. 1, the loop coupling condition gives one spherical coupling
condition at joints E, G, D and F and two spherical coupling conditions at joint A.
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Fig. 2 Loop coupling
conditions at a multiple
spherical joint

2 Coupling Conditions and Kinematical Network

When multiple loops coincide at one spherical joint, one can always decompose the
relative rotations within a loop into two terminal rotations about the connecting
bars, and one intermediate rotation about some arbitrary axis, which should how-
ever be warranted never to become parallel to one of the rods over the complete
motion. Figure 2 shows such a decomposition for the three loops L1, L2 and L3 of
the left banana coinciding at spherical joint A in Fig. 1. For each bar, one can
register exactly one rotation about this bar as fully isolated, as it does not have any
influence on the internal and external kinematics of the loops. In the example of
Fig. 2, these are rotations o and y about bars 1 and 2 within loop L3, and rotation {
about bar 3 within loop L2, respectively, which are arbitrary and “invisible” and
which have thus been “welded” with the joint sleeve for better traceability. The
further loops incident to this joint introduce additional, superposed bar rotations
which although isolated within the corresponding loop transmit to the other
neighboring loops. In the example of Fig. 2, the superposed locally isolated rotation
& of loop L2 transmits to the intermediate rotation 0 of loop L1, and thus is clearly a
“transmitted” isolated DOF. Moreover, the two locally isolated DOFs y and ¢ of
loop L1 are a function of the relative rotations R (&, 1, €) and R3 (a, B, y) of loops
L2 and L3 according to the kinematical spherical closure condition

Rl(d)aea\']) :RZ(E”T];C) *R3(Of,ﬁ,'y)- (2)

Assuming for example Euler (z-x-z) angles decomposition, the dependent
rotation R; (¢, 0, y) can be resolved in terms of the three unknown angles ¢, 6, and
v as a function of the 2 x 3 “inputs” of the coupling condition a, B, y and &, 0, .

Using the coupling conditions described in Sect. 1, one obtains for the double-
banana example of Fig. 1 the kinematical network shown in Fig. 3. In this kine-
matical network, the following peculiarities can be observed:

(1) Each of the loops L1, ..., L10 display 3 local DOFs, which are the three
isolated DOFs about the three bars; likewise, loop L11, which comprises four
spherical joints, displays 6 local DOFs.
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Fig. 3 The kinematical network of the “double-banana” mechanism
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At each coupling joint, three coupling equations according to Eq. (2) are
produced. Two of these coupling conditions go into isolated DOFs, while one
propagates into a transmission angle, which is the opening angle of the
intermediate joint of the z-x-z decomposition.

By the sink method, one can start the orientation of the edges by choosing
candidates for a sink. These are loops for which the number of existing
connection edges is less or equal than the local DOF of the loop. For the
example at hand, the sink loops are L1, L4, L6, L10 and L11. However, for
each of these loops, the “intermediate” coupling angle (8 in the case of loop
L1) actually transmits into the loop kinematics and is subject to a constant
condition there (due to the triangle condition it follows 6 = const.). Thus the
sink loop actually introduces an implicit equation (marked “1x” in a gray box
within the loop) which must be fulfilled by the transmitted DOFs entering the
loop. On the other hand, each sink loop features an additional fully isolated
DOF, which is about the third edge that is not shared with any other loop. Note
that in the kinematical network of Fig. 3, and for all figures below, we will use
dotted lines for fully isolated DOFs and dashed lines for transmitted isolated
DOFs, respectively.

After having determined all sinks, the remaining loops are completed by
feeding enough inputs to each loop such that the local loop DOF count is
obeyed. Here, it is important that exactly (only) one fully isolated DOF is
registered for each bar; thus if already registered by another loop the local
isolated DOF of a loop becomes a “transmitted” isolated DOF. In the example
of Fig. 3, we registered all three isolated DOFs of loop L3 as fully isolated;
thus in loop L2 we can only register two isolated DOFs as fully isolated, while
the third (about the common bar with L3) must be chosen as a transmitted
isolated DOF. Moreover, after receiving its inputs at joints D and F, loop L11
detects a fully isolated DOF about the axis connecting joints A and B (as the
distance between the two centers of the spherical joints is invariant under the
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six joint variables contained in joints A and B), which is registered as an
additional fully isolated DOF operating on this loop.

(5) The fully isolated DOFs can be applied irrespectively of the rest of the
structure, thus from Fig. 3 one can see that there are in total 19 fully isolated
DOFs, 18 representing the spins of the bars, and one in loop L11 representing
the spinning rotation between the two bananas about the implied axis A-B.
Thus the kinematical network already is able to detect that, apart from the 18
isolated bar spins, loop L11 features an additional DOF that is not cancelled by
the rest of the structure. However, it remains to detect which parts of the
structure are rigid or over-rigid. This is done in the next section.

3 Loop Connection Graph and Rigidity Detection

As described in [8], a kinematical network can be transformed into a “loop con-
nection graph” describing the level of dependency of the individual loops and
possible implicit conditions. We show here the loops as boxes and implicit con-
ditions as gray disks, with the number n of implicit equations denoted by “n x”
within the disk, and the indices i, j, ... of loops L;, L;, ... embracing these implicit
conditions in braces besides the disk. The connections between loops and circles are
represented by weighted edges, where the weight represents the number of joint
variables transferred through this edge. External inputs are depicted by edges from
the source “S” to the corresponding loop, while the level of dependency is
expressed by the distance (in rows) from the source to the node, as shown in Fig. 4.

According to [8], rigidity detection can be performed on this acyclic graph by
evaluating directed’cuts’ such that the source is on one side, the sink(s) is on the
other, and all edges through which the cut passes are directed from the’upstream’ to
the’downstream’ side. Such cuts can be easily determined using state-of-art graph-
theoretic methods [14]. The sum of weights of the cut edges is termed the weight of
the cut, while the sum of implicit equations in the downstream side of the cut is
termed the absorbing degree of the cut. The DoF of the cut is equal to its weight
minus its absorbing degree. This DoF is equal to the DoF of the nodes on the
downstream side of the cut. Whenever the DoF of the cut is less or equal to zero, the
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Fig. 4 The loop connection graph of Fig. 3
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downstream subsystem will represent a rigid or an overconstrained subsystem. The
cut with the minimal DoF will determine the most overconstrained substructure.
Clearly, the cut X; in Fig. 4 displays a weight of 4, and an absorbing degree of 5,
thus the whole structure is over-rigid with DOF = —1. However, as there is addi-
tionally a fully isolated DOF entering loop L11, this over-rigid structure also fea-
tures one proper DOF. Thus the structure is further analyzed to detect the rigid
subsystems involved in the structure.

Since the isolated degrees need not be taken into account for rigidity detection,
only the transmitted isolated DOFs (dashed lines) are now of interest. In order to
simplify the search for adequate cuts, the loop connection graph is decomposed in
“pruned” subgraphs for each sink, each being the sub-graph obtained when
removing all nodes that are not on any path from the sink to the source (Fig. 5).
Clearly, only one such pruned sub-graph has a cut with non-positive DOF (X, in
Fig. 5a). Thus the subsystem {L; L, L3} can be replaced by a rigid body.
Restarting the algorithm with these loops replaced by a rigid body gives Fig. 6a,
which again displays a cut X3 with DOF = 0, hence the subsystem {L;, L, L3 Ly
Ls} is again rigid. Replacing this again by a rigid body and carrying out the
analogous steps for the right half of the double banana graph gives the pruned graph
of Fig. 6b. This graph has now a cut X, with transmitted weight zero (not counting
the fully isolated DOF of loop L11) and an absorbing degree of 1, hence the cut has
DOF = —1. Thus the algorithm detects both halves of the double banana as rigid,
and also detects that their assembly into loop L11 features one fully isolated DOF
(the spin rotation about the implied edge A—B) and one overconstrained direction
with DOF = —1 (the longitudinal direction of edge A-B).
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4 Conclusions

Based on the concept of the kinematical network, the present method is able to
detect mobility and rigidity for systems featuring spherical-spherical pairs, such as
the double banana case. The method consists in viewing the mechanism as an
assembly of coupled independent kinematical loops instead of regarding it as a
system of coupled bodies and joints (or of bars and nodes). Due to this, it is possible
to track isolated degrees of freedom separately from transmitted joint angles, and by
this to dissect rigid subsystems and superimposed local mobility. We believe that
the method can be extended to more complex systems involving spherical-spherical
connections, such as the nucleation-free examples presented in [9]. In this setting, it
is interesting to note that there may exist bi-directed (acausal) connections between
pairs of nodes for transmitted and isolated DOFs, respectively.
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Planar Four-Link Mechanism Analysis
for Application in 3D Printing Machines

A. Klodowski

Abstract The aim of the paper is to present planar pantograph mechanism analysis
that can be used to aid design of new mechanics for desktop 3D printers. Matlab
code for inverse and forward kinematics was developed and equations are presented
in this study. Theoretical accuracy of the proposed design indicate that the proposed
mechanism could provide similar accuracy to 3D printers based on linear Cartesian
systems, at the same time reducing complexity of the mechanics, with slight
increase in the complexity of the controller software.

Keywords Parallel mechanics - Inverse kinematics - Forward kinematics

1 Introduction

Rapid development in the 3D printing is mostly focused on developing new
materials and improved polymer deposition processes [1]. Fused filament fabrica-
tion seems to dominate the current market, especially in the low-price community
developed 3D printing machines [2]. Cartesian kinematics, due to the simplicity of
the control is dominating current solutions—30 out of 35 solutions for RepRap
printers [3] are based on Cartesian kinematics. Delta robots [4] (3 constructions on
RepRap page') or kinematics based on cylindrical coordinates (1 construction on
RepRap page) have also been employed in several projects but so far did not beat
the popularity of the linear stages of motion. There is also one prototype that
utilizes solution under development that represents same concept as proposed in
this article.

! http://reprap.org/wiki/RepRap_Options.
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Small number of non-Cartesian mechanics indicate opening for the development
in the mechanical aspects of the 3D printer’s design. This paper represents feasi-
bility study, where applicability of the planar parallel robotics kinematics for the
horizontal motion of the 3D printing nozzle is verified using forward kinematic
model. To ease implementation of the control, also inverse kinematic model for the
mechanism is developed. Finally discussion presenting optimal table size 3D printer
mechanism is presented with remarks concerning accuracy and controllability of the
system.

2 Materials and Methods

Forward and inverse kinematic model for the four-link mechanism is derived and
implemented in Matlab. The mechanism model is parametric, and the mechanism is
assumed to be symmetric. Lengths of first stage arms are thus equal and denoted by
Ly, and the lengths of second stage arms are equal and denoted by L,. Distance
between the first-stage arm bearing and the coordinate system origin is denoted
d. Coordinate frame used for model development is fixed at the middle between
first-stage arm bearings. Illustration of the mechanism is presented in Fig. 1.
Rotational joints are characteristic points of the mechanism and are marked as Pj,
P,, and P3 in the derivations as indicated in Fig. 1b. Presented mechanism has two
degrees of freedom. Printing nozzle is located at point Pz, while rotary actuators at
the origins of the first-stage arms.

2.1 Forward Kinematics

Independent parameters of the mechanism are angles a; and a,. Position of the point
P; on the x-y plane is the dependent variable. Positive direction of angles a; and a,
are indicated by the arrows in Fig. 1b. Origin of the coordinate system is marked
with blue arrows in Fig. 1a, b. Position of the point P; depends on the angles a; and
05, as well as on the length of the arms and distance between origins of the first-stage
arms. Position of point Py can be derived using the following equation.

P= ™ g

Similarly, position of the point P, can be derived using Eq. (2).

= {:il;f(gswz)} @
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(a) second-stage arm

first-stage arm

Fig. 1 Model of the 4-link mechanism. a Isometric view. b Top view with basic parameters

It can be noticed, that points P, P,, and P5 create an isosceles triangle. The middle
point at the base of this triangle can be found using vector, R, lying on the line between
points P, and Py, and having the magnitude of the half of the P, to P; distance.

P — P,
R =
- ()

Let’s denote the height of this triangle as h, then i can be computed using the
following equation.

2
o 2 (Plx - P2x)2 (Ply - PZY)
h=1\]12 - 7 — 2 (4)

where indexes x and y indicate corresponding coordinates of the points P, and P5.
Height of the triangle can also be represented by a vector, H, pointing from the
center of the triangle’s base to the tip. Because vector H is perpendicular to the
vector R, 90° counterclockwise rotation of vector R will yield direction of vector
H. Therefore vector R, can be derived as follows.

[0 ek

In Eq. 5, |R| is the length of vector R, and {(1 1] represent rotation matrix

1 0

for counterclockwise 90° rotation. Using vector sum, point P3 can be found.

Pi=P —R+H (6)
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2.2 Inverse Kinematics

In inverse kinematics, the location of point Pj is the independent variable, while
orientations of first-stage links, a; and a,, are the dependent variables. Points Pj,
P3, Py form a triangle. Let’s consider edge P3;— Py as the base of the triangle and
denote its length by a. Then the height of this triangle can be denoted as 4, and the
fragment of the base between point Py and the height is referred as a; as indicated in
Fig. 3. Point P, can be defined as follows.

Py = [g} ™)

Length of the base, a, can be formulated as in the Eq. 8.

2
a = \/(Pg,x — POx)2+(P3y — P()y) (8)
Length of the part of the base, a; can be computed then as follows.

(13 +a - 13)

2L1a (9>

alle

Height of this triangle, &;, can be computed using Pythagoras’s theorem as
shown in Eq. 10.

h] = L% — Cl% (10)
Vector Ry from Fig. 2 can be formulated as follows.
a
R :(P3—P0);1 (11)

Vector Hy, that has magnitude /; and lies on the height of the triangle, it can be
computed as a 90° clockwise rotation of vector Ry normalized to the magnitude /.

|0 -1 hy
H1|:1 0 }R1 (12)

a
Point P, can then be found using vector sum of vectors Hy and Rj.

P, =Py+ Ry +H, (13)
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Fig. 2 Parameters of the
inverse kinematics model

Knowing location of point Py, the orientation of the right first-stage link, a;, can
be found using Eq. 14.

Py, — P
oy = asin (—lyL Oy) (14)

1

Due to the assumption that o, is in the range £90°, the asin function is deter-
ministic. Location of point P,, required to determine a, can be derived in analogical
way. Point Py is symmetrically located to point P, with respect to the y axis of the
coordinate system.

=] (15)

The length of base b of triangle P,, Py, P53 has to be determined.

b= \/ (Ps — P()x)2—|—<P3y - P’Oy>2 (16)

Length of the part of the base, b, between point PO/ and the height can be
computed then as follows.
(L] + 07— L3)

br=1L 2L1b
1

(17)

Height of this triangle, A,, can be computed using Pythagoras’s theorem as

shown in Eq. 18.
hy = 12— 12 (18)
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Fig. 3 Usable workspace of
the optimized mechanism
with maximum rectangle area
section highlighted
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Vector R, from Fig. 3 can be formulated as follows.

b
Ry = (Ps ) (19)
Vector H,, that has length h, and lies on the height of the triangle, can be
computed as a 90° counterclockwise rotation of vector R, with the magnitude #;.
0 1 hy
H, = [_1 O]Rz— (20)

by
Point P, can then be found using vector sum of vectors H, and R,.
P, =P,+R, +H, (21)

Knowing location of point P, orientation of the left first-stage link, a,, can be
found using Eq. 22.

Py, — P,
op = asin (u) (22)
L,

3 Discussion

Using the forward kinematic model, printing space can be obtained for different
mechanism parameters. Moreover, theoretical accuracy of positioning can be
studied when the accuracy of orientation measurement is known. Build area in
horizontal plane of common desktop 3D printers varies between 180 x 180 up to
200 x 252 mm. Therefore, as an optimization objective build area of 200 x 200 was
assumed. Distance between first-stage arms was assumed 100 mm to accommodate
space for motors and optionally the transmission. Maximizing workspace is
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achieved by allowing —90 to 90° motion for each of the first-stage arms. If first-
stage arms’ length and distance between rotation axes of the first-stage links are
considered as independent variables, the second stage arms’ length can be com-
puted. When both first-stage arms are at zero degrees position (pointing outwards),
the condition for minimum second-stage links can be determined.

L2min > Ll +d (23)

To avoid instability point at the L, = L, + d, the length of the secondary arms is
assumed 50 mm larger than the sum on the right-hand side of the Eq. 23. Integer
linear programming optimization was used for the mechanism parameters estima-
tion [5]. Optimization target function was maximization of the rectangular area that
can be fitted within the achievable print area. Additional condition was achieving
rectangular print area of at least 200 x 200 mm. The results of the optimization was
Ly = 150 mm, and L, = 250 mm, yielding maximum rectangular printing area of
297 x 201 mm. The achievable printing range is indicated in Fig. 4.

The plot presented in Fig. 4 is the result from forward dynamics kinematics run
with 1.8° step size for a; and a, parameters varied between —90 and 90°. It can be
seen, that the position accuracy is distributed relatively uniform. Only in the
extreme positions of the end effector along the y axis for x coordinate close to zero,
the positioning accuracy is increased. Those zones can be used for printing small
details, which require higher precision.

RepRap 3D printers as well as many commercial designs use most commonly
Nema 17 stepper motors, which can offer 1.8° or 0.9° step resolution [3]. With
direct drive setup this would result in positioning accuracy in the least accurate
region within +3.81, and +2.95 for x and y directions respectively for 1.8° motor
step size. This is insufficient for quality 3D printing operation. To increase the
accuracy, either micro stepping control can be used, which with good controller can
achieve 1/16 of the step resolution, yielding £0.15, and £0.2 mm positioning
accuracy. However, to reach sufficient resolution close to £0.01 mm achievable in
Cartesian systems, transmission is required. To provide smooth motion and avoid
backlash, toothed belt drive would be preferred in this application. Provided 1:8
transmission ratio is used with micro stepping controller capable of dividing step to
16 parts, the accuracy would reach £0.015 and +0.025 mm for the x and y direc-
tions respectively. Theoretically further refinement of the accuracy could be
obtained with even more advance stepper motor controller, capable of higher step
division, practically however, reduction of the torque of the motor positioned in
between steps would result much lower than the theoretically computed accuracy
[6]. However, smoother motion between steps would be achieved.

In many desktop 3D printers rotary to linear motion is transmitted using belt
drive. Usually systems use pulley diameter around 20 mm. In the new design gear
ratio of 1:8 is assumed. Using those assumptions comparison of rotary velocities of
motors in Cartesian and new design can be made. Due to the fact that deposition of
material is most accurate when the tool moves at constant velocity, thus constant
100 mm/s velocity condition will be used in all the test cases. Five test cases
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representing typical moves of the printing nozzle will be shown to compare velocity
profiles of x-y motion stages motors in Cartesian and in the new solution.

Case 1 is straight line along printer’s x axis (a) at the upper edge of the rect-
angular print area and (b) at the lower edge. Case 2 is straight line along y axis (a) at
the edge of the print area, (b) above rotary joint in the base (x = 50). Case 3 is a
diagonal line at 45° with respect to the x axis. Case 4 is small circle of 2 mm
diameter placed in a corner of printer’s work area. Finally, case 5 is a large circle,
190 mm in diameter, placed in a corner of printer’s work area.

Inverse kinematic model allows for estimation of motors angular positions at
each single motion stage. Discrete derivative can be then computed to solve motors
angular velocity profiles during the motion (see Fig. 4). In all the cases, printing
head velocity is a non-linear function of motor velocities in the four-link mecha-
nism. However, to maintain the same printing head velocity as in the Cartesian
system, the maximum motor velocity will be lower in the new system for all of the
presented cases except 1b and 2b. Case 2b can be used to determine maximum
printing speed achievable by the system, while case 1b can be used to determine the
lowest y coordinate that should be practically reached by the system during
printing. For Cartesian system location of a feature does not influence the velocity
profile of the motors, however in the four-link mechanism it is not the case.

4 Conclusions

Based on the simulation of the presented mechanism, it is concluded that this
mechanism could be used for 3D printer planar motion of the printing head pro-
viding comparable accuracy to traditional Cartesian system based on linear motion.
With the slight increase of control algorithm complexity, great simplification of the
mechanics is achieved and multi arm, multi nozzle setups could be created using
this concept to parallelize the printing process. Replacing linear stages of motion
allows reducing the weight of moving parts, therefore higher speed of printing can
be expected. In addition ball-bearings are maintenance-free in comparison to linear
bearing which require scheduled lubrication and cleaning.

Further work on the prototype will be concluded to verify practical feasibility of
the proposed solution, and to study the control.
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Path Generating Belt Mechanisms
as Kinematic Chains for Mechatronic
Applications

E.-C. Lovasz, D. Perju, K.-H. Modler, C.M. Gruescu, D. Margineanu,
C.E. Moldovan and C. Pop

Abstract The paper deals with a special type of planar belt mechanism with two
degrees of freedom. Belt mechanisms achieve in principle any movement task,
precisely, in a defined range, by using a belt as a flexible and inextensible element
and at least one profiled wheel (non-circular wheel), on which the belt is enveloped
or developed. In order to use belt mechanisms in mechatronic applications, the
increasing of the degree of freedom and the use of simple circular wheel are
required. The control of the actuator’s movement makes theoretically possible the
generation of any movement task in the wheel’s plane.

Keywords Belt mechanism - Mechatronic system - Flexible element - Kinematic
analysis

E.-C. Lovasz (D<) - D. Perju - C.M. Gruescu - D. Mirgineanu - C.E. Moldovan - C. Pop
Politehnica University of Timisoara, Timisoara, Romania
e-mail: erwin.lovasz@upt.ro

D. Perju
e-mail: dan.perju@upt.ro

C.M. Gruescu
e-mail: corina.gruescu@upt.ro

D. Margineanu
e-mail: dan.margineanu@upt.ro

C.E. Moldovan
e-mail: cristian.moldovan@upt.ro

C. Pop
e-mail: cristian.pop@upt.ro
K.-H. Modler

Technische Universitit Dresden, Dresden, Germany
e-mail: karl-heinz.modler @tu-dresden.de

© Springer International Publishing Switzerland 2015 111
P. Flores and F. Viadero (eds.), New Trends in Mechanism and Machine Science,
Mechanisms and Machine Science 24, DOI 10.1007/978-3-319-09411-3_12



112 E.-C. Lovasz et al.

1 Introduction

Belt mechanisms, in comparison with linkages, are suitable for generating non-
linear transmission functions or special paths, as they use links with variable length.
The variable length link consists of a belt as a flexible and inextensible element
enveloped or developed on at least one profiled wheel (non-circular wheel). Belt
mechanism allows theoretically the reproducing of any transmission function
(between input-output parameters), with a theoretically absolute accuracy in a
defined range of the input parameters, given by manufacturing conditions and with
a minimum number of elements, i.e. four.

Hain [1] began with the study of the belt mechanisms as periodical mechanisms.
The study was continued by Dizioglu in [2] with an analytical dynamic analysis of
belt mechanisms used in weaving looms. In [3] Hain deals with the grapho-ana-
lytical synthesis of the belt mechanism with 4 elements. Bayer, by means of using
the Euler relationships, presents in [4] a grapho-analytical analysis method for
computing the kinematic parameters of the belt mechanism. The development of the
computation capacities allowed the development of analytical methods for analysis
and synthesis of belt mechanisms. Thus, an analytical method using the tangent
condition between the belt and non-circular wheel(s) and the preservation of the
total length of the belt (free and enveloped length) is presented in [5, 6, 9]. Papers
[7, 8] and [9] present an analytical method using the relationship between the
evolute and involute considering the inverse movement. The analytical methods
were developed for path generating [6, 9] and function generating [7, 8] belt
mechanisms respectively.

Authors of [10-12] developed analysis methods for belt mechanisms with cir-
cular wheels, which are centric or eccentric jointed. Ebert modeled the belt
mechanisms and then computed the dynamic behavior [13, 14].

In order to integrate the belt mechanism in mechatronic systems it is necessary to
adjust the variable link lengths to the various movement tasks. For this requirement,
it is necessary to increase the degree of freedom of the mechanisms and to use a
simple circular wheel instead of a particular non-circular wheel. Theoretically, any
movement task is possible to generate through the control of the actuator’s
movement.

2 Structural Synthesis of the 5-Link Belt Mechanism

The 5-link belt mechanisms are planar mechanisms, which contain a centrode
kinematic pair, accomplished by enveloping or developing of a belt on a profiled or
circular wheel. The belt is considered flexible, inextensible and permanently tensile
loaded, in order to be assimilated to instantaneous rigid links. For the structural
synthesis, the other kinematic pairs are chosen with one degree of freedom f = 1:
revolute or prismatic pair.
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The condition to have a constrained motion is:
2-¢,—-3-n+3+F=0, (1)

where:
e;  The number of the kinematic pairs with f = 1,
n  The number of elements

The condition (1) is satisfied for ¢, = 5, n = 5 and the degree of freedom (DOF)
F = 2. That means the two driving movements (inputs) must be correlated and
controlled according with the imposed kinematic task. The systematic development
of the mechanism structure considered the 4 possible kinematic chains and the
Reuleaux structural method, which considers an element of the kinematic chain as
frame, two other elements as driving and one as driven elements. The structural
synthesis of the 5-link belt mechanism structures is shown in Fig. 1, where R means
revolute kinematic pair, P—prismatic kinematic pair and C—centrode kinematic
pair. The notation of the developed structures comprises the sequence of the joints
type and the frame element of the chain in brackets.

The choice for useful structures of 5-link belt mechanisms needs some boundary
conditions: all driving elements should be jointed to the frame and one of them
should be the circular wheel.

3 Kinematic Analysis of the 5-Link Belt Mechanisms
as Path Generating Ones

The 5-link belt mechanism of type RRRCR(e) considers the profiled wheel as
circular wheel and the frame length equal to zero (see Fig. 2). The simple manu-
facturing of the circular wheel allows a continuous adjustment, which recommends
this mechanism structure for the use in mechatronic applications. The permanent
tensile load of the belt can be realized by means of a compression spring between
the 2 rigid links or a belt, manufactured of composite material with axial rigidity.
The link 2 and the circular wheel 5 are driving elements.

The movement task of the 5-link belt mechanism as path generating mechanism
is the exact tracing of a given curve:

K = x(t) +1-3(1), 2)
with the parameter ¢ € [0, 1].

With the notations in Fig. 2, the same coupler point K can be described by the
relationship in complex numbers:

K=l 00 [ . ofl+90). (3)
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Fig. 1 Structural synthesis of the 5-link belt mechanisms
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Fig. 2 5-link belt mechanism (k) K(x(®), y(1)
for generating of a circular P
path

><"

By equalizing Egs. (2) and (3) and eliminating the exponent o + 3(¢) results:

1) £ \/AX(t) + B(1) — C2(t)

() =2- arctan A(r) = C(t) )

4)
where:

A)=2-L-x()  B(t)=2-L-yr) Cl)=05-2(1) =y (1)~ 5. (5)

Through multiplication of relationship (3) with its complex conjugate
relationship:

K=1 e 00 4. i0+30) (6)
the positional angle of the coupler 3 results:

2O +y () -5k
9(z) —(p(t)—oc+arccos( 2L T )

()

The joint B of the belt mechanism RRRCR(e) can be described with two
polygonal loops in the fixed axes system xCy:

B=1 &%) 4.0, (8)

B=(L(t) —i-rs)- eV, (9)
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where the developed length of the belt  is:
() = 1= [y + (1) - 75, (10)

with /—the total length of the belt, rs—the radius of the circular wheel and y,—the
initial wrapped belt angle for ¢ = 0.

The relationships (8) and (9) allow the calculus of the angle y() of the belt in the
mobile system of the wheel and the calculus of the drive angle \s(¢) of the wheel.
These angles are:

o z_¢@+@_@+zwthqmg—wm
y(t) =

— 11
rs Yo> ( )

rs \/l’% + L (1)* — (Lycos (1) + I3 cos 9(1))*
14(1) 4 > cos (1) + I3 cos 9(r)

(7) = 2 arctan (12)

According with the relationships (4) and (12), which allow the computation of
the parameterized drive angles ¢(¢) and (z), it is feasible to generate different
imposed curves (2) with the 5-link belt mechanism. The ranges of the movement
tasks depend on the workspace of the coupler point. The kinematic parameters will
be computed according to the geometrical parameters depending on time.

4 Example Problems for Generating Different Paths

The example problems consider that the belt mechanism RRRCR(e) should gen-
erate different paths as circular curve and a path as straight line. In both cases, it is
preferable to express their equations in a parametric form, which is more recom-
mended for control of the drives.

The path as circular curve is given through the equations:

x(t)=ap+R-cos2n- (to+1), y({)=bo+R-sin2n- (to+1), (13)
and as straight line through the equations:
x(t)=ar+ (@ —a)-t, yt)=bi+(ba—0b1)-t, (14)

with the parameter 7 € [0, 1] and the initial parameter of the path #,. This will be
computed according with the initial drive angle (fo — @pin)-

The chosen geometrical parameters of the belt mechanism RRRCR(e) are given
in Table 1.
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Table 1 Geometrical parameters of the belt mechanisms

Frame length |/; = 0 mm Coupler length | /3 =70 mm | Belt length [ =256.8 mm
Crank length |/, =50 mm | Coupler length |Is = 30 mm | Wheel radius | rs = 30 mm

Coupler angle | o° = 120°

The path should belong to the workspace of the coupler point. The workspace of
the coupler points (xg(¢), yk(z)) is defined as a concentric range between the

boundary circles:
b —Is<\/xx(0)* + yx (1)* <bb + Is. (15)

Through the correlation between the drive angle ¢ and the circle path parameter,
t, it results that the driving element 2 should perform a swing movement. In order to
avoid the singularities, it is necessary to have the transmission angle always positive
and p(¢) > Wy, Where:

w(e) = (1) — 8(r). (16)

In Figs. 3, 4 and 5 are shown the 5-link belt mechanisms in two extreme
positions with the corresponding drive angles ¢(#) and y(z), the transmission angle
u(¢) and the belt angle \s(¢) in the reference system for three different movement
tasks. Table 2 gives the chosen parameters for the paths from Figs. 3, 4 and 5.
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Fig. 3 Examples of 5-link belt mechanism for generating of a circular path (circle 1)
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Fig. 5 Examples of 5-link belt mechanism for generating of a circular path (straight line)

Table 2 Path’s geometrical parameters

Circle 1 ap = 0 mm by = 55 mm R =15 mm
Circle 2 ap = 0 mm by = 55 mm R =24 mm
Straight line a; = 30 mm a, = —30 mm by = 30 mm br = 60 mm

5 Conclusions

The 5-link belt mechanism is a special type of planar belt mechanism with two
degrees of freedom, which achieves any movement task precisely in a defined
range, through using a belt as a flexible and inextensible element and at least one
particular profiled wheel as circular wheel. The presented examples, calculated
using MathCAD demonstrate that through the control of the actuators (driving
elements) is possible to generate theoretically any paths in the wheel’s plane.
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The 5-link belt mechanism is smaller in size and allows larger workspace in

comparison with the similar 5-bar linkage, having the same link lengths.

This characteristic recommends the 5-link belt mechanism for use in mecha-

tronic applications, such as kinematic chains of mobile robots, planar manipulators,
etc. The authors intend to develop an optimal synthesis of the 5-link belt mecha-
nism in order to optimize the control of the actuators and to use it in mechatronic

applications.
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Synthesis of a Mechanism for Human Gait
Rehabilitation: An Introductory Approach

Pedro Alves, Francisco Cruz, Luis F. Silva and Paulo Flores

Abstract The traditional concept of physical rehabilitation focused on maximizing
the remaining body functions in a way that patients used them in a compensatory
fashion. Recently, it has been observed that the repetition of task oriented motions
proved to improve muscular strength and movement coordination in patients with
neurologic or orthopedic impairments. Traditional physiotherapy is laborious and
expensive, and may present undesired variability in the movement cycles between
sessions. The use of robotic and mechanical devices allows for greater repeatability
in movements. It also decreases the number of required therapists as the degree of
exhaustion allowing to increase the sessions time and number. This paper intends to
present the methodology to build a gait rehabilitation device of low cost, com-
plexity and high adaptability, based on a four bar linkage.

Keywords Gait rehabilitation - Mechanism design - Four bar linkage
Biomechanics

1 Introduction

Human Gait (HG) is an apparently natural, fluid and flexible action; however this
highly complex action requires the integration of locomotion and motor control
mechanisms with the musculoskeletal function. It relates the interaction of muscle
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forces, the movement of several body joints and the action of external forces. HG is
a particular form of animal locomotion, for it is bipedal and reveals itself to be
highly efficient and functional. To achieve healthy HG it is required the integration
of the central nervous system with several sensorial stimuli in order to control the
different components which act on the skeletal system with different degrees of
freedom. People who suffer from any sort of gait impairment experience a great
decrease in its quality of life. These impairments are often the result of injuries,
neurological and musculoskeletal pathologies. In the latter cases, which include
Parkinson’s disease, strokes, spinal cord injury or neuromuscular diseases, have
been reported to alter HG patterns in specific sorts [1].

Traditional HG rehabilitation strategies in irreversible strength deficit as well as
in motor control and balance failure presuppose a compensatory perspective, this
meaning, instead of correcting the impairment it embraces and enables it. In order to
achieve a given objective, the patient learns to compensate his disability through
alternative means or to alter the task/living environment. A more recent rehabili-
tation approach considers the introduction of repetitive locomotive training as soon
as the patient is able to perform simple gait cycles. This approach as shown positive
results in patients suffering from neurological conditions such as Parkinson’s dis-
ease; spinal cord injuries, stroke and recovery from arthroscopy surgery. Following
this approach, several mechanical and robotic devices were developed such as the
Hocoma’s Lokomat. Although the trajectory performed by the subject’s ankle is not
exactly planar, these devices acted to manipulate his limb’s trajectory in the sagittal
plane with successful results [2].

Traditional physiotherapy requires at least three therapists to perform lower
limbs movement cycle, has low reproducibility in the gestures performed in dif-
ferent sessions and presents itself as laborious, tiring and expensive. Mechanical
and robotic devices decrease each sessions required number of therapists to one,
have high movement cycle reproducibility and allow a greater number of gait cycles
performed as for longer rehabilitation sessions. However available devices are
costly, making them only available to large rehabilitation centers.

Projects have recently been developed in order to develop linkages that simulate
human walking, using the Chebyshev mechanism or 8 bar linkages [3, 4]. However,
the four bar linkage is one of the most common, simple and versatile mechanisms. It
presents different geometrical relations between its components, as it does between
its input/output movements. These are characteristics that endorse the four bar
linkages popularity. It is often found in several biomedical applications such as
lower limb rehabilitation devices [1]. This work presents the design of a simple,
cost effective and highly adaptable device for human gait rehabilitation. It intends to
establish a method for the synthesis of a four bar linkage, which can be used to
generate a gait pattern on the sagittal plane, with the final objective of patient
rehabilitation.
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2 Human Gait

Walking is one of the most common of the human motions and although man does
not have the ability to walk since birth, once learnt it becomes practically sub-
conscious. Most people follow the same basic walking pattern, however several
features of the musculoskeletal structure, such as limb lengths, body mass and
shape or stride length, influence their individual movement. HGs research literature
focus itself in the study and interrelation of gait parameters, some of which referred
in Table 1, and on the gait cycle using a kinetic, kinematic and energetic approach.
These provide valuable information that allows greater understanding of healthy
and pathological gait. However, they may be only comparable with well-defined
gait conditions and variables such as age, gender and weight.

A common view is that walking is a dynamical process where the body centre of
mass (BCOM) is periodically brought further forward than the limit of static sta-
bility, causing the body to fall forward, and then, by placing a foot forward in time,
an actual fall is prevented. In healthy HG, the pathway of the BCOM is a smooth,
regular curve that moves up and down in the vertical plane with an average rise and
fall of about 4 cm. The low point is reached when both feet are on the ground; the
high point occurs at midstance. The BCOM is also displaced laterally in the hor-
izontal plane during locomotion, with a total side-to-side distance traveled of about
5 cm. The motion is toward the weight-bearing limb and reaches its lateral limits in
mid-stance. The combined vertical and horizontal motions of the COM of the body
describe a double sinusoidal curve [5]. These movements, which occur in planes
closer to the coronal and transverse planes of the body, have greater individual
variations which result on a distinct individual way of walking.

HG uses gravity as main driving force, which is very economic muscular energy
wise. Lettre and Contini [6] have described human and animal locomotion by
having three distinct stages: development stage (from rest to constant velocity),
rhythmic stage (constant average velocity), and decay stage (back to rest). The term
“free speed of walking” relates to the rhythmic stage and is an important reference
because most will adopt a walking speed that consumes the less energy and its
patterns of movements are remarkably consistent between individuals [7]. This is a
useful concept for diagnosing individuals before and after treatment.

A complete gait cycle is defined as the movement from one foot strike to the
successive foot strike on the same side. Descriptions of walking are normally

Table 1 Gait variables and descriptors

Variable Descriptors

Temporal- Velocity; cadence; stance duration; step length; stride length

spatial

Kinematic Trunk flexion; trunk lateral flexion; anterior pelvic tilt; pelvic obliquity; pelvic

rotation; hip extension, hip adduction; knee flexion initial contact; knee flexion
mid-stance; ankle flexion initial contact; lateral COM displacement

Kinetic Push-off terminal stance

Energetic Oxygen cost; oxygen consumption
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Fig. 1 Phases and periods of the gait cycle (adapted from [10])

confined to a single cycle, with the assumption that successive cycles are similar.
Two key events delineate and limit the gait cycle: foot strike and foot-off. Since
there are two extremities, there are four events: foot strike, opposite foot-off,
opposite foot strike, and foot-off. The entire cycle repeats itself with the second foot
strike (see Fig. 1). These four basic events define two gait phases: stance and swing.
It is common to describe the cycle in terms of percentage thus allowing normali-
zation of the data for multiple subjects. Therefore, initial foot strike is designated as
0 % and the successive same foot strike as 100 %. In normal subjects, the opposite
limb repeats the same sequence of events, but is 180° out of phase. In normal gait
there is a natural symmetry between the left and right sides, but in pathological gait
an asymmetrical pattern very often exists [8].

The stance phase comprises the period between foot strike and ipsilateral foot-off
(62 %). It is the percentage of the gait cycle when the reference foot is in contact
with the ground and is commonly divided into three periods [8]: (i) Initial double
limb support (foot strike to opposite foot-off) when both feet are in contact with the
ground. It is characterized by a very rapid loading onto the forward limb with shock
absorption and slowing of the body’s frontal momentum; (ii) Single limb support
(opposite foot-off to opposite foot strike) when the left foot is swinging through and
only the right foot is in ground contact. The opposite leg is in swing, and the
weight-bearing limb is in single limb stance. Forward shear reverses to aft shear, the
center of mass falls, and forward and vertical velocity increase; (iii) Second double
limb support (opposite foot strike to foot-off) when both feet are again in ground
contact. As weight is transferred rapidly to the forward limb, the trailing limb is in
preparation to swing forward in front of the body.

The swing phase starts with a foot off, ends at second ipsilateral foot strike, and can
be subdivided into three periods [8]: (i) Initial swing (foot-off to foot clearance), begins
as the foot leaves the ground and the subject activates the hip flexor muscles to
accelerate the leg forward; (i) Midswing (foot clearance to tibia vertical), occurs when
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the foot passes directly beneath the body, coincidental with midstance for the other
foot; (iii) Terminal swing (tibia vertical to foot strike), describes the action of the
muscles as they slow the leg and stabilize the foot in preparation for the next heel strike.

3 Ankle Trajectories

The intended device should be able to manipulate the subjects ankle into perform a
trajectory that mimics that of a healthy way of walking. The used gait parameters
are available on an online database [9]. The acquired data corresponds to joint
angles and is used to order to calculate the vertical and horizontal ankle displace-
ment, the desired movement pattern. These angles are commonly used because they
are more scalable and may be normalized to a full gait cycle. Figure 2 represents the
proposed kinematic model of the hip and knee and correspondent joint angles one
may use to obtain the ankles trajectory.

Equation (1) is considered here to determine the ankles trajectory, where x; and y;
represent the ankles Cartesian coordinates in a given instant of the gait cycle, xy and
yy correspond to the hip reference position, L; and L, are the length of the anatomic
segment between the hip joint-knee joint and knee joint-ankle joint, respectively,
and are calculated as a function of the subjects height (H) through Egs. (2) and (3).
Finally, 6y and 6k are the angles represented in Fig. 2.

yoe ey - Vi = yu + Ll X COS QHJ — la X COS(HHJ' - 0[(,1')

Ly = 0.245H )
L, = 0.246H 3)

Thus, the resulting ankle trajectory is represented in Fig. 3, which is the objective
of the mechanism synthesis of the four bar linkage considered in this study.

Fig. 2 Adopted leg kinematic model (left) and representation of a four bar linkage (right)
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4 Kinematic Synthesis of the Mechanism

The selected mechanism to develop the present project is the well-known four bar
linkage due to its versatility and simplicity. An example of a four bar linkage is
represented in Fig. 2. After determining the desired trajectory one must find the
parameters that allow for the development of the four bar linkage that ensures the
replication of the required trajectory. These parameters are the coordinates of the
reference point A, lengths of the links (a, b, ¢, d), angle w, and the couplers length
and angle (e and v), as it is illustrated in Fig. 2.

Hrones and Nelson [10] present a comprehensive atlas that contains several
coupler curves and comparing the desired curve with the ones available in this
reference work. Thus, one may find tabled values for the linkage parameters. In the
present work, the considered reference values were as follows: a = 1; b = 2.5, ¢ =2,
d=3,e=28and y = 10° w = 0° which permit the representation of the curve
plotted in Fig. 4. As the values presented by this book represent the relative
dimensions of the bars, the values above presented are dimensionless. The Inter-
active Four-Bar Coupler Curve Plotting [11] allows for the performing a quick
verification of these results. Although the shape of the curve is similar, the orien-
tation and size of this curve should resemble the most to the experimental results,
demanding for an optimization procedure.

Equations (4)—(6) are utilized to calculate the couplers point P (see Fig. 4) that
describes the desired trajectory and to adjust the linkage size and orientation.

Xp =X, +acosl+ecos(p —y) (4)

Xp = Xq+acos 0+ ecos(p — ) (5)

2ab cos(¢p — 0) — 2bd cosy — 2ad cos 0 + a* + b* +d*> — > =0 (6)

In order to better adjust the initial and desired coupler curves, a factor of 0.7
relatively to the size of the links is calculated, thus reaching the values for each link

length as follows a = 0.70; b = 1.75; ¢ = 1.40; d = 2.10; and e = 1.96. Finally, the
new orientation angle () found is equal to 25.40°. Since the movement of the ankle
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Fig. 4 Initial (leff) and obtained trajectory (right) of the four bar linkage

must be fluid and continuous, the mechanism must allow for such a behavior.
Therefore, one must verify if the Grashof criterion is fulfilled, as follows in Eq. 7:

Cd+ca<cb+cc (7)

For the parameters previously found, we have that 2.8 < 3.15, and the Grashof
criteria is satisfied, guarantying the intended continuous movement of the linkage.
Figure 5 represents a generic position of the resulting four bar mechanism under
analysis, in which the red line is the trajectory performed by the linkage and the

dots are the experimental data are plotted. It can be observed the good correlation
between the two.

Fig. 5 Representation of the
solution for the designed
linkage and trajectory.
Symbols a—e represent the
four bar links

= Point P trajectory
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5 Concluding Remarks

In this work, a procedure to deal with a synthesis a mechanism for human gait
rehabilitation has been presented. The synthesis method allows for the design of a
four bar linkage which replicates the trajectory of the human ankle in a continuous
manner. Although this methodology ensures a possible solution for this problem
this is not an optimal solution. Thus, future work includes an optimal solution
through the minimization of the deviation between the actual ankle trajectory, and
the trajectory of the linkage via computational and numerical techniques. Then, a
3D computational model will be considered to help the fabrication of a physical
prototype. Finally, it must be said that, the final goal is the development of pro-
totype with view to clinical testing. The devices features should include haptic and
passive characteristics as well as be of easy maintenance, and grant easy access and
use to patient and therapist.
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A Form-Closed Cam-Follower Mechanism
for a Breath Simulator Machine

R.F. Oliveira, P. Flores, S.F. Teixeira, H.M.C. Marques
and J.C. Teixeira

Abstract The worldwide incidence of asthma yields 250,000 deaths annually,
being almost all of these deaths avoidable. The inhalation therapy is the preferable
route to deliver bronchodilator/anti-inflammatory drugs to the patient lungs. Within
this route of treatment, pressurized Metered Dose Inhalers (pMDI’s) are the cor-
nerstone devices. When coupled with a Valved Holding Chamber (VHC), its effi-
ciency increases and the limitations almost vanish. The VHC devices efficiency is
something of interest to measure. For that, it is necessary an experimental setup that
evaluates the amount of drug delivered by the device. This setup shall replicate a
human breath waveform as input, therefore a breath simulator machine was build.
The report herein describes the project process of the form-closed cam-follower
mechanism necessary to replicate the waveform. The design and dimensional
constrains are input in the cam design, leading to a piston diameter of 63.0 mm and
a cam base diameter of 250.0 mm. A performance analysis to the pressure angle,
curvature radius and backlash impact force, is reported. It can be concluded that a
larger diameter would improve the performance results substantially.

Keywords Form-closed - Cam-follower mechanism - Breath simulator
Synthesis
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1 Introduction

Human airways diseases, such as asthma, are worldwide spread and its incidence is
growing [5]. The inhalation therapy is the preferred route for delivery of medicine,
thought the use of specific devices such as: the nebulizers, Dry Powder Inhalers or
pressurized Metered Dose Inhalers (pMDI).

According to asthma guidelines for treatment of acute persistent asthma in
children, it is advisable to use a pMDI with a spacer attached [4, 8, 11]. The spacers,
mainly the Valved Holding Chamber (VHC) attached to the pMDI, are the cheapest
and most efficient way to treat asthma in children.

The VHC main feature is the one-way valve, so that the patient cannot exhale to
its interior, and can only inhale the pMDI plume uncoordinatedly with its activa-
tion. This characteristic makes this device only likely to be correctly evaluated by
an unsteady flow experimental setup. The Canadian normative for VHC assessment
states that several conditions shall be followed to evaluate the performance of a
VHC [1]. The same methodology was followed and analyzed by Mitchell and
Dolovich [6, 7]. With that characteristic in mind, an experimental setup was pro-
jected to evaluate the Aerodynamic particle size distribution of the active phar-
maceutical ingredient delivered by the VHC. It was based in a configuration
proposed by Foss and Keppel in 1999 [3]. An essential component in this setup is
the breath simulator machine. This device is the main focus of this report; herein
will be described the project of the breath simulator machine by means of a form-
closed cam-follower mechanism connected to a pneumatic cylinder.

2 Breath Simulator Machine

This machine has the purpose of replicating a human breath wave by means of a
mechanical system. The system is composed of the spin motor, two worm reducers
coupled in tandem, one form-closed cam-follower mechanism and a pneumatic
cylinder. The spin motor rotational movement will actuate a cam, which transforms
its movement to a non-linear translational follower’s displacement. This latest is
connected to the pneumatic cylinder. A schematic can be found elsewhere [10].

The cam-follower mechanism is fully dependent on the breath wave that is
intended to be replicated. It is also limited by the pneumatic cylinder piston cross
section area and the angular velocity of the cam.

2.1 Breath Profile

As the holding chamber use is intended for children and elder without the capacity
for breathing-actuation coordination, the breathing cycle used is based in data for
asthmatic children around 7 years old. According to the Canadian normative for
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holding chamber testing, a good simplified approach for the shape of the respiratory
cycle (flow vs. time) is a sine function [1]. For a correct definition of the sinusoidal
wave, it is of utmost importance to obtain the suitable experimental data of
breathing: frequency (breaths per minute—BPM), duty cycle (ratio of inspiration
time per total cycle time) and tidal volume of inhaled air. Detailed information on
the breath parameters sources can be found elsewhere [10]. Although there is some
spread with the experimental evidence, the following values were assumed to be the
most adequate: frequency of 30 BPM, duty cycle of 0.33 and tidal volume of
150 mL. The breathing cycle used is represented somewhere else [10].

The amplitude of the inspiratory sinus (*21 L/min) was obtained by fitting the
integral of a sine function to the tidal volume. The same procedure was applied for
the exhalation phase. A pause of 4 s between the phases was added, to allow for the
sedimentation of drug particles inside the lungs. This delay is recommended to
improve efficacy in drug delivery. After the exhalation phase, a 2 s pause was
added, which is proposed by Mitchell and Dolovich, as well as, by the Canadian
normative for VHC testing [1, 6]. This delay is intended to simulate the poor
coordination of an asthmatic patient using a VHC.

2.2 Cam Profile Calculations

Based in the profile previously defined, the piston shall move accordingly to
reproduce the flow rate as described. In the present case the time dependent flow
rate of the respiratory cycle was obtained by the use of a cam/cylinder combination.
This design is robust and can provide accurate flow profiles at a low construction
cost. Once the internal diameter of the cylinder, D,, is assumed, the corresponding
circular area is calculated. Dividing the sine function by the value of the piston
cross section area, the piston linear velocity is obtained. By differentiating the
velocity function, the acceleration is obtained, and sequentially, the jerk can be
obtained. By integrating the velocity, the displacement function is obtained. The
four functions are shown in Fig. 1, and they are essential to the definition of the
follower path in the cam, as well as, the performance analysis.

Using the profiles for the piston movement and the proper equations for form-
closed cam-follower calculation, the profile is obtained by the approximation of a
curve tangent to the position of the follower. Equation (1) is used for the calculation
of the follower movement, as [2, 9]:

Fx,y,0) = (x—x.)" + (y = y) —R2 =0 (1)

where R, is the radius of the contact roller (i.e. 19.0 mm) and (x., y.) are the roller
center coordinates, given by Egs. (2) and (3) [2, 9]
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In these equations R), is the base radius of the cam, s is the displacement (see
Fig. 1). Differentiating Eq. (1) with respect to 6, Eq. (4) is obtained [2, 9]:

or _
o0

20—y e (4)

dx
—2(x —xc) = — 0=

do

The derivatives of Egs. (2) and (3) with respect to 0 are given by Egs. (5) and (6)
[2, 9]

dx, ds .

e (R, 4R, _=

0 (Ry + R, +5)cos 0 dHsme (5)
(jlygc =—(Ry + R, +5) sin()—%cos() (6)

where ds/d0 represents the velocity of the follower (see Fig. 1). Solving, simul-
taneously, Eqgs. (1) and (4), Egs. (7) and (8) for cam profiles coordinates, are

obtained [2, 9]:
. dyC [ dxC 2 dyC 2-
xxC:I:R,<d0> <d9> +<d9) (7)

(&
Y=Y F Ky a0

Equations (7) and (8) represent the inner and outer profiles for the cam, as shown
in Fig. 2a. The pressure angle value was obtained accordingly to Eq. (9) [2]:

=

ORI

D=

y —e
(Rb + Rr)2_e2 + y

¢ =tan~!

©)

where e is the misalignment between the roller and the cam center. In the calcu-
lation of the curvature radius, one can calculate it through Eq. (10) [2]:

@)+
p= dxgdzy dyedzx (10)

dode* — dode?

The backlash impact force is found by Eq. (11), considering the backlash (i.e.
Yo = 0.05 mm), the system stiffness (i.e. k = 1.3E11 N/m) and the system equiv-
alent mass (i.e. m = 0.48 kg) [9]:
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Fig. 2 a Cam profiles. b Photograph of the breath simulator machine

1

1 (dy\? | —

F. = [E (ﬁ) (6%01)31 m-k (11)

All these calculations have been programmed using Python language and a script

was obtained. Several dimensional configurations for the base diameter and piston
diameter were assessed. Also, several constrains were introduced, such as:

e cylinder feasible diameters could not be outside the manufacturer range;

e the maximum feasible displacement could not be outside the cylinder manu-
facturer range;

e cam outer profile could not be located at less than 6.0 mm to the maximum disk
diameter (i.e. 310.0 mm);

e cam inner profile could not be located at less than 5.0 mm to the disk bore
diameter (i.e. 27.0 mm).

Within such constrains, several possible combinations were obtained. Amongst
all the feasible solutions, the one presenting the lower value for pressure angle was
selected (i.e. Base diameter: 250.0 mm and Piston diameter: 63.0 mm with a
maximum pressure angle of 46.4°). Figure 2a shows the calculated path profiles for
the chosen cam dimensions.

The cam disk was manufactured by CNC milling of alloyed steel (UNE F-5303)
with a surface hardening nitriding process, to provide extra wear resistance. The
disk has an outer diameter of 310.0 mm and an inner bore of 27.0 mm, with a
thickness of 22.0 mm and a track depth of 10.0 mm. In Fig. 2b, it is possible to
observe the system after manufactured and assembled.



A Form-Closed Cam-Follower Mechanism... 135

3 Performance Analysis

Figure 3 shows the performance analysis by focusing in the pressure angle, cur-
vature radius and backlash impact force. The pressure angle value is maximum (i.e.
46.4°) at 17°, a second smaller peak (i.e. 27.7°) is found at the position 235.7°;
these values are within an acceptable range. Regarding the curvature radius, it can
be observed the existence of some peaks, coming in from points where sharp
corners are present. This could be mitigated by increasing the cylinder piston
diameter (or largely increase the base diameter). The backlash impact force is
calculated based in a backlash between the roller and the cam track walls and the
jerk, the last can only be reduced by increasing the cylinder piston diameter.

The geometric parameters chosen are the best within the constraints imposed by
the support structure, spin-motor torque and commercially available pneumatic
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cylinders in the market. Although, no experimental validation results are presented,
the system is working without jamming.

Using a Linear Variable Differential Transformer (LVDT), the displacement was
measured for two scenarios, with and without paper filter (i.e. the tool with is
applied to the output of the breath machine for drug particle retention). Figure 4
depicts the experimental results, as well as the theoretical displacement profile
presented previously (see Fig. 1). The results show a good agreement between the
experimental and theoretical data, although the critical points are found at locations
of high displacement variations. Some oscillations are present in the dwelling
phases, that may rise due to the existence of backlash between the roller and the
cam walls. Also it is noticed no significant influent of the pressure drop induced by
the paper filter on the outcomes.

4 Conclusions

This project reports the design and development of a form-closed cam-follower
mechanism, with the objective of replicating a human breath waveform. The project
was successfully completed, even constrained by the space and material limitations.

The present geometric constrains lead the system to some kinematic singularities
in the curvature radius profile. Some undercutting problems risen from the geo-
metric limitations of cylinder piston size. Although, the small angular velocity of
the system mitigates these kinematic imperfections. Experimental results from the
LVDT show an acceptable fit with the theoretical profile.
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Dimensional Synthesis with Mechanism
Processing Strategy

M. Hiising, R. Braune and B. Corves

Abstract The dimensional synthesis of mechanisms is an important part within the
process of mechanism design. In practice it is essential to possess a tool for the
synthesis that solves the problem perfectly. This means that not the solution of
the problem should adapt to the synthesis tool but the synthesis tool must adapt to
the specific task. This, the co-author R. Braune realized at an early stage. He
conceived a mechanism processing strategy and implemented this strategy into the
tool GENESYS. With GENESYS the user is able to set up an individual and tailor
made workflow adapted to the mechanism design problem. The mechanism pro-
cessing strategy will be presented using the dimensional synthesis of straight line
displacement.

Keywords Mechanism Processing Strategy - Dimensional synthesis - Precision
positions - Coupler-curve synthesis - Straight line displacement

1 Introduction

When designing complex mechanisms, there is generally a relatively large number
of free dimensional parameters. In the scope of dimensional synthesis, these
parameters must be defined in such a way that, on the one hand, the primary
kinematic/functional task is solved in the best possible way while, on the other
hand, sufficiently meeting an abundance of additional requirements with respect to
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the general properties of the mechanism. At the Department of Mechanism Theory
and Dynamics of Machines at RWTH Aachen University, approaches have been
presented that use geometry programs such as CINDERELLA or GeoGebra [1, 2].
The mechanism design software GECKO was developed at this department [3].

This study will describe an alternative possibility for executing mechanism
design. This method was developed at Leibniz University of Hannover by co-author
Braune and his team [3-5]. We refer to this method as “Mechanism Processing
Strategy” (MPS). The method is based on the idea of interactively generating a task-
specific processing workflow from a collection of general dimensioning modules.
This workflow can be run through gradually and repeatedly. This procedure is
highly practical for design engineers, as they typically execute their designs
gradually and iteratively. This processing workflow is integrated into the software
tool GENESYS.

As an application example to illustrate MPS, we will look at the design of a
mechanism for creating a straight line displacement. This example will show that
the method of the dimensional synthesis of precision positions has particular
importance in the dimensioning of the elements of a mechanism. This is because the
method allows the number of free design/kinematic parameters to be reduced by
specifying functional constraints.

Until now, the term “Mechanism Processing Strategy” has only appeared in print
in the German language [3—6]. One goal of this study is to establish this concept
internationally.

2 The Software Tool GENESYS

The program system GENESYS was developed with the objective, on the one hand,
of covering all areas of mechanism development in a continuously computer-
integrated way and, on the other, of being used effectively both while retaining its
flexibility and universality when applied to problem-specific, predefined workflows.
This objective is reached through the provision of three elements: basic function-
ality, database and application control (Fig. 1).

The basic functionality comprises five areas:

e Modelling (definition of mechanism types and structural building/topology): In
this module, the mechanism type is defined or selected.

e Motion design: To design cam mechanisms and motion control systems, motion
design is supported on the basis of the interactive variation of interlinked
polynomial sections.

e Analysis: The analysis functionality includes kinematic analysis (determination
of the motion of all links by given drive motion) and kinetostatic analysis
(determination of joint and drive forces and moments for given loads).

¢ Dimensional synthesis modules: To determine suitable dimensions for mech-
anisms, suitable modules of dimensional synthesis are implemented.
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Fig. 1 Elements and concept Application Control
of use of the program system

GENESYS
Sequential arrangement of functional tasks
with interactive control

[,Mechanism Processing Strategy* MPSJ

Basic Functionalities

imensional
Synthesis

Mation
Design

! } : ! !

Modelling Analysis Evaluation

Common database of all function modules

e Evaluation: By experience ideally an evaluation of mechanism design should
be based on kinematic/functional tasks but also on additional requirements with
respect to the general properties of the mechanism. For this, powerful possi-
bilities of diagrams are provided.

The common database for all functional modules contains non-redundant data
about the mechanisms as well as all input and output files of the functional modules.

The special, even unique feature of GENESYS is its provision of sequential
arrangement of functional tasks with interactive control. This concept-based pro-
cedure for designing mechanisms is the core of Mechanism Processing Strategy
(MPS).

3 Mechanism Processing Strategy

The best strategy is hardly of any use today without the availability of suitable
software tools and methods. Today, an abundance of methods have been developed
for determining mechanisms for pre-defined motion tasks. Optimisations play a
major role in this. Procedures, e.g. based on mathematical homotopy, have also
been recommended by the present authors [3]. However, it is essential that the
optimisation procedure does not excessively limit the design of mechanisms, for
what good does it do for designers if they find a mechanism for the required motion
tasks, but the installation space is violated or the transmission properties are not
satisfied, etc. The design of a mechanism must be a gradual, clear process for the
designer. Moreover, the designer must have constant control over the design pro-
cess. GENESYS solves the apparent conflict of goals between the universality of a
design program and the individual solution of a specific design problem by granting
the option of creating a processing list for a mechanism-related problem and thus a
specific processing workflow based on methods from the processing kit.
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In GENESYS, required individual functions from the different functional areas,
i.e. modelling, analysis and dimensional synthesis can be combined in any logic
sequence by the user by means of interactive control. Also, it organises the transfer
of data from one functional call to the other. Moreover, when executing a repeated
run, one has the option of only re-entering input values that should actually be
changed, with the option of skipping input positions for input values that are not to
be changed for that run.

For this purpose, the program system GENESYS has a “processing kit” that
offers a coordinated selection of individual functions typically required in pro-
cessing strategies. This can be used to compile a problem-specific “processing list”
depending on the task on a purely interactive basis—i.e. by means of menu calls
alone and without any programming. When first creating such a processing list,
each step “learns” which data it must take from the current state of the model
database currently being processed, which data must be re-entered by the user, how
these data should be processed and which data ultimately should be written back to
the database of the processed mechanism as the result of the respective step. In a so-
created processing list, the user can then “navigate” at will, i.e. jump back to an
earlier processing step, change an input value for that step and then jump forward
again to any desired position of the processing list. The intermediate steps that are
skipped over in this way are then automatically processed by the system without
any further inputs and the state of the model is adapted to the altered input value.
Figure 2 shows a typical screen view of GENESYS with a specific processing list,
in this case with the integration of precision position synthesis. However, pro-
cessing lists can also provide valuable assistance for pure dimensional variations
with no precision position synthesis. Details about the concept of GENESYS, the
processing strategy and the elements of the processing kit have been discussed in
detail and published in [3, 6].

In particular, the demand for an individually adjustable design strategy for a
mechanism renders the functional elements of the precision position synthesis in the
processing kit indispensable. This is because the precision position synthesis ideally
reduces the number of free parameters of a mechanism to satisfy the motion task.
Only this way can specific mechanism parameters be allocated to the solution of a
motion task in a targeted way. In the selection of precision positions, the designer
has an ideal influence on the solution-finding process.

The processing kit includes different dimensioning modules for precision posi-
tion synthesis. One dimensioning model, which is to be applied later, is the three-
link-group (TLG). The TLG corresponds to the generalised view of BURMESTER:
For two link planes E; and E,, sets of positions assigned to each other are given
relative to a reference system Ej. What we are looking for point pairs which are
assigned to each other, i.e. G| in E; and G, in E,, which exhibit a constant distance
to all pre-defined link positions, whose homologous positions are located relative to
the other respective link plane and therefore on a circle. G; and G, can then be
designed as revolute joints connected by a coupling link. The derivation of the
required systems of equations is described in detail e.g. in [3].
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Fig. 2 Screenshot: developing and applying a processing list: (/) processing kit, (2) processing
list, (3) dialogue windows for the current process step, (4) view of the current state with synthesis
results and their choice, (5) diagram for evaluation

4 Dimensional Synthesis of Straight Line Displacement

A practical design of a mechanism is best suited for introducing and explaining
Mechanism Processing Strategy. In the example presented here, a four-link linear
guide mechanism is to be determined with an especially good linear guide over a
range of 1, = 100 (Fig. 3a).

It stands to reason that the extended linear guide can be reached by specifying a
number of target positions C; for point C of link 2 on the target line. To calculate
possible guide links A,A and B,B, however, complete position specifications for
link 2 are required. Thus the specification of a target angle B; is also required for
every target point C;. However, these position angles are not directly specified by
the task. It would be difficult to make any sensible specifications without additional
reference points. The danger would certainly exist of unintentionally producing bad
solutions through unfavourable specifications. A clearer option is to specify a two-
link assembly B,BC by specifying the frame joint B, and its link lengths B,B and
BC. If the two-link assembly with its link point C is guided to target positions C;
and one of the two possible two-link assembly positions is selected, “natural” link
positions are the result for plane 2 relative to the frame. The dimensioning module
three-link group (TLG) can then be used to calculate the link length A A of link 1
as a connection link between frame 4 and link 2.
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Fig. 3 Four bar linkage (not scaled): a Generation of a straight line displacement with a general
four bar linkage. b Special four bar linkage with a symmetric coupler-curve

What is especially interesting and promising is the use of four-link mechanisms
with a symmetrical coupler-curve (Fig. 3b). It is a known fact that such four-link
mechanisms create a symmetrical coupler-curve if the joint point distances
B,B = AB = BC are equal [7-10]. The direction of the axis of symmetry SYM
results as marked from angle o in the coupler triangle BAC. As is known, such
mechanisms can also generate especially good linear guides. This is why this
mechanism type is used for the precision position synthesis.

Five precision points are to be specified (Fig. 4). Because of the symmetrical
coupler-curve the points C4 and Cs must be symmetric to the points C5 and C,. That
means that Xcq = —Xc3 and Xcs = —Xc2. As a symmetrical coupler-curve is created, a
sixth point Cg+ with Xcex = —Xc1 is fulfilled automatically.

The processing list is put together as follows:

Consecutive specification of coordinate values C;—Cs

Specification of yg,

Specification of guide B,B = AB = BC

Generation of point and position set for later synthesis

Selection of link 1 according to precision position synthesis using TLG
Selection of drive link of coupler-curve

Kinematic analysis and display of results

Fig. 4 Five coupler points I
Cy, Gy, G5, Cqand Csare 1

given Ty
C, C Cy Cs Cps
B L L

2




Dimensional Synthesis with Mechanism Processing Strategy 145

Fig. 6 Result of final dimensional synthesis (mechanism: drawn to scale)

The result presented in Fig. 5 shows an initial synthesis with the linear guide
tolerance band H; = 0.054. Now it is very easy to change the points to be specified
C,—Cs. The list is then processed automatically after each change.

Finally, a result as shown in Fig. 6 can be generated. However, the linear guide
tolerance band H, = 0.036 could be clearly reduced in this result compared to H;
(more than 30 %).

5 Conclusions

In this study, the Mechanism Processing Strategy within the program GENESYS was
introduced using the example of the creation of a linear guide mechanism as a suitable
method for executing the design of a mechanism. In the process, it was shown that the
use of the precision position synthesis is an ideal procedure, which in the case pre-
sented here is certainly far superior as a method to pure parameter variation by means
of “blind” trial and error. However, especially with multi-loop mechanisms, the most
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important requirement is that clearly defined kinematic/functional tasks can be allo-
cated to individual link groups in the overall mechanism, tasks which can be accu-
rately grasped by means of a limited number of precision points.

The success of the mechanism design depends on the processing workflow
developed by the user. Therefore, in order for the conventional precision point
synthesis to be applied practically, a profound understanding of kinematics is
certainly required of the user.
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Dynamic Modelling of a Four Legged
Robot

I. Geonea, A. Ungureanu, N. Dumitru and L. Racila

Abstract In this paper we present the kinematic model of a mechanism, which
represent the legs of a four legged robot. The anterior legs and posterior are realized
as plane mechanisms, with articulated bars. Each anterior leg has a complex
structure, with four closed loops, mean while each posterior leg has only three
closed loops. Each mechanism is actuated by an electric motor. The geometric and
kinematic modelling of the anterior leg mechanism is achieved by means of some
vectorial and scalar equations. Also, the dynamic simulation is achieved during
walking, by means of ADAMS software.

Keywords Mobile robot - Biomechanism - Kinematics + Dynamics

1 Introduction

In case of four legged mammals, the structure of anterior and posterior legs is very
similarly with the structure of most majorities of actual four legs quadrupeds [1-3].
To some quadrupeds, the anterior legs are short that those posterior. To remark, that
at quadrupeds, the anterior legs have the degree of mobility larger than the pos-
terior. Legged walking robots such as biped robots, quadrupeds, hexapods and
eight-legged robots have attracted great interests in the past decades. Legged
locomotion has a lot of advantages as compared with wheeled locomotion. It is
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versatile and flexible when it operates in rough terrain or in unstructured envi-
ronments [1, 4].

Leg mechanisms with a limited number of degrees of freedom (DOF) are widely
used in legged walking robots for the purpose of reducing the number of motors and
simplifying the control algorithms [4, 5]. At LARM: Laboratory of Robotics and
Mechatronics in Cassino, reduced DOF leg mechanisms have been implemented in
several prototypes like one-DOF biped robot [4, 5], and a rickshaw walking robot
[6]. A one-DOF biped robot has been able to perform a biped walking gait in a lab
test [7].

In this paper is presented the design problem for a new quadruped walking robot
by looking at solutions in dog’s locomotors system. Thus, a mechanism design is
proposed as to be implemented for a novel quadruped—Iike walking robot.

2 Mechanism Structural and Kinematics Analysis

The kinematics scheme of the quadruped biomechanism is achieved in vertical
longitudinal plane (Fig. 1), in which are represented the plane articulated mecha-
nisms of those two legs, from rear (Fig. la) and front (Fig. 1b). The booth
mechanisms are articulated in the upper side to a horizontal link, which represent
the body of the physically modeled robot. The joints D and F of each mechanism to
the upper mobile platform (Fig. 1) are considered as basis joints, by this reason this
platform has been noted with 0. Each of those two mechanisms (rear and front), has
a first kinematic chain, the four bar mechanism ABCD, which is composed by the
links O, 1, 2 and 3. The others kinematical chains of each mechanism are the four
bar articulated mechanisms DEFG, HIGIJ, with the links 0, 3, 4, 5, and 4, 5, 6, 7, as
can be seen in Fig. 1.

Fig. 1 Kinematical scheme of the mechanism from posterior legs (a) and anterior (b)
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The mechanism of the front leg contain in his structure another kinematic chain
KJLM, composed by the links 5, 7, 8 and 9.

The mobility of each from those two plane mechanisms is calculated with the
Dobrovolski formula:

5

My=(6—-fin— > (k-G (1)

k=f+1
This for f = 3 (plane mechanisms) becomes the Griibler-Cebasev relation:

5
My =3n— Y (k—3)Ci =3n—2Cs — Cy (2)
k=f+1

where the class of the kinematic joint reveals the imposed restrictions (k = 5, k = 4).
Also, the mechanism degree of mobility, can be calculated with the general
formula, of Paun Antonescu [8, 9]:

M, ZZmCm—ZrNr 3)

where is emphasized the kinematics joints mobility: m = 6 — k and the class of
each independent closed loop: » = 6 — f. For plane mechanism the relation (3), can
be writhed as:

2
My =" mCy —3N; = Ci +2C; — 3N; (4)

m=1

To calculate the mobility of those two mechanisms (Fig. la, b) we use the
relations 2 or 4:

a)

Mb3=3n—2C5—C4=3><7—2><10—0:1;
M,=C +2C;, —3N; =10+2-0-3-3=1.

b)

Mpy3; =3n—2Cs —C4, =3x9—-2%x13-0=1;
M,=C;+2C, —3N;3=13+2x0—-3x4=1.
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The characteristics dimensions of those two mechanisms are (Fig. 1 a, b):
a)

lap=35; lgc=17; Ipc=12; lcp=18; Ipy =11; Ilyy =4; Ilyc=15;

b)

lag=35; lpc=17; Ipc=12; lcg=18; lpw =11; gy =4; Iyc=15; g =13;
lGH = 1552 lHI = 197 lGj = 2729 l]] = 175, l]M = 475, lKL = 56, lLM = 10

In the topological structure of each mechanism we identify the link 1, as motor,
and three or four dyadic kinematics chains.

The mechanism has four independent contours (Fig. 2) first is the four bar
mechanism ABCD, which is composed by the links 0, 1, 2, 3. The second kine-
matical chain of each mechanism is the four bar articulated mechanism DEFG, with
the links O, 3, 4 and 5 as can be seen in Fig. 2.

The third and four kinematics chain are HIGJ and KJLM, composed by the links
4,5,6,7and 5,7, 8, 9. The assumption made for the kinematic modelling is that the
leg mechanism operates on a supporting stand.

We choose a coordinate system with the origin in the fixed joint A, having the
axis Ax and Ay orientated from right to left, respectively from upper to bottom. For
each side of those four closed independent contours we choose conveniently senses,
for that the positioning angles (measured in trigonometric sense) to be most small
(Fig. 2).

We write the closing vectorial equation for the contours, the purpose being to
establish the variations of angles ¢;, considering an uniform angular speed of the
motor element: w; = d¢, /dt = 1.2rad/s. The variation of angles ¢;, i = 1...9, are
determined by solving some equations under the form:

Fig. 2 Kinematical scheme
of the anterior leg mechanism
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A+ AITB-C
. = 2arct P 5
9, g< e , (5)

The expression of variable coefficients is calculated with relations under the
form:

Ar(py, 03) = 2b|lnc; By (s, %) =2ailpc;  As(@a, <P3) = —2bilpc;  Bs(, ¢3) = —2ailpc;
Ca(@a, 03) = lDC bz BC C3(pp, 03) = l%ac - b% - l%)d
a = (xp — xp), bl = (yu —¥B)

(6)

As(@3, @4, 05) = 2balrG;  Ba(@s, @4, @5) = 2a2lrG;

As(@3, 04, @5) = 2bolge;  Bs(@z, ¢4, 96) = 2a2lGE;

Ca(@3, 04y 6) =l — @3 — b3 — L Cs(@3, 04, 06) = L — a3 — b — 5
ax(¢3) = (xr — xp) + Ipecosps;  ba(@3) = (vr — yp) + Ipe sin @3

()

Ao(@g, ¢7) = 2b3lm;  Bo(9g, 07) = 2a3lr;  Co(pg, 07) =1y — a3 — b3 — Ijy;
A7(@g, 07) = =2b3li; B1 (@6, @7) = 2a2ly;  C1(@g, @7) = I%H — a3 — b —l;
a3 (@4, @s5) = LjG - €08 s — I cos @l;  b3(@y, @s) = LG - sin s — lyg sin ¢l;

(8)

As (@5, @9) = 2balke;  Bs(¢s, 9o) = 2aalke;  Cs(s, po) = lyyy — bz %
Ao(ps, pg) = —2balyr;  Bo(@g, @9) = —2aslur;  Co(@g, @9) = lKL — bl (9)
as(@s, o7) =Ly - cos o7 — Lk cos @s; b3 (s, p7) = Ly - sin @, — l]K sin ¢s;

Solving the equations which describe the kinematic model, in Maple software
package, we represent the law of variation of mechanism angles of motion, in
Fig. 3.

3 Dynamic Modelling of the Robot

Dynamic simulation has been computed trough a suitable Adams modelling, during
the walking activity, on the ground, taking into account the ground contact, and the
joints friction. To achieve this purpose it is developed an assembly model with the
four legs of the walking robot, each leg being positioned in a suitable position,
corresponding to the walking phases.

To simulate the mechanism in Adams environment, there is modelled as a 3D
structure, on which the kinematics links are defined as shape, geometry and material
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Fig. 3 Computed plot of the angle ¢¢ variation and ¢g variation

Fig. 4 Computed path of the front legs ankle trajectory, standing and walking

property. They are defined the kinematical joints of the mechanism with corre-
sponding constraints and mobility’s, we define the local and global coordinates
systems upon we calculate the mechanism kinematical parameters. We define the
motor element and eventually loads (forces or moments which act upon the kine-
matical links) upon we process the kinematical analysis. For this step the mecha-
nism is considered fixed to basis joints on an operating stand. The motion of motor
is considered uniform, by 1.2 rad/s, (Fig. 2). In Fig. 4, is presented the trajectory
described by the leg, when she operates on a supporting stand. From figure is also
observed the initial position of the mechanism and the final position of the
mechanism, corresponding to one step of the dog robot. The trajectory was obtained
with MSC.Adams software, by tracking the motion of point L. The CAD model of
the robot is imported into Adams data basis, and trough a suitable modelling in
achieved the dynamic modelling, when the robot is walking on ground. For the
rotation joints are defined the friction from the pin hole joint, the ground contact
model. Simulation parameters of the leg mechanisms considered for dynamic
analysis are indicated in Table 1.

For each crank of those four leg mechanism is defined the motor motion. It is
observed that the cranks are positioned at 180° for the opposite legs, for a suitable
walking phase.

Considering the body weight of the robot by 20 kg and the angular speed of
actuation motor by 1.2 rad/s, there are computed in Adams dynamic simulation the
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Table 1 Simulation parameters for dynamic analysis

153

Pin hole joints

Bushing parameters

Ground contact

Hstatic = 0.3

Translational properties

Normal force: impact

“dynamic =0.1

Stiffness: 1.2 x 107> N/mm

Static friction coefficient: 0.4

Damping: 1.2 N s/mm

Dynamic friction coefficient: 0.3

Pin radius: 6 mm

Rotational properties

Stiffness: 1 x 10*N/mm

Friction effect: stiction

Stiffness: 0.2 N mm/deg

Force exponent: 1.4

Damping: 3 N mm s/deg

Penetration depth: 0.1

Preload: 10 N mm

Damping: 80 N s/mm

Fig. 5 Sequences from the walking activity
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Fig. 6 Computed torque motor variation for the right, and left posterior leg, during walking

motion trajectories of ankle joints, when the model walks on ground. In Fig. 4 is
presented the Adams computed path described by ankle joints.

Sequences from the walking activity of the robot model, obtained in Adams are
presented in Fig. 5. Stepping sequences during walking on ground, demonstrate the
viability of the solution implemented for legs mechanism.

From dynamic simulation is obtained the resistant torque at the shaft which
actuates those four legs cranks. From the variation of resistant motor, presented in
Fig. 6, it’s depicted the conclusion that the maximum value is by 4 Nm, that being
useful for the choice of an actuation electric motor for the experimental prototype

(Fig. 7).
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Fig. 7 Computed contact force upon x and y axis, for the posterior right leg

4 Conclusions

In this paper a kinematics and dynamic simulation of a one DOF robot leg mechanism
is carried out, in order to characterize the mechanism performance. They are two
different structures, for the legs, one for the anterior leg, and another one for the
posterior legs. Each leg is actuated by a single motor element. Kinematics equations
of the proposed leg mechanism are formulated for a situation when the leg operates
on a supporting stand and solved in Maple computational algorithm. In Adams
software is simulated the walking activity taking into account the ground contact with
the leg. There are obtained the paths for trajectories when leg operates on a sup-
porting stand and walking on ground. Simulation results show suitable performance
of the proposed leg mechanism structure. The novelty of the design structure rep-
resents the fact that for each mechanism is needed only one motor, which has a
constant angular rotation, so is no needed a complex command and control algorithm.
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Lifting Mechanism for Payload Transport
by Collaborative Mobile Robots

B. Hichri, J.-C. Fauroux, L. Adouane, I. Doroftei and Y. Mezouar

Abstract This paper reviews lifting mechanisms and provides a description of a
new lifting system that could be fixed on a mobile robot frame. The resulting
collaborative mobile robots would be able to transport an object of any shape by
lifting it above their transporting platform using the proposed system while keeping
a stable formation in order to successfully achieve the task.

Keywords Lifting mechanisms - Collaborative mobile robots - Object manipu-
lation - Transport

1 Introduction

Many industrial tasks (vehicle and construction machine, product manufacturing...)
and commercial activities (freight charging, parcel transport) require automated
load lifting systems. Industries for which we are interested to develop a robotic
system for material lifting and transport are one of the sectors where modern
innovative technologies allow to gain better adaptability and productivity.
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Our goal in the C*Bots project (Collaborative Cross and Carry Mobile Robots) is
to design several mobile robots with a simple mechanical architecture, called m-
bots, that will be able to autonomously co-manipulate and transport objects of any
shape by connecting together. The resulting poly-robot system, called p-bot, will be
able to solve the so-called removal-man-task [13] to transport any object on the top
platform of m-bots (dorsal transport). Reconfiguring the p-bot by adjusting the
number of m-bots allows to manipulate heavy objects with any shape, particularly if
they are wider than a single m-bot. This particular variant of the C*Bots project will
be called C*Bots DGP (Dorsal General Payload transport).

Until now some industrials and constructions still use dedicated equipments that
request a long time to be installed. In some cases, manipulated parts are lifted
manually to a required altitude. Manual Material Handling (MMH) [15, 21, 22]
uses different techniques for object lifting in a safe and efficient way but can cause
Repetitive Strain Injuries (RSI).

Diverse mechanisms and technologies are used for objects lifting and trans-
portation. Some transport solutions require heavy infrastructure such as Automated
Guided Vehicles (AGV) (e.g. ground landmarks, guiding rails) or specific stacking
racks for storage as for Automated Storage and Retrieval System (ASRS). Human
assistance could also be needed to put the object on the transporting platform (e.g.
scissor [5]). Forklifts [24] use forks to lift and transport the object but they require
the positioning of the object on a pallet. Grabbing systems limit the manipulated
payload size and shape. According to the previous mentioned systems, one can
conclude that for a better stability, an object should be better transported on the
robot body [3, 4] or as close as possible to the robot body, to keep the gravity center
above the polygon of support and ensure a bigger stability margin.

There are many patented mechanisms for lifting applications with various
structures and architectures. In [10], a lifting mechanism for an articulated bed is
described. It is based on two parallel arms, hinged to the chassis and the bed plane,
which forms an articulated parallelogram with one extendable arm through two
segments and equilibrating elastic means. Herrera [11] presents another articulated
lifting mechanism comprising a set of arms forming the sides of two rhomboid
polygons to lift objects in a vertical direction parallel to the chassis. In [20], the well
known lifting jack mechanism, used to lift a vehicle, is presented. Another inno-
vative design [9] is used for a vehicle lifting mechanism using a Y shaped chassis
based on a lever, a hydraulic actuator and an articulated support arm. Other example
for object lifting and transport is the hand-truck with an innovative design using
wheels and a vertical lifter sub assembly [19]. Eppert [7] presents a monitoring
payload system for a load lifting vehicle based on a lifting arm and hydraulic
actuators. In [8] a lifting mechanism that could be mounted on the rear of truck is
described. A mechanism for patient lifting and transport is designed in [23]. Charlec
[5] presents a lifting system for metallic parts in construction sites based on a
scissor linkage system with metallic bars and a mechanism ensuring the lift up and
down movement.

Many robotic systems used for objects manipulation and transportation can be
found in literature: [1, 3, 6, 14, 16—18, 25]. The proposed design in this paper is
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characterized by: the simplicity of mechanical architecture comparing to the sys-
tems presented in [3, 25]; the use of a modular swarm of elementary robots [2, 17];
the adaptability to objects of any shape and mass and the ability to provide a fully
autonomous system, without human mediation, contrary for example to robotic
system proposed in [1, 14].

This overview about lifting mechanisms and manipulation strategies allows to
design an innovative robotic system equipped with a lifting mechanism dedicated to
payload co-manipulation and transportation. This paper is organized as follows. In
Sect. 2 the specification of C* Bots project is briefly presented. Section 3 details the
developed lifting mechanism structure, provides the dimension analysis and pre-
sents the first prototype. Finally, Sect. 4 presents the conclusion and future works.

2 C*Bots Paradigm

2.1 Specification

The C’Bots project aims to design identical m-bots equipped with a manipulator.
Together they will be able to lift, co-manipulate and transport a payload which has
to be laid on the top platform of each m-bot. Consequently, in addition to an end-
effector, the m-bot manipulator has to include a lifting mechanism. For simplicity
reasons, the end-effector is considered here to be a rigid contact plate in order to fit
variable payload contact surfaces. This paper will focus exclusively on the archi-
tecture of the lifting mechanism that has to comply with the following requirements
R;: Ri-payload is lifted by several m-bots with unknown number and pose; R;-
collision-free payload trajectory from the ground to the top of robot platform with
constant orientation; R3-mountable mechanism on each m-bot; R4-a free steering
mobility for each m-bot during payload transport. According to this set of
requirements, the global co-manipulation methodology will be described and a
suitable kinematic structure will be deduced.

2.2 Co-manipulation Method

The proposed co-manipulation and prehension methodology was described in [12].
Figure 1 presents different steps from object detection phase to transport phase.
First, m-bots have to locate the object and surround it using distance sensors and
turn on themselves so the end-effector faces the object (Fig. 1a). In a second phase,
the m-bots collectively hold the object between their end-effectors and exert a
collective pressure to hold it using wheel propulsion (Fig. 1b). Submitted to col-
lective pressure and to the proposed co-lifting manipulation, the object is elevated
and laid on the m-bots top platform (Fig. 1c). Finally, locomotion and transport is
performed where m-bot number m must have a specific steering angle 6,, to ensure
a unique Instantaneous Center of Rotation (ICR) of the p-bot (Fig. 1d).
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Fig. 1 Co-manipulation method: a Target reaching; b Object holding; ¢ Object set on robot
bodies; d Object transport: a unique Instantaneous Center of Rotation (ICR) requires different
steering angles 0,,

2.3 Pre-dimensioning the Lifting Capacity

A m-bot # m, with a mass M, could apply on the payload a pushing force f,, ,
which generates a lifting force f,,,,, (Fig. 2) counting on wheel propulsion. The
contact point Cy,; (Wheel/ground) is characterized by a friction coefficient p,. The
maximal lifting force for the m-bot # m can be written as:

Jnps = Wafmpn = Bofmgs = ty(Befmgn) = i, (1gMg) (1)
Mynax
The maximal total lifting force is f,,, = Z Jops = Muaxtt, (1, Mg) (2)
m=1
M : friction coefficient with ground ietl,..m,..m,} - m-bot number,

g Jj€{p,g} :contact location payload/ground

,u[7 : friction coefficient with payload Jee{n,t} :normal, tangential

> fmp[‘ ‘fm-%—l
Bz \ Dt -
Zm A S AZ

G, X
fm,g,n X Cm,p(lup) Cm+l,p(:up) m+1 m+1,g,n

\ / . anl,gLﬁ//
Cm,g(lug)/le,g,l [Cm+l,g(lu8) /

Fig. 2 Payload lifting by two m-bots
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With the simplifying assumption y, = p, = 0.5 = f,,, = M'"Z‘“"g. One can con-

clude that to increase the p-bot lifting capacity f, ;, the total number #1,,, of m-bots,
their mass M or the friction coefficients y, and p, have to be increased.

3 Designing a Lifting Mechanism

3.1 Structural Synthesis

The various requirements R; will influence directly the kinematics structure. R; and
R4 can be satisfied by supporting the lifting mechanism on a turret. As a conse-
quence, a revolute joint with z axis will support the mechanism (Fig. 1b, c). R;
defines the initial and final poses P; and P, of the lower point P of the end-effector
that holds the object (Fig. 4). The latter will keep its orientation constant during the
lifting motion. The trajectory must start with a vertical lifting motion (+z,) and
finishes with a backward horizontal motion (—x,,) towards the m-bot platform
(Fig. 3a). R, implies not to start the horizontal motion too early in order to avoid
collision with the m-bot platform. Different trajectories are allowed (Fig. 3a) among
which the square and the circular motions are the most obvious. A square trajectory
could be achieved using two orthogonal prismatic joints (Fig. 3b) and two actua-
tors. A circular trajectory would lead to a simpler solution using only one actuated
revolute joint. However, to keep the payload orientation along the circular trajec-
tory, a parallelogram mechanism is preferred (Fig. 3c) while keeping the control

(a) i <}:l:| Payload
A
=
G Possible
" X tra]ectrrles

‘_© Lower bar ‘ < ! 13\
@Turmable %\ : ‘;l 5
@ Mobile platform //////// ’,(/ @D

Fig. 3 Elementary lifting systems: a Payload initial and final position; b 2 DOF solution; ¢ 1 DOF
solution based on parallelogram mechanism; d Binding graph; e 3D CAD view
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simplicity with a single actuator. The proposed mechanism will be fixed on the top
of a unicycle mobile platform.

3.2 Structural Analysis

The proposed lifting mechanism is described in Fig. 3. Part 1 is a base to be fixed
on the mobile platform. Part 2 is a turntable connected to 1 via a revolute joint
(zm axis) which allows the robot frame to steer freely when the payload lays on
surface S, on the top of 2. Two identical parallelogram mechanisms are mounted on
2. Each one is composed of a lower bar 3, two long bars 4 and an end-effector
support 5, 6, 7. The end-effector is a plate using the contact surface S; to hold the
object in collaboration with the other m-bots. A linear actuator § is used to ensure
object lifting and to control the parallelogram mechanism via an additional lever 9.
The actuator allows to maintain the pressure force on the payload.

3.3 Dimensional Synthesis

P, and P, represents respectively the initial and final positions of lower point of the
end-effector P. Two clearance parameters d; and J, are imposed to avoid collision
between P and the robot platform during payload lifting at position P3;. Constant
and variable parameters are expressed in Fig. 4. Constants are: h-the mobile plat-
form height, I-the distance between P, and the front of the robot, clearances §; and
0, ay-the initial angle for the parallelogram mechanism. The synthesis consists in
determining the radius of the trajectory r = l4p = [¢p, then calculating the distance
L, and finally deducing the positions of A and B:

—m+ +\/m? —4np

r=1ly= 5 with m = —4{[(I + 8;)> + 63](d2 + 2hsina)};
p
3)
n=4[(I+ &) cos® o — 83 sin” a;
p=—[(L+6))* + [l + 61)* + 62 + 4h(; + h)]
2 2 .
L :(l+51) +52+252<h+rsmal)+rcosal )

2(1+ 6y)

c=L; —rcosu (5)
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Constants:P,, P,, P,(6,,6,),1,h,a,  Variables: ,,",.c,p,
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Fig. 4 Dimension synthesis

Now the position of A can be written as:
XA =X —rcoso =Xxp, —C—rcosday; za =rsino +h+d (6)

Tha angle /3 is chosen so that the parallelogram ABCD remains as far as possible
from the singular flat configuration in the extreme positions P, and P,. Length l4p
is not constrained.

3.4 First Prototype

Figure 5a presents the designed m-bot with the lifting mechanism in a prehension
position. Figure 5b illustrates the 3D model for a group of four robots. Two pro-
totypes based on Khepera platform have been realized to validate the manipulation
strategy. Each m-bot weighs 1.4 kg. Figure 5c presents two antagonist robots

(@ b ©

Fig. 5 Model and first prototype based on Khepera platform: a First prototype design; b Four
robots manipulating a box; ¢ Box prehension by two robots; d Box transport by two robots
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manipulating a box (200 % 300 x 200 mm) and lifting it on their bodies. The m-bots
keep their end-effectors down and hold the payload in between. Then they lift it up
and put it on top of their bodies to be transported (Fig. 5d).

4 Conclusion and Future Work

This paper has presented the paradigm of C*Bots which aims to co-manipulate and
transport a common payload by collaboration between several similar m-bots. Each
m-bot is mainly made of two parts: a mobile platform and a manipulation mech-
anism. A first design of a lifting mechanism to be fixed on the mobile platform has
been presented. The developed p-bot is modular and can gather a variable number
of m-bots to manipulate an object of a general shape. The m-bot was built from a
single-axle robot (Khepera platform). A specific manipulation arm was attached to a
vertical actuated and reversible revolute joint to let the m-bot turn freely on itself
when the payload is supported by the m-bots. The resulting p-bot is thus allowed to
manoeuvre (translation along any direction and rotation around any point in the
ground plane). This preliminary design allows object manipulation without con-
sidering obstacle climbing which will be the goal of a second part of the project. For
future work, experiments are under process for evaluating the transport efficiency
with the p-bot. Stability will also have to be evaluated and optimized during pre-
hension, lifting and transport phases while taking into account objects shapes and
weights.
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Kinematic Design of a Reconfigurable
Deployable Canopy

G. Kiper, F. Giircii, K. Korkmaz and E. Soylemez

Abstract A reconfigurable and deployable mechanism is proposed for a canopy
which can also be used as a tent or a semi-open structure. The proposed single
degree-of-freedom mechanism has four assembly modes. The conditions for
deployment and reconfiguration of the mechanism are derived. These conditions
impose three equality and two inequality constraints on the 11 design parameters of
the mechanism. A virtual model of the mechanism is constructed in Excel for
design and simulation purposes. A computational case study is presented.

Keywords Kinetic architecture - Deployable structures - Canopy design
Reconfigurable mechanisms

1 Introduction

The term “reconfigurable” is used for several different meanings in the literature.
Some authors use reconfigurable structure to describe movable systems which can
attain different stable forms, like a chair which can transform into a ladder [1]. In
this context, reconfigurable may be used interchangeably with transformable. In this
study, what we mean by reconfiguration is assembly mode change for a mechanism.
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Also the word configuration is used for different concepts in various studies. In
most mechanism science textbooks configuration is used as equivalent to assembly
mode (Ex. [2]). Mason [3] defines a configuration of a system as the location of
every point in the system, so that he can define the configuration space as a metric
space comprising all configurations of a given system. On the other hand, Kuo et al. [4]
use the configuration definition of Merriam-Webster Dictionary as “relative
arrangement of parts or elements”. According to this last definition, a Skotch-Yoke
mechanism and a double slider mechanism with orthogonal slider axes have the
same configuration [4]. In this study we use configuration interchangeably with
assembly mode.

In most applications reconfiguration is undesirable, because it causes uncon-
trolled motion of a mechanism. However, recently some designs make use of
reconfiguration in order for the mechanism to adapt to different tasks or service
conditions. Even an ASME/IFToMM conference series is started about reconfig-
urable mechanisms and robots [5]. In MecArt—Kinetic Designs in Architecture
group [6] in Iztech we recently started working on reconfigurable designs and the
first design concept is presented as a reconfigurable deployable canopy design [7].
To our knowledge this is the first and only reconfigurable single degree-of-freedom
design in kinetic architecture. The design is not only reconfigurable, but also
deployable, so that the mechanism has a compact state (Fig. 1a). The mechanism
may be reconfigured to be used as a canopy (Fig. 1b) or a tent (Fig. 1c) or in a semi-
open hybrid form (Fig. 1d). The planar mechanism demonstrated in Fig. 1 is used as
a module and several such planar modules can be combined with parallelogram
loops in order to obtain spatial assemblies (Fig. 2). In [7] we presented the initial
design with parallelogram loops. In this study we investigate alternate designs with
general link dimensions.

(a) (b)

Fig. 1 Planar mechanism module in a compact form, b fully open (canopy) form, ¢ fully closed
(tent) form and d semi-open form
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Fig. 2 The spatial assembly

2 Kinematic Model of the Mechanism

The kinematic diagram of the planar mechanism is illustrated in Fig. 1. The
reconfigurable mechanism comprises two four-bar loops and a slider-crank loop
(Fig. 3). It has single degree-of-freedom with 8 links and 7 joints (The slider at
joint D is not shown in Fig. 3). The design parameters of the mechanism are defined
as [AoDo| = ay, |[AD| = ay, [DE| = by, |AA(| = a3, |AB| = bs, [BC| = a4, [BG| = by,
|DC| = as, |[EF| = a¢, [FH| = bg and |AgF| = a;. The variable joint parameters are 6,5,
013, |A0D| =813, 014, 015, 016 and 0.

A parametric model of this mechanism is constructed in Microsoft Excel®
environment. See [8] for use of Excel® in mechanism applications. Figure 4
illustrates the design of the reconfigurable mechanism with Microsoft Excel®. First
of all, link length parameters a;, a,, by, as, bz, a4, by, as, ag, a; are specified.
Variable joint parameters 01, 013 sig 014, 015 016, 017 are determined in row 17
using the Visual Basic macro functions explained in [9]. The joint coordinates are
evaluated in columns E and F. The input angle 6, can be varied using the asso-
ciated spin button and the graph of the mechanism can be animated.

Two configuration variables are defined in cells B20 and B21 for the two loops
of the mechanism. These variables take the value 1 for the open configuration and
—1 for the cross configuration of the four bar loops ABCD and Ay AEF. Also the
clear span width (the distance between end points G and H when they are collinear
on the ground in the fully closed form of the mechanism) is monitored in cell B23.
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Fig. 3 Kinematic diagram of the mechanism
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Fig. 4 Design of the reconfigurable mechanism with Microsoft Excel ®

3 Determining the Link Length Dimensions

The crucial

part of the overall design process of reconfigurable deployable shelter is

its geometric design. In order to have a fully compact configuration, the mechanism
must obey a general deployability condition [10]. The deployability condition is that
all of the joints of the mechanism are collinear in the folded configuration. The
deployability conditions for the two four bar loops ABCD and AyAEF are as follows:

(1)
)

For loop ABCD: a; + as = a5 + bs

For loop AyAEF: a; + (a; +by) = ag + a7
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Fig. 5 The four-bar loops in dead center position

There are also some inequality constraints as design requirements. The main
design requirement is reconfigurability. Reconfiguration is obtained through the
dead center positions when links DC and CB are collinear for loop ABCD and AE
and EF are collinear for loop ApAEF. In order to have this collinearity, the fol-
lowing reconfigurability conditions should be satisfied:

For loop ABCD: a4 + as <bz + a (3)
For loop AjAEF: a; + by + ag<a; + a3 (4)

Combining the reconfigurability conditions (3) and (4) with the deployability
conditions (1) and (2):

as S ap (5)
ag < a3 (6)

Reconfigurations of the two loops have to occur simultaneously, because if one
of the loops reaches the dead center position before the other one, this other loop
does not reach its dead center position. When the two loops simultaneously reach
their dead center positions, the loops are instantaneously positioned as in Fig. 5.

Writing cosine theorem for triangles ABD and AgAF in Fig. 5:

a3 + b2 — (ay +as)’
2212b3

(a4 +as)> = a2 4+ b2 — 2ayb3 cos & = cos o = (7)
a% = a% + (az + by + 3.6)2—2213(&2 + by + ag) COS(TE — OC)
a2 —a3 — (a+by+ ag)’ (8)

= coso =
2a3(a; + by + ag)

Combining Egs. (7) and (8):

a%+b§—(a4+a5)2:a%—a§—(ag—i—bz—i—ag)z )
abs a3 (az + by + 3.6)
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Equation (9) shall be called the simultaneous reconfiguration condition. Equa-
tion (9) imposes another restriction on the design parameters. In total there are two
equality and three inequality constraints on the 11 design parameters. Due to the
equality constraints, 8 of the 11 parameters can be selected freely. Here is a
description of the design procedure: The dimension a; is the height of the recon-
figurable shelter and can be selected freely according to the design requirements.
There are five relationships among the link length a,, by, as, bs, a4, as, ag and a; of
the two four-bar loops: deployability conditions (1) and (2), reconfigurability
conditions (3) and (4), and the simultaneous reconfiguration condition (9). Due to
the three equality constraints, among the 8 parameters defined above 5 of them can
be selected independently. It is rational that a,, as, a4, ag are should be independent
parameters to satisfy the inequality constraints (5) and (6). The remaining inde-
pendent parameter can be selected among b,, bs, as or a;. For instance, let b,
be selected as an independent parameter. From the deployability conditions two
out of bs, as or ay are dependent on the others. Let b; and a; be dependent. So from
(1) and (2)

by =a; +as—ay (10)
a7 = (212 + bz) —+ a3— ag (11)

as should be solved from the simultaneous reconfiguration condition (9). Manip-
ulating Eq. (9):

az(az + by + ag) [ag + b% — (ag + as)z} = arbs [a% — a% —(aa+by+ 36)2 (12)

Substituting (10) and (11) in (12), expanding and simplifying:

as(az + by + ag)[az(az — as) + (a2 — 2a4)as]
= az(az —aq + as)[(az + bz)(a3 — 2a6) — 213216}

Solving for as from (13):

as — arag(ay —aq)(ax + by + a3) (14)
azas(ay + by + ag) — arag(ar + by + a3)

The remaining link lengths by and bg are subject to two conditions: In fully
closed configuration, points G and H must be in line with D, and distance between
G and H should be equal to the required clear span width. These requirements are
satisfied by changing b, and bg in Excel using the associated spin buttons.
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Fig. 6 Fully closed form of case study

4 Case Study

Consider a canopy design with a desired height 3.5 m and desired clear span width
15 m. A proper set of link length dimensions according to the formulations in
Sect. 3 are determined as: a, = 1 m, b, = 4.5 m, a3 = 1 m, bz = 6.663 m (from
Eq. (10)) a4 = 0.98 m, by = 2.5 m, a5 = 6.643 m (from Eq. (14)), ag = 0.973 m,
bg = 1.18 m and a; = 5.527 m (from Eq. (11)). The span width is 15.032 m. The
fully closed and fully open forms of the designed mechanism are illustrated in
Fig. 6.

5 Conclusions

For the first time a reconfigurable single degree-of-freedom mechanism is proposed
for an architectural application in this study. The 8-link mechanism is to be used as
a deployable canopy which can transform into a tent or a semi-open form. The
deployability, reconfigurability and simultaneous reconfiguration conditions for
the mechanism are derived such that among 11 design parameters, 8 of them can be
selected freely. In further studies we plan to devise means for obtaining reconfig-
uration of the mechanism manually or automatically.



174 G. Kiper et al.
References

1. Weaver JM, Wood KL, Jensen D (2008) Transformation facilitators—a quantitative analysis
of reconfigurable products and their characteristics. In: Proceedings of the ASME 2008
international design engineering technical conferences & computers and information in
engineering conference IDETC/CIE 2008, Brooklyn, NY, DETC2008-49891

2. Soylemez E (2009a) Mechanisms, 4th edn. METU Press, Ankara, Turkey

3. Séylemez E (2009b) Appendix 2: function routines for simple mechanisms and basic trigonometry.
In: Mechanisms, 4th edn METU Press (2009b). Available via METU OpenCourseWare. http://
ocw.metu.edu.tr/pluginfile.php/3961/mod_resource/content/12/appendices/ek2.htm

4. Mason MT (2001) Mechanics of robotic manipulation (series: intelligent robots and
autonomous agents). MIT Press, Cambridge, p 11

5. Kuo C-H, Dai JS, Yan HS (2009) Reconfiguration principles and strategies for reconfigurable
mechanisms. In: Dai JS, Zoppi M, Kong X (eds) ASME/IFToMM international conference on
reconfigurable mechanisms and robots REMAR 2009, pp 1-7

6. Dai JS, Zoppi M, Kong X (eds) (2009) ASME/IFToMM international conference on
reconfigurable mechanisms and robots REMAR 2009. Available via IEEEXplore® digital
library. http://ieeexplore.ieee.org/xpl/mostRecentlssue.jsp?punumber=5167202

7. Korkmaz K (2014) Mec-art—kinetic designs in architecture. http://mecart.iyte.edu.tr. Last
accessed: 06 Mar 2014

8. Giircii F, Korkmaz K, Kiper G (2014) Design of a reconfigurable deployable structure. In:
Proceedings of the first conference transformables 2013. Seville, pp 145-149

9. Soylemez E (2008) Using computer spreadsheets in teaching mechanisms. In: Proceedings of
EUCOMES 08. Springer, pp 45-53

10. Maden F, Korkmaz K, Akgiin Y (2011) A review of planar scissor structural mechanisms:
geometric principles and design methods. Archit Sci Rev 54:246-257


http://ocw.metu.edu.tr/pluginfile.php/3961/mod_resource/content/12/appendices/ek2.htm
http://ocw.metu.edu.tr/pluginfile.php/3961/mod_resource/content/12/appendices/ek2.htm
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5167202
http://mecart.iyte.edu.tr

Function Generation Synthesis

with a 2-DoF Overconstrained
Double-Spherical 7R Mechanism Using
the Method of Decomposition and Least
Squares Approximation

G. Kiper and B. Bagdadioglu

Abstract This study addresses the approximate function generation synthesis with
an overconstrained two degrees-of-freedom double spherical 7R mechanism using
least squares approximation with equal spacing of the design points on the input
domain. The 7R mechanism is a constructed by combining a spherical SR mech-
anism with a spherical 4R mechanism with distant centers and a common moving
link and then removing the common link. This construction allows the analysis and
synthesis of the resulting single-loop mechanism by decomposing it into fictitious
5R and 4R loops. The two inputs to the mechanism are provided in the 5R loop and
the output is in the 4R loop. The fictitious output of the 5R loop is an input to the
4R loop this intermediate variable is used to also decompose the function to be
generated. This decomposition provides the designer extra freedom in synthesis and
enables decreasing the error of approximation. A case study is presented at the end
of the study where the 7R design is compared with an equivalent spherical SR
mechanism; hence the advantage of the 7R mechanism is demonstrated.

Keywords Multi-input function generation - Overconstrained mechanism
Method of decomposition - Least squares approximation

1 Introduction

Due to constructional simplicity, low cost, ease of use and stiffness capabilities,
kinematically deficient manipulators are becoming popular ([1] and as an example
see [2]). Some researchers use the deficient term as a substitute to under-actuated,
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however what we mean by a deficient manipulator is a manipulator with less
degrees-of-freedom (dof) than the task-space dimension. Although analytical syn-
thesis methods for single dof mechanisms are widely studied [3, 4], mostly opti-
mization methods are utilized for determining link length dimensions of multi-dof
mechanisms (ex. see [5]). An exceptional study is analytical motion synthesis of a
3-RPS manipulator [6].

We have recently presented several studies on synthesis of 2-dof spherical and
planar SR mechanisms [7-9] as a case study of approximate analytical synthesis of
multi-dof mechanisms. Specifically in [7] the function synthesis problem for a
spherical SR mechanism is addressed, where one of the fixed joints is an input, the
mid-joint is the second input and the remaining fixed joint is the output. The reason
of choosing the mid-joint as an input instead of a joint adjacent to a fixed joint is
that this selection leads to linear set of equations. We make use of such a spherical
5R loop in this study, as well.

Another tool to enhance the stiffness of a manipulator is overconstraint. Huang
et al. [1] note that most of the lower-mobility (deficient) parallel manipulators are
overconstrained mechanisms. Recently we worked on the Bennett 6R mechanisms
[10, 11]. The Bennett 6R mechanisms are the single-loop double-planar, double-
spherical and plano-spherical linkages, which are respectively obtained by com-
bining two planar slider-crank mechanisms with intersecting planes, two spherical
four bar linkages with distinct centers and a planar four-bar and a spherical four-bar
mechanisms, all with a common moving link connected to the common fixed link,
and then removing the redundant joint connecting the two common links [12]. The
removed joint is called a passive joint. Since the dof of these mechanisms according
to Griibler-Kutzbach mobility formula is equal to zero despite the single dof
mobility of the mechanisms, the mechanisms are overconstrained with general
constraint one [13]. In [10] we derived the input-output equations of the Bennett 6R
mechanisms and in [11] we worked out the function synthesis of these linkages
making use of the method of decomposition [14]. The method of decomposition is
based on the fact that the above-mentioned single loop 6R mechanisms may be
decomposed into two imaginary loops. By taking the input and output joints as the
fixed joints, the I/O equations for each imaginary loop are obtained. The passive
joint is output for the first loop and input for the second loop. Besides being
overconstrained, these linkages prove themselves useful in synthesis thanks to the
large number of construction parameters (link lengths) [11].

In this study we combine a 2-dof 5R spherical mechanism with a single-dof 4R
spherical mechanism with a common moving link and remove the redundant
common joint to obtain a single-loop 2-dof overconstrained 7R spherical mecha-
nism. We address the problem of function synthesis of this mechanism for
approximate generation of a continuous function with two inputs and single output.
For the synthesis method we use the least squares approximation method instead of
the Chebyshev method used in [7].
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2 The Double-Spherical 7R Mechanism

The double spherical 7R mechanism in Fig. 1 is constructed by combining the
spherical 5-bar ABCDE and the spherical 4-bar AFGH and then removing the
common joint A. The inputs of the mechanism are the angles 6 and ¢ in the
fictitious 5-bar and the output is the angle 1 associated to link 8. In applying the
method of decomposition, the output y of the 5-bar is treated as the input to the 4-
bar. Notice that since we are dealing with a function synthesis problem, without loss
of generality the radii of the spheres can be taken as 1. The construction parameters
are the spherical link lengths a4, ..., 09 and the twist angle y. To simplify the
formulation let us assume y = 0. See [11] for the general case.

We start by deriving the input/output (I/O) relationship for the loops. Coordi-
nates of B, C and E:

1 C1Co — $1872¢0
C =Z(01)X(0)Z(02) | 0 | = | syca + cy80¢0 |,
0 $,s0
1
: (1)
E =X(—{)Z(—-as) | 0 —550\1/
0 Sss\r

where X(.) and Z(.) are 3 % 3 rotation matrices about x- and z-axes, respectively,

Ck = COS0Oy, Sk = sinoy, cO = cosb, etc. Let CE = B. B depends on a3, a4 and the joint
variable ¢ via the spherical cosine theorem for triangle CDE:

Fig. 1 Double-spherical 7R mechanism
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c3¢4 + 8384¢Ph = ¢ (2)
On the other hand the scalar product of C and E from Eq. (1) yields
C-E = cB = cicacs — 5185¢5¢0 — sycassc — c¢15p85¢0c\ + 580855y = B (3)
Combining Egs. (2)—(3) and rearranging
C1C2C5 — C3€4 — $384Ch — $182C5¢0 + 585808y — ¢18p85¢0cy — scossey = 0 (4)

Equation (4) can be written in the following polynomial form

Zijj (X) — F(X) =0 (5)
=1
where m =5, x = {0, ¢, v} and
— t t t
P =TS py = P py =2 py =2 P =2
S1C285 S1C2S5 ts S1 t
f1(x) =1, f2(x) = —co, f3(x) = —cb, f4(x) = sOs\y, f5(x) = —cOcy and F(x) = c\

(6)

for t = tanoy. Pj are determined using least squares approximation as explained in
Sect. 3. After P; are determined, the construction parameters of the mechanism are
determined from Eq. (6) as

_A£B

b o _A:FB
P3’ 3 2 ) -

2
(7)

where A = cos™![ca(cics — (Py + P)siss)], B = cos™!ea(cies — (Py — Py)syss)].
Notice from Fig. 1 and Eq. (2) that interchanging a3 and o4 does not affect the I/O
relationship. For the spherical 4-bar AFGH, the coordinates of joints F and G are

1

— PS -1
o = *cos P, op = tan  (Pys;), o5 = tan oy
4

—1 —Cq
F = X(—\I})Z(O{G) 0 = —séc\l/ y
0 Ses\r
| (8)
— CgCo — SgS9CM
G =Z(09)X(—M)Z(0s) | 0 | = — | cs + sgs9cm

0 —8gsm
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Evaluating the scalar product of F and G and manipulating:
C6C8Cy — C7 + 86C8S9CY + S6SgCoCM Y + S6SgsTSY — CeSgSocm = 0 )
Equation (9) can be written in polynomial form of Eq. (5), butm=4, x= {y,n} and

C6C8Cy — C7 te ts te
—— Ph=— Py=—, Py =—,
C6S58S9 tg to S9 (10)

f1(x) =1, f2(x) = ¢\, f3(x) = cney, f4(x) = snsy and F(x) = cn

P, =

After P; are determined as explained in Sect. 3, the construction parameters are
determined from Eq. (10) as

P; . 1l
— .0 = tan~  (P4Sg9), 08 = tan~ " —
P4 ) ( )ﬂ P2 ) (l l)

olg = & cos™!

=4 cos’l(c60809 — c6S880P1)

3 Function Generation Synthesis

Let the function to be generated be z = f(X, y) for Xp;, < X < Xpax and
VYmin < Y < Ymax- The independent variables x and y should be related to the
mechanism inputs 0 and ¢ and the dependent variable z should be related to the
mechanism output 1. Via method of decomposition the intermediate joint angle
should be related to an intermediate variable w such that w = g(x, y) and z = h
(w) = f(x, y). 0, ¢, v and 1 can be chosen in arbitrary ranges O, < 0 < 0.5,
Omin < 0 < Omaxs Ymin <V < Winao Nmin < ¥ < Nmax- We shall linearly relate x, y, w
and z to 0, ¢, v and n as
X — Xmin 0— emin Y = Ymin _ d) B (l)min

= 3 b
Xmax — Xmin ~ Omax — Omin Ymax — Ymin d)max - (I)min (12)
W — Wmin Y — Vinin and Z—Zmin M — MNmnin

Wmax — Wmin©~ Vmax — Vinin Zmax — Zmin ~ Mmax — Mmin

Then desired v and n values for given inputs 6 and ¢ are found as follows:
¢ ¢

— Xmin + emina d) = M

Xmax — Xmin ) (I)mdx (I)mm

‘~|’max Wimin (g(X,y) — Wmin) and n =

Wmax — Wmin Zmax — Zmin

emax - 6min
=——— (X (y ymln) + (I)mim

Nmax ~ MNmin (f(X)

\l" - Zmiﬂ) + Nmin

(13)
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and conversely

0 — emin d) (I) ;
X :m (Xmax - Xmin) + Xmin, Y = d)max rdr;:“n (ymax ymln) + Yimins
W= \Ij\nl:ax \ljiln:]m (Wmax Wmin) + Wpin and z = ﬁ (Zmax - Zmin) + Zmin

(14)

Equation (13) is used for determining the design points 6;, ¢;, y; and n; from x;,
Vi, Wi = g(X;, yi) and z; = f(x;, y;). Selection of x; and y; may be done with equal
spacing, Chebyshev spacing, or any other type of spacing.

In least squares approximation the number of design points, n, should be more
than the number of construction parameters m (=5 for the 5-bar and 4 for the 4-bar
mechanism) and the aim is to minimize the square sum of the errors at the design
points x; fori =1, ..., n. Due to the generation error, Eq. (5) is not exactly satisfied,
but there is an error ;. In order to find the minimum of the square sum we
differentiate the square sum with respect to coefficients P; and equate to zero:

i [infj(xi) - F(xi)] =0forj=1,...,m (15)
i=1 [j=1

Equations (15) are linear in Pj, hence P; can be determined uniquely. However
there are some restrictions on P; in order to obtain a mechanism. For instance, from
Eq. (7) we see that |Ps| < |P,| in order to be able to compute cos™ .

The maximum percentage error is defined as

Zdesired — Zgenerated

Bl = ma

x 100> (16)

Zdesired

During the computations %]|E| .« is monitored and the freely chosen parameters
that are associated with selection of the intermediate function w and the limits of the
input/output joint variables are tuned in order to minimize the maximum error.

4 Case Study

As an example consider the function z = x*°y*? for 5 <x < 10and 14 <y < 17. We
defined the intermediate variable as w = x*‘yb such that z = w°, where ¢ can be
chosen freely, a = 0.6/c and b = 0.2/c. We employed 25 design points as equally
spaced 5 by 5 grid for the inputs x and y. The limits of the inputs 0 and ¢, the
passive joint variable y and the output 1 of the mechanism are also free to choose.
Therefore, there are 9 free parameters in this synthesis problem. After several trials
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=0.6-0.8
=0.4-0.6
=0.2-0.4
=0-0.2
=-0.2-0
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=-0.6--0.4
=-0.8--0.6

Fig. 2 Percentage error variation for generation of z = x*%y%?

Fig. 3 CAD model of the designed 7R mechanism

on the free parameters, a solution with relatively low error is determined for ¢ = 0.9,
145° < 6 < 300°, 100° > ¢ > 80°, 105° < y < 185° and 250° > 1 = 185°. The
maximum percentage error is found as 0.656 %. The maximum percentage error
can be further decreased; however the link length ratios get worse. Percentage error
variation is depicted in Fig. 2. For comparison we also worked out the synthesis
with a spherical 5R mechanism for the same function and maximum percentage
error is found as 0.834 %.
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The construction parameters of the designed 7R mechanism are a; = 126.13°,
ap = 31.61°, a3 = 127.69°, a4 = 17.89°, 0as = 86.65°, a¢ = 28.47°, a; = 171.52°,
ag = 35.52° and a9 = 166.74°. It is verified that the mechanism successfully gen-
erates the desired function by means of a CAD model which is given in Fig. 3.

5 Conclusions

This study focuses on formulation of function generation synthesis of an over-
constrained 2-dof 7R mechanism using least squares approximation and making use
of method of decomposition. The inputs of the mechanism are chosen such that the
resulting synthesis equations are linear. Several case studies are performed and one
of them is presented. The case study shows that the maximum error may be
decreased by use of a 7R mechanism instead of a spherical SR mechanism. Future
studies involve applying other approximation methods for the 7R mechanism and
comparing the results.

Acknowledgments The authors thank Prof. Rasim Alizade for his guidance.
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Designing Cam Mechanisms Using CAx

J. Ondrasek

Abstract Very important mechanical objects are cam mechanisms whereas their
dynamic properties affect the overall behavior of the given mechanical system. For
this reason it is necessary to create a mathematical model of those objects whose
main objective is to determine the time course of the dynamic behavior of the
system. When creating mathematical models of combined cam mechanisms, there
are used options and features of NX I-DEAS, MSC.ADAMS and MSC.EASYS
expert systems. This approach is shown in the design of the wire feeder drive of the
nail making machine. The drive is designed by a cam mechanism with a radial
conjugate cams and an oscillating roller follower. The aim of the analysis was to
determine the characteristic dimensions of the cam mechanism.

Keywords Cam mechanism - Displacement law - Linkage - Hertz pressure -
Dynamic analysis

1 Introduction

Cam mechanisms can implement the required working movements very accurately
with a small number of links located in a relatively small space. Thus, they still are
used in the construction of varied machinery. They are mainly machine tools,
printing, textile, metal forming machines, etc. Increasing requirements on the
performance of the mentioned machines demand appropriate processes for the
design of cam mechanisms. With the development of numerical mathematics and
informatics, numerical methods have begun to be applied in the design of cam
mechanisms. At present it is possible user-oriented subroutines to implement into
commercially available expert systems. In the case of combined cam mechanisms,
these subroutines describe mathematic models of displacements and kinematic
quantities of cam mechanisms and transforming linkages. The set of these
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subroutines may be used for kinematic analysis and synthesis of cam mechanisms.
They may be applied also to the dimensional optimization of the mechanism
regarding e.g. the value of the minimal radius of curvature of the cam profile or the
maximum pressure angle. They may be used to solve the dynamics of combined
cam mechanisms with rigid or flexible bodies.

This approach is shown in the design of the wire feeder drive of the nail making
machine. The drive is designed by a cam mechanism. The resulting mathematical
model was defined by the algorithms of the expert system MSC.ADAMS with the
assistance of user subroutines, created in the programming environment of MSC.
EASYS5. The numerical solution of motion equations was carried out in MSC.
ADAMS. NX I-DEAS was used to the quantification of geometrically-mass
parameters of bodies of the analyzed mechanical system. Individual bodies and
kinematic joints, eventual deformation field of flexible bodies, may be further
defined in NX [-DEAS. The aim of the analysis was to determine the characteristic
dimensions of the cam mechanism.

2 Combined Cam Mechanisms

This section gives only basic information on how to solve tasks of combined cam
mechanisms. Detailed knowledge of this issue may be found in [1].

The general cam mechanism is typically referred to a three-link mechanism with
one degree of freedom, which includes at least one cam connected to the driven link
with at least one general kinematic pair. The shape of a cam contour is usually
determined by the synthesis which is based on the knowledge of the displacement
law of the given cam mechanism and its dimensional parameters. The algorithms of
solving of the mathematical models of general cam mechanisms include relevant
subroutines. They are integrated into the user library of the MSC.EASYS system
and that are identified by block C for other needs. Schematic representation of a
cam mechanism with a radial conjugate cams and an oscillating roller follower is
shown in Fig. 1.

Fig. 1 General cam
mechanism
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As a combined cam mechanism it is generally called a mechanical system
usually with one degree of freedom which includes at least one general cam
mechanism. The system may further include gearing and linkages with not only a
constant, but also a generally variable gear ratio. To the driving link of a combined
cam mechanism it is assigned variable z. The position of the driven link is indicated
with the variable w. For a driven link it is usually regarded as a working link or the
body whose values are the result of the solution. The position of the cam relative to
the frame of the cam mechanism is determined with an angular variable y and the
position of the follower is indicated with the generalized variable v.

Displacement laws w(r) of combined cam mechanisms with rotating cams are
periodical functions with a period of 2z. The period 2z may be divided into motion
and dwell intervals. Displacements on each motion interval may be different in a
maximum total rise W and an expression of the normalized form # = n(¢) [1]. The
variables &, 7 of each motion interval are in linear correlation with the original
variables 7, w and can be expressed as [1]:

¢=(t—)/T, n=w(t)—wo)/W. (1)

The initial point of displacement on the motion interval is defined by the coordi-
nates 7y, wy. The interval length of the independent variable 7 is given by the
magnitude 7. The user library of the displacement laws was developed in the MSC.
EASYS expert system.

The input of the relevant linkage is an ordered triple of variables q,, =
(qax, Gox, 4oy ) expressing motion of the input link of a mechanical system. The output
is then a triple of variables qu; = (Gak, Gak, G4z ), Which represents the motion of the
output link of the same system. Index k denotes the numerical indication of the relevant
linkage. The general equation of the linkage may be defined as an implicit function:

Fi(qo,qar) =0, qoe = que(t),  qax = qu(t). (2)

By differentiating the Eq. (2) in time a relation may be obtained between velocity
and acceleration [1]. The individual linkage can be placed into so-called chains
when the outputs of the given mechanism are also the inputs of the following
mechanism. In the programming environment of the MSC.EASYS system, the
algorithms of solving of the mathematical models of the linkages are created by
relevant subroutines that are marked with transformation blocks T;.

The procedure of calculating a combined cam mechanism is shown through a
block diagram, which is formed from transform blocks 7} and transform block C,
see Fig. 2. From the view of the structure of a block diagram, it is advisable to
divide the transform blocks into 3 groups, which are identified by the term chain:

e The input chain IC connects the input of the system with the input of block C,

e The output chain OC connects the output of block C with the output of the
system,

e The parallel chain PC consists of blocks that do not belong to previous chains.
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Kinematic Analysis: du 2'u
] lu((z) T 0’ dg?
1,7 T U, Y, P v, U, 7 w, W, W
—_— IC = C > ocC —
A
yaq4 =92 PC qa=4qy
Kinematic Synthesis: T 0, u(), v, i1, p
T, 1,1 R ] w, W, W
e ——— Ic bw.w - |2 ocC -
A
y4a=4qx PC qu=qzy

Fig. 2 Block diagrams of a computation of a combined cam mechanism

Indexes i, j, k, I denote ith, jth, kth, Ith the linkage of the relevant chain.

The calculation of the positional and kinematic quantities of any link of a
combined cam mechanism is designed as kinematic analysis, see the block diagram
in Fig. 2. The input data is typical data on a mechanism, the procedure of com-
putation of its chains, displacement function 7 = () of the driving link and the
shape of the cam theoretical profile u(p). The output of the solution is the dis-
placement of the selected link of the mechanical system w,w,w. As a kinematic
synthesis of a combined cam mechanism is designed the computation of polar
coordinates ¢, u of a radial cam or cylindrical coordinates ¢, x, y of an axial cam.
Furthermore, via synthesis, normal angle v, pressure angle # and radius of curvature
of cam profile p are set. The input data of the task include data on a mechanical
system, the calculation procedure of its chains, displacement function of driving
link 7 = 7(f) and driven link of the system w = w(z).

3 Feeder

The subject of the development work has been the design of a feeder drive where its
basic kinematic scheme and the geometrically-mass characteristics of the individual
bodies were specified. The feeder itself consists of a crank mechanism and a four-
bar linkage, which are defined as implicit functions [1]:
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Le(s,w) = 12 + 2ps(bs 7 cos o5 + wsin o5) — (b§7 +w? +p§) —0,

Lf(63,195) = li — ng —p% — qg + 2[)3(]5 COS((T3 - 1.95) =+ 2b3,5(P3 COS 03 — (5 COS 195) = 0
3)

The links of the crank mechanism are driver 7—working link, connecting rod 6 and
crank 5, which is also a body of the four-bar linkage. The remaining links of the
four-bar linkage are pitman 4 and rocker 3, see Fig. 3.

The drive is implemented with a cam mechanism with a radial conjugate cams
and an oscillating roller follower. The aim of the optimization calculations was to
determine the characteristic dimensions of the cam mechanism, i.e.:

e Arm length b5 of rocker 3,
e Distance a of rotary axes of double cam 2 and rocker 3,
e Angle a between the arms of rocker 3,

and a shape of the radial double cam. Furthermore, the length of motion and dwell
intervals had to be respected, see Table 1.

The dynamic properties and behavior of the feeder drive were assessed on the
basis of a displacement law whose motion intervals are described by a polynomial
of the fifth degree [1]:

Fig. 3 Kinematic scheme of the constrained mechanical system of the feeder
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Table 1 Boundary points of displacement law

Boundary point Ist 2nd 3rd 4th Sth
=y [°] 0 130 165 325 360
Winax [mm] 0 100 100 0 0

n() = 0.1255[15 —10(28)* + 3(28)*]. (4)

The displacement law of the cam mechanism of the feeder is a functional expres-
sion of the displacement of driver 7 on the movement of cam 2, i.e. w = f(7).

The resulting mathematical model of the combined cam mechanism of the feeder
was created on the basis of the optimization processes of the synthesis of the drive
cam mechanism in such way to achieve the greatest possible number of working
cycles at the expected working frequency n, = 1,200 rev/min and maximum
working displacement W,,,. = 100 mm of driver 7. The own synthesis was carried
out in the environment of expert systems NX [-DEAS, MSC.ADAMS and MSC.
EASYS. Figure 4 shows the block diagram of the computation of the mathematical
model, which was created in the MSC.EASYS5 system environment. Each icon
represents the relevant computing object, such as displacement laws, general cam
mechanisms, linkages, etc. The first icon symbolizes the interconnection of systems
MSC.ADAMS and MSC.EASYS5. The mechanical system contains only the output
chain OC, thus 7 = y. The non-uniform motion of cam 2 7 and normal reaction of
general kinematic pairs N;, Ny were computed by MSC.ADAMS. The cam profiles
radii of curvature p;, p;; and Hertz’s pressures py ;, pg. i were computed by MSC.
EASYS.
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Fig. 4 Block diagram of the task of synthesis
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3.1 A Sample of the Results of Dynamic Analyses

The proposed characteristic dimensions of the cam mechanism of the feeder drive
that have emerged on the basis of the dynamic analyses of the composed cam
mechanism take the following values:

e g = 150 mm distance of the rotary axes of cam shaft 2 and rocker 3,
e b3 =96 mm arm lengths of rocker 3,

e o = 100° angle between the arms of rocker 3,

e D = 80 mm diameter of rollers.

In the operation of cam mechanisms, fatigue damage of the contact surfaces of a
cam and a follower may appear. This damage is in the form of pitting that develops
from cracks on the surface of the active area. This type of damage is due to contact
stress described by Hertz’s theory. The contact of the roller with the cam occurs in
the contact surface of length [ whereas in its length, a transfer of normal reaction
N occurs in the general kinematic pair. Normal reaction N will cause a deformation
of both bodies and induce contact pressure p. Maximum pressure value p is called
Hertz’s pressure, which can be determined from the relationship derived from the
contact theory of cylindrical bodies with parallel axes [1, 2]:

_ [NUpl+sign(p)Re) o 1 =via )
7'E(51 + 52) ZRK|p| ' ’ E172

R, denotes the roller diameter and p the radius of curvature of the active surface of
the cam. Quantities J, , characterize the elasticity of the material of the bodies in
contact. Constants vy, represent Poisson’s ratio and E;, Young’s modulus of
elasticity in tension. The value of the Hertz’s pressure depends on the grade of steel
from which a cam is produced and on the heat or chemo-thermal treatment of the
surface layer of cams. Figure 5 shows a possible course of Hertz’s pressures in the

10001 — Cam I: Contact Cam/Roller
— Cam |I: Contact Cam/Roller
— Cam [: Ideal general kinematic pair
800 1 — Cam IlI: |deal general kinematic pair
T
E; 600 -
L:
o
2, 4001
200 § h ‘”
8 1!!! |
1080 1125 1170 1215 1260 1305 1350 1395 1440

Cam rotation y [°]

Fi

-

g. 5 Hertz’s pressure in the cam mechanism
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Table 2 Rating life of the bearings of the rollers

Cam roller NUKR80 p C, [N] Regy [N] Lio 10° [cycles]
I 10/3 67,000 13,000 240
1! 10/3 67,000 12,000 310

cam mechanism of the feeder drive at the operating frequency n,, = 1,200 rev/min.
From their curves it is evident that the value of Hertz’s pressure within the machine
working cycle does not exceed the size limit.

In terms of the dynamic behavior of the analyzed mechanic system, rating life
Ly of the bearing of the cam mechanism rollers was assessed that result from the
relationship [3]:

Lio = (Cw/Ru)’-10°  [cycles). (6)

In expression (6), C,, stands for the basic dynamic load rating of the bearing and
R,;, for equivalent load, which is determined on the basis of reaction forces in the
respective bearing. The parameter of the bearing p achieves those values:

e p = 3: for bearings with point contact,
e p = 10/3: for bearings with line contact.

For the machine working speed n,, = 1,200 rev/min and the working displace-
ment of the driver W,,,,, = 100 mm, it results the rating life of the bearings of the
cam mechanism rollers according to Table 2.

4 Conclusions

User libraries of procedures and functions have been created that contain the
algorithms of solving combined cam mechanisms. They are used for an efficient
creation of mathematical models of those mechanical systems. During this activity,
a cooperation of systems NX I-DEAS, MSC.ADAMS and MSC.EASY5 was used.

This approach of designing a cam mechanism was applied in the synthesis of the
feeder drive. The dynamic properties and behavior of the feeder drive were assessed
on the basis of a displacement law whose motion intervals are described in a
polynomial of the fifth degree. In computational analyses, the cam mechanism itself
was being loaded with the inertia effects of the feeder mechanism and with working
force. The relevant working force is induced with motion and deformation effects of
a wire that enters into the machine working operation. Based on the computational
simulations, the rollers of the cam mechanism appear to be critical nodes of the
designed mechanism in terms of durability. Rollers whose bearings will reach rating
life L;, were chosen in an order of 1 x 10® cycles at least.
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Kinematics Analysis and Verification
on the Novel Reconfigurable Ankle
Rehabilitation Robot Based on Parallel
Mechanism

Shilong Zeng, Ligang Yao, Xiaoning Guo, Hengli Wang
and Pengju Sui

Abstract This paper proposes a novel reconfigurable ankle rehabilitation robot
based on parallel mechanism. The proposed robot is composed of the linear actu-
ators, reconfigurable mechanism, connecting rods, rockers and the moving plat-
form. Then, the kinematic characteristics analysis for the proposed robot is given.
The function relationships between the moving platform and the actuators are
obtained. Furthermore, the verification for this novel reconfigurable robot is com-
pleted by wireless movement capture instrument, and the results show that the
prototype ankle rehabilitation robot can meet the motion needed for the ankle
rehabilitation.

Keywords Ankle rehabilitation robot - Reconfigurable mechanism - Kinematics -
Motion trajectory

1 Introduction

In the field of rehabilitation robotics research, the development of the ankle reha-
bilitation robot is a hotspot [6]. Currently, medical experts consider that the
movements of the human ankle can be summarized as the rotations around spatial
joint axes [3, 13]. In order to realize the rehabilitation, it’s vital to completely
imitate the movements of the ankle around these spatial joint axes with medical
rehabilitation robot. Consequently, Cartesian coordinate system and spatial three
axes rotation model are chosen to design the robot mechanism. The imitating
movements of the ankle are broken down into the rotation model rotating around
three vertical axes, which are inversion/eversion, plantar flexion/dorsiflexion and
adduction/abduction [1]. For most people, the angle range of inversion rotation
varies from 35 to 40° and the eversion rotational angle is 0—25°, the angle of
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plantar-flexion rotation is 5—50° and the dorsiflexion rotational angle is from 20 to
25°. To the angle range of the adduction and the abduction rotation, it is 25—30°
[7]. Many rehabilitation devices based on the 3-axes model parallel mechanism
were proposed. The typical 3-axes ankle rehabilitation robots were developed based
on the mechanisms including the 3-SPS/S, 2-RRR/UPRR, 3UPS/U, and the 3PUP
type [4, 8, 9, 14, 16].

The researches on these mechanisms had provided the basis for the ankle
rehabilitation robot development. However, there are some disadvantages of
incontinent adjustment and control. It is shown that in the rehabilitating process, the
rotation angle of rehabilitation robotics needs be adjusted according to the move-
ment of the ankle and the patients’ condition. Because of reconfigurable mechanism
adapt to different requirements and various environments [2, 3, 17, 18], and it can
be utilized to regulate the rotation angle of ankle rehabilitation robot. Furthermore,
the ankle rehabilitation device should establish a suitable ankle motion mode, a
proper mechanism, correct driving scheme and control system [10—12, 15]. To
overcome the above mentioned deficiencies, this paper proposes a novel recon-
figurable ankle rehabilitation robot based on the parallel mechanism. The research
carried out on the mechanism construction, the reconfigurability, the kinematics
characteristics analysis and the verification for this novel reconfigurable ankle
rehabilitation robot will be discussed.

2 The Novel Ankle Rehabilitation Robot
with Reconfigurable Mechanism

In order to guarantee high stiffness and excellent supporting capability, the pro-
posed reconfigurable ankle rehabilitation robot is based on a parallel mechanism, as
shown in Fig. 1. This parallel mechanism is made up by a moving platform, a fixed
platform (with a support bar) and three sub-branch mechanisms. One of the sub-
branch mechanisms is composed of a linear actuator 1 and 2, a rocker 3 and a
connecting rod 4. The linear actuator is selected as a power source for linear drive
mechanism. Reciprocal motion of linear actuator pushes rocker 3. Through the
swing of rocker 3, the rod 4 drives the end slider 5 which is connected with the
moving platform.

The moving platform is driven by the three sub-branch mechanisms and can
rotate around the support bar. Consequently, it can simulate the three axes ankle
rehabilitation movement effectively. Because of the individual differences and
different needs of ankle rehabilitation for different people, the adjustability is
indispensable required. Therefore, the reconfigurable mechanism composed by
three liner actuators and a base platform, shown in Fig. 2, is proposed in the lower
part of the robot. The reconfigurable mechanism can improve the workability of the
moving platform.
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Moving
platform

Support bar

Fixed plarform

Reconfigurable
mechanism

Linear actuator

Base plarform

Fig. 2 Reconfigurable mechanism

As it is commonly known, the reconfigurable mechanism is a type of mechanism
whose structural dimension, joint position and other parameters can be adjusted
under the additional adjusting means. To realize the reconfigurability in ankle
rehabilitating, the following functions need to be implemented:

(1) The motion range of the moving platform can be adjusted.
(2) The mechanism rejects quick return.
(3) Range adjustment can be easily adjusted and controlled.

The sub-branch mechanism is designated as the slider-crank mechanism for its
excellent anti-quick-return characteristic. The output of moving platform is directly
depending on the rocker inputs. The linear actuator 2 pushes the rocker 3 rotating
around the fixed platform joint. The position of the joint between the actuator 2 and
the rocker 3 can be adjusted: the connection position on the rocker 3 and stroke of
line actuator change the swing angle of rocker 3. In order to adjust the position of
three actuators synchronously, the robot reconfigurable mechanism uses the three
double slider mechanisms shown in Fig. 2 and the synchronous movements of
actuator sliders E, F and G are carried out by the vertical movement of slider O.
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3 Kinematic Characteristics Analysis

Obviously, the novel parallel mechanism combines two parts, the upper part as the
rehabilitation mechanism and the low part as the reconfigurable mechanism. The
rehabilitation mechanism can achieve the ankle rehabilitation rotation around three
axes, and the reconfigurable mechanism has adjusting ability. To determine the
characteristics of the robot, the followings will discuss the kinematic characteristics
analysis for the upper part robot by building coordinate transformation matrix to
solve the inverse solution of rehabilitation mechanism.

3.1 Coordinate Transformation for the Rehabilitation
Mechanism

The coordinate transformation is kinematics analysis foundation. According to the
Fig. 1, a fixed coordinate S-XYZ on the fixed platform and a moving coordinate S’-
uvw connecting with the moving platform are established, as shown in Fig. 3.
Where in Fig. 3, A; (i=1, 2, 3) and g; (i = 1, 2, 3) are revolution joints. The distance
between A; and S is R4. R, represents the distance between point a; and the point S”.
The rocker length is |A;B;| = r, and the rod length is |B;a;| = L. In the initial position,
the moving platform is parallel to the fixed platform. From the point S to point S’,
the distance is ¢. There is a geometric relation, given by

P=(Ry+r—R) +7 (1)

The moving platform of the mechanism has 3° of freedom, respectively around
X axis, Y axis and Z axis of rotation. So we can consider that the matrix trans-
formation follows the following steps. Firstly, the moving coordinate S’ -uvw,

Moving platform

Fig. 3 Coordinate system on the rehabilitation mechanism
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rotates the anglea around the X axis, then rotates angle f around the Y axis, and
finally rotates angle y around the Z axis. Therefore, the matrix transformation can be
represented as 7, given by

cfey  soasPey — syca casfey + sosy
T = | sycf soasfsy + coacy cosfsy — socy (2)
—sf cPsa cfea

In the all formulas of this paper, s represents sin function, and ¢ represents cos
function.

3.2 Inverse Solution of the Rehabilitation Mechanism

When choosing the design parameters for ankle rehabilitation, the values of rotation
angle of the moving platform can be determined by the angle of patient’s motion. In
the introduction, the rotation angle of the ankle is known, so the output angle of the
robot (a, B, y) has been determined to simulate the ankle rehabilitation movement,
in whichais related to the angle of dorsiflexion/plantarflexion, £ is related to the
angle of inversion/eversion, andy is related to the angle of adduction/abduction. In
the rehabilitation mechanism, we can find the rotation of rockers is important to the
rotation angles (a, S, y). Consequently, the process of solving inverse solution is to
find the input rotation angles of three rockers g = (6;, 6>, 85), as shown in Fig. 3.

Again in Fig. 3, the coordinate matrix of the point a; (i = 1, 2, 3) is M’ in the
moving coordinate system S’ -uvw. The point a; (i = 1, 2, 3) in the fixed coordinate
S-XYZ can be obtained by the coordinate transformation. The coordinates of the
matrix M, represents the point a; (i = 1, 2, 3) coordinate in the fixed coordinate S-
XYZ, then:

M, =TM 3)

The coordinates of the point B; (i = 1, 2, 3) in the fixed coordinates S-XYZ is
given by

B] = [A]x— r~001 0 A11+r'S01]T (4)
T

B, = {A2x+\/7§r~c02 Ay —3r-ch, AZZ—}—r-s()z} (5)
T

B3 = |:A3x+§r-6‘93 A3y+%r-003 A3Z+T~S93i| (6)

By the geometric relationship given by Eq. (1), we can obtain:
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2 .
P = (Bi — an)*+(Biy — ay) +(Bi. — ai.)*(i = 1,2,3) (7)

Substituting (a, f, y) to solve equation group Eq. (7), we can obtain input
solution of rockers g = (6, 6, 85). It is easy to find that matrix method for the
parallel mechanism is concise and convenient. With the solution of the inverse
method, the rotation angle of moving platform can be achieved to compute the input
of rockers.

4 Verification Rotation Angle of the Moving Platform

The robot prototype is developed to verify the rehabilitation characteristics. The
robot is shown in Fig. 4. The plantar-flexion rotation angle is relatively larger than
the others, and for this reason the plantar-flexion rotation of the robot was used for
this verification. The plantar-flexion rotation angle is determined as 40°, then we
designate the moving platform to do plantar-flexion rotation according to the rule of
sin function in one period, as shown Fig. 5. A wireless motion capture instrument
was used to test the plantar-flexion rotation angle of experimental prototype, as
shown in Fig. 4. The wireless motion capture system is an advanced trajectory
capture instrument and has high-speed data process ability. It can measure the
spatial position information and direction information through the measuring block
Marker [5]. In the testing, the block Marker was placed on the center of the moving
platform. The instrument was opened to acquire the motion data of the moving
platform through recording Marker’s trajectory. The prototype utilizes a micro-
controller to control.

In order to test the reliability of the design and manufacture of the prototype, test
results are compared with the design angle of ankle rehabilitation. The obtained test
data was compared with design data for rehabilitation, as shown in Fig. 5. The test
data waveform is a sine wave-shaped, which is stable and continuous in the

Fig. 4 Measurement sensor
marker placed on the center of
the moving platform
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direction of rotation. Because of manufacture error, the test data curve presents a
little delay compared with the design data curve. The delay of the robot is influ-
enced by the connection of components, which will be reduced by improving the
manufacturing precision. The tested plantar-flexion angle of rotation meets what is
needed for a normal persons’ ankle rehabilitation, and its value can still be changed
by the reconfigurable mechanism.

5 Conclusions

The reconfigurable ankle rehabilitation robot, according to the principles of the
reconfigurable, is proposed to solve the problem that the same type of ankle
rehabilitation devices presents to carry out a flexible adjustment. The robot has two
parts, in which the rehabilitation mechanism can realize ankle rehabilitation rota-
tion, and the reconfigurable mechanism can adjust the angle rotation of rehabili-
tation mechanism. Based on the kinematic characteristics analysis and the
experiment test, the results show that the prototype can help patients for ankle
rehabilitation. In future, to observe the real effect on human which is worked by the
robot, a virtual rehabilitation mannequin experiment will be discussed.
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Finite Element Modeling and Analysis
of an Isoglide-Type Parallel Manipulator
to Determine Its Rigidity/Stiffness

A. Kozyrev and V. Glazunov

Abstract Currently, in many industrial factories, in medical devices, in training
aircraft, space and tank simulators and in other areas the robots based on the parallel
manipulators are widely used or planned for the implementation. According this,
the problem of choosing the particular manipulator, which is able to provide the
best desired characteristics is rather acute because of the wide variety of specific
designs. One of the main characteristics of manipulators of conventional structure
and parallel structure is their stiffness under the different variants of loading by the
external force. The aim of this work is to analyse the stiffness parameters of the
three-dimensional model of the parallel manipulator of the Isoglide type, to identify
weaknesses and to make proposals for the improvements of the manipulator in
order to increase rigidity if it is necessary.

Keywords FEA - Parallel manipulator - Stiffness - Stress

1 Introduction

The modern method of stress analysis is the finite element method (FEM). By using
computer technologies, which are capable to handle complex models, the results of
the FEM-analysis can be obtained of a very high quality and reliability. Most often,
the finite element method is used to analyze the stresses and deformations of
individual parts under the loading, but in this work, the FEM-analysis was applied
to research the stiffness characteristics of the assembled manipulator in different
positions.
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The Isoglide is a spatial parallel manipulator with three independent translational
degrees of freedom. The Isoglide family of robots has been investigated by Grigore
Gogu and his team at the French Institute of Advanced Mechanics [1]. A study of
stiffness of the Isoglide manipulators has been performed by Rany Rizk in his PHD.
[7]. However, the manipulators with additional kinematical chains [3] weren’t
considered.

The manipulator having independent degrees of freedom has both advantages
and disadvantages [2, 4, 5, 6, 8]. The advantages include:

e simple control system, due to the fact that the movement of the endpoint along
any axis is equal to the displacement of the corresponding drive;

e simple parts of the manipulator (there is no need to use complex-shaped parts);

e the manipulator is easy to assemble.

The main disadvantage is that only one of the three kinematical chains carries the
external load applied to the endpoint if it is directed along one of the main axes
(parallel to the direction of one of the drives) and if mechanism deformation is
insignificant. Thereby, the increased rigidity, which is a significant advantage of the
parallel manipulators over the ordinary manipulators, is lost.

In this paper, we analyzed the stiffness parameters of the parallel manipulator of
the Isoglide type with different variants of the load applied on the endpoint by using
the finite element method. The study was carried out by using the Autodesk
Inventor.

Fig. 1 The Isoglide manipulator
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Moving range of each drive of the model is 280 mm, and all the kinematical
chains are the same. Each of the three kinematical chains consists of two identical
links of length 300 mm. In order to get rid of the need for linear actuators (which
must be very precise and thus quite expensive to ensure reasonable kinematical
accuracy of the manipulator) two additional kinematical chains were added [3] to
prevent rotation of the actuator’s slider around the screw and to decrease the load on
the screw (Fig. 1). FE-models use tetrahedron elements of first and second order.
Average element size is 0.100 (as a fraction of bounding box length), minimum
element size is 0.200 (as a fraction of average size), and grading factor is 1.5.
Maximum turn angle is 60.00°. The boundary conditions are shown on the Figures.

2 Selection the Type of a Cross-Section of Links

The first point of the analysis is to determine what forces have a greater effect on the
strain at the origin of each kinematical chain, is it a torque or a bending force. To
investigate this question two simplified three-dimensional models of the individual
kinematical chains were built.

Stress
won Mises

Fig. 2 Stress diagram of the simplified model of the kinematical chain with the link having
rectangular cross-section
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In one of them, both links of the kinematical chain are made of rectangular tubes,
what implies a better stiffness in the case of the bending force dominating over the
torque.

In another model, the first element is made of a circular tube with the same wall
thickness and with similar geometric parameters, what implies a better stiffness of
the kinematical chain in case of the torque dominating over the bending force.

Each of the two simplified models was tested by the application of the same load
on the endpoint. FEM was used because it is analysis that is more versatile and it
can be extended to explore objects that are more complex. The simulation results
are shown on Figs. 2 and 3.

As it is evident on the diagrams, a model comprising the two tubes with a
rectangular cross-section has a significantly greater stiffness in comparison with the
model in which the first link is made of a circular tube. This means that the
dominant force factor in the origin of the kinematical chain is not a torque but the
bending force. Accordingly, to build the complete model of the manipulator, the
tube links having a rectangular cross-section were used, because they has stiffness
much greater under the typical load than link with circular cross-section.

Stiess
ven Mises
NAmm2)

63,1809
1471089
1310279
114,947

98 88802
8278508
86,7041

5062314
3454218
18,46122
2380254

Load Case: 10f1

Fixed

Maximurn Value: 163,18 Ni(mm*2)

Minimurn Value: 2, 38025 N(mm*2)
0.000 145,068 mm 280136 435204

1 < Design Scenario 1 >

Fig. 3 Stress diagram of the simplified model of the kinematical chain with the link having round
cross-section
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3 Applying the Load to the Endpoint of the Manipulator

The next research problem is to check the stiffness of the whole manipulator in
different positions and in different variants of loading. According to Sect. 2 con-
clusions, links having a rectangular cross-section were used to build the robot. In
this work, the vertical load and the mixed load on the endpoint were considered,
because such loads are the most typical. Mixed load means that the applied external

Fig. 4 Displacement diagrams of the manipulator (fwo positions) under the mixed spatial force
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force is a spatial vector and it has all three non-zero coordinates. Since all kine-
matical chains are the same, there is no need to check the manipulator by applying
each of the axial force to the endpoint, because the results are almost identical to the
case when the force is vertical.

Figure 4 shows the results of the experiment (displacement diagram) when the
spatial external force of is applied to the endpoint of the manipulator. As can be
seen, the load is distributed to the all three kinematical chains; therefore, the

Fig. 5 Displacement diagrams of the manipulator (fwo positions) under the vertical force
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displacement is not significant. In such case of the external force application, the
manipulator shows the increased stiffness (this is reflected in less deformation) what
is one of the main advantages of the parallel structure over the serial structure.

Figure 5 shows the results of the experiment when the vertical external force is
applied to the endpoint of the manipulator. As can be seen, the load affects mainly
the kinematic chain, which is placed horizontally and attached to the vertical
actuator. In such case of an external force application, the manipulator does not
provide increased rigidity and the displacement of the endpoint is significantly
larger. The fact that the small part of the load is still distributed to the other two
kinematical chains is the result of the manipulator’s deformation and changed
geometric parameters. However, only one kinematic chain takes the main part of
the load.

4 Ways to Increase the Stiffness of the Manipulator

As expected, when applying axial forces directed along the main axes, the parallel
manipulator of the Isoglide type shows mediocre stiffness characteristics. In order to
increase the stiffness of the manipulator when the load is axial there are at least two
solutions exist:

e Duplicating each kinematic chain with a similar one. Therefore, if the external
force is axial there are always two kinematic chains involved, and the stiffness of
the manipulator is increased significantly. It should be noted also, that the
stiffness under the axial load in this case is expected to be much more stable and
the influence of the total length of the kinematic chain is expected to be sig-
nificantly less. However, this decision will complicate a lot the design.

e Getting rid of the isomorphism, for example by changing angles between
actuators. In this case, the load is distributed between at least two kinematic
chains. However, this option entails a complication of the control system
associated with the appearance of the dependence between degrees of freedom
of the endpoint.

However, these suggestions should be justified experimentally.

5 Conclusions

In this paper we considered the 3D model of the parallel manipulator of the Isoglide
type with three translational degrees of freedom. For this model, experiments were
carried out, aimed at identifying the qualitative characteristics of the stiffness
including identifying deformations of the mechanism under the loads.

As a result, the tubular link with rectangular cross-section has been selected of
the two variants of links having different cross-sections.
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Also, as a result of experiments the assumptions about decreased stiffness
parameters of the manipulator when external forces applied along the principal axes
(parallel to the direction of the drives) were confirmed.

It was also proposed two ways to increase the overall stiffness of the manipulator
under axial loads: to duplicate each of the three kinematic chains and to get rid of
the isomorphism of the mechanism by changing the angles between the drives so
that they were not perpendicular to each other, but these suggestions should be
justified with experiments.
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Modular Cooperative Mobile Robots
for Ventral Long Payload Transport
and Obstacle Crossing

M. Krid, J.C. Fauroux and B.C. Bouzgarrou

Abstract In this paper, a new architecture for cooperative all-terrain mobile robots
is introduced. It consists in a poly-robot system called C*Bots AT/VLP robot. It is
formed by the association of two or more identical mono-robots with simple
kinematics that makes a poly-robot system while using the payload as a connecting
frame. The mono-robots are able to co-manipulate long objects whatever their
length and mass and to transport them in unstructured environments. Each mono-
robot has a manipulator with up to four degrees of freedom that can catch the
payload on the ground and lift it for a ventral transportation mode. The paper
presents several kinematics and an obstacle crossing process in eighteen stages that
guarantee permanent stability of the poly-robot thanks to motions of the mono-
robots with respect to the payload.

Keywords Cooperative mobile robots - Long payload ventral transportation
mode - Obstacle crossing

1 Introduction

It is very important to have a transport robot at disposal in many situations such as
work in a dangerous environment (nuclear power station) or delicate transport
(transport of injured people on stretchers). In this case, robot must be able to
manipulate and transport different forms of objects [1], to manoeuvre on irregular
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grounds and to cross obstacles [2]. The all terrain mobile robots were developed for
planetary or dangerous area exploration. They have different architectures [3, 4] and
locomotion modes [5, 6] but the same purposes: They must be able to roll on
irregular or unstructured environment and to guarantee a minimum stability during
a mission. In the literature, cooperative mobile robots for transport are often
complex. They use many actuated joints and a sophisticated control system. The
simpler ones must comply with many constraints on the payload and the envi-
ronment such as Army Ant cooperative lifting robots [3]. In this paper, we present
the synthesis of the cooperative C*Bots AT/VLP(All-Terrain/Ventral Long Payload)
mobile robot. Section 2 describes the resulting poly-robot, associating two or more
identical mono-robots that connect directly to the payload for transporting it.
Section 3 describe the kinematics of the mono-robot, particularly the required
degrees of freedom for the ventral manipulator. In Sect. 4, the mobilities are
combined to present an obstacle-crossing process in eighteen stages with only two
mono-robots, where stability is achieved by motions of the mono-robots with
respect to the payload.

2 C3Bots AT/VLP General Architecture

The concept presented in this work is based on the OpenWHEEL i3R platform [6].
OpenWHEEL i3R contains two axles linked with a serial inter-axial mechanism
using three simple revolute joints (one active central joint for warping and two
passive joints for steering). Each axle contains two actuated wheels [6]. Open-
WHEEL i3R has an original climbing process based on a serpentine movement and
divided into nineteen stages. Each stage is produced by a movement of a joint or by
a wheel contact being removed or regained. For the new C>Bots AT/VLP robot, it
was decided to design a new platform suitable for the ventral transport of long
payloads and partially inspiring from OpenWHEEL i3R for stable obstacle crossing.
C’Bots is original by the concept of combining several identical mono-robots with
simple kinematics that make a poly-robot system using the payload as a connecting
frame. C*Bots AT/VLP focuses particularly on the transport of long payloads. The
stability of the platform is a necessary condition to perform the climbing process.

Previous works [7, 8] showed that decreasing the wheelbase with respect to the
track width increased the stability (Figs. 1 and 2) on three wheels during stages
4-8-13-17 of the climbing process presented in [8]. We also noticed that increasing
the wheelbase reduced pitch variation when crossing an obstacle of a given height.
Finally, crossing a high obstacle required to bring frontward the center of mass with
respect to the contact points in order to equilibrate the crossing capacities of front
and rear axles [9]. From these three remarks raised the necessity of a longitudinal
translation mobility of the centre of mass with respect to the wheels (requirement
R1). A second idea concerns the use of collaborative robots and led us to separate
the initial OpenWHEEL i3R robot into two single axle mono-robots (requirement
R2). By combining requirements Rl and R2 was born the C>Bots AT/VLP
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Fig. 1 Unstable configuration due to the centre of mass on the edge of the lifting polygon of
support of three contact points

Fig. 2 Improvement of the stability thanks to the translation of the rear mono-robot along the
payload

(All-Terrain/Ventral Long Payload) robot concept using several single axle mono-
robots able to catch the payload, translate along the payload longitudinal axis to
change the wheelbase length and to rotate around their longitudinal axis to warp the
poly-robot and elevate one wheel with respect to the others.

C’Bots AT/VLP must be able to transport long payloads. To overcome the con-
straints related to the length of the transported payload, two or more cooperative
mono-robots are used. The mono-robots are initially independent entities. Then, they
connect to the payload, that becomes part of the resulting platform, called poly-robot
(Fig. 3). It should be note that some trucks dedicated to long payload transport also
use the payload as a structural part [10]. The mono-robot cannot climb obstacles with
its simple kinematic structure. But the poly-robot version can perform such an
operation because the additional mobilities in the connecting chains can be used to
generate relative motions between the mono-robot and the payload. In the next
section, we present the mono-robot kinematic and poly-robot architecture.

3 Required Mobilities and Proposed Kinematics

The mono-robot includes an axle, a positioning mechanism and a gripping mech-
anism (Figs. 4 and 5). The mono-robot, denoted MR, includes two wheels W,,; and
W,» motorized independently with two motors (with index “a” equals to “1” for
front axle and ‘“2” for rear axle, “1” for right wheel and “2” for left wheel). To be
able to manipulate the object, the robot is equipped with a gripper mounted at the
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Fig. 5 Kinematic diagram of Slider S1,
a mono-robot MR,

Cylindrical joint C,

Revolute joint R4
Support S2,

Axle frame A,

Prismatic joint P,

Gripper wrist GW,

Left
Wheel W,

Right
Wheel W,

Payload

.. Mono-Robot MR,

bottom of the chassis. The originality of the concept lays on the kinematic chain of
the positioning mechanism. The axle frame (A,) can freely steer around the
cylindrical joint C, with respect to slider (S1,). The remaining vertical motorized
translation T, of C, allows controlling the altitude of the gripper and consequently
of the payload. The roll motion R,,, between the slider body (S1,) and the support
body (S2,) is ensured by the revolute motorized joint (R,3) which is compulsory to
reproduce warping motion of one axle roughly around the longitudinal axis of the
payload, as the original OpenWHEEL i3R did. During solo locomotion configu-
ration, the mono-robot can transport small payload on flat ground. Stability can be
obtained by several solution: active pitch control in the same way as [11] or adding
a retractable arm with a passive caster wheel.

The connection between the mono-robots is ensured by the transported payload
as shown in Fig. 3. The co-manipulation of the payload by the two mono-robots
allows obstacle crossing. The poly-robot combines the mobilities of the mono-
robots. It can control the passive rotation R, of the cylindrical joint (C,) on each
mono-robot by the difference of angular velocities of the two wheels of each axle.
The redundant revolute joints R,3 (front) and R,3 (rear) give a warping degree of
freedom to the poly-robot. When joints R,; are actuated (either Rz or R,3), a
warping motion is generated of one mono-robot around the joint R,; axis with
respect to the other mono-robot. This movement allows to lift the exploration wheel
off the ground. We have therefore a new configuration of the system with only 3
wheel-ground contacts. Finally, prismatic joint P, between gripper GW,, and sup-
port S2, in each mono-robot allows translating the mono-robot along the payload
axis. Several equivalent serial kinematic chains are presented in Fig. 6 and can be
used for a real implementation. As a conclusion, the implementation shown in
Fig. 3 provides the four mobilities required on each mono-robot for stable payload
transport and obstacle of the poly-robot:
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Fig. 6 Selection of equivalent joint combinations for producing the four required mobilities (7,
T,.R\,R.,) between axle and gripper

a rotation R,, for wheel elevation on obstacles (R,3).

a rotation R, for steering and stabilization on 3 wheels configuration (C,).
a translation T, for on improved stabilization with a long payload (P,).

a translation 7, for payload elevation (C,).

4 Locomotion Modes for Obstacle Crossing

In this section, two locomotion modes are described for obstacle crossing. We are
interested in the case where two axles or more are used. First, the warping mode
inspired by OpenWHEEL i3R is developed for two axles. Then, we describe the 2D
crossing modes with three axles and more.

4.1 Two Axles Warping Mode Inspired by Open WHEEL i3R

The climbing process of the C*Bots AT/VLP platform is an original process based
on a ‘serpentine’ movement. It is divided into eighteen manoeuvres within four
phases (Fig. 7). Each manoeuvre is achieved by the motion of a single joint or by a
change in the contacts of wheels on the ground. We define a phase P as a series of
manoeuvres M that conducts to crossing a wheel W,,. Thereby, there are four
phases in the process along with some intermediate manoeuvres to rearrange the
body of the robot. The phases are given representative names depending on the
lifted wheel to lift during the phase. For example, PW,M,, is the second
manoeuvre My, of the phase referring to lifting the front left wheel Wy,.

The climbing process starts by approaching the obstacle. We suppose that the
first axle of the poly-robot is brought parallel to the obstacle and that the axle
frames (A;) and (A,) are perpendicular to the payload axis. The mono-robots are in
the extremity of the payload before starting the climbing process. The first phase
consists in stepping over the obstacle with wheel Wy;.

The first manoeuvre PW, 1M, is made to find the optimal position of rear axle in
order to prepare the lift-off of the exploring wheel with a maximum stability
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margin. In this manoeuvre we have to find two parameters: the distance between the
mono-robots and the steering angle of the rear axle. Stability analysis and opti-
mization of these parameters will be presented in a future work. Warping the front
mono-robot lift-off the exploring wheel at manoeuvre PW;My,. At manoeuvre
PW, My, the rear wheels are actuated while the wheel W;, is locked. The
exploring wheel passes over the obstacle by a steering motion of the front axle.
Finally, the first phase is achieved by putting down the exploring wheel Wy, at
manoeuvre PW;My,. The same is done for Wy, crossing in the phase PW;,, which
starts at PW,,My; by finding the optimal position of the rear mono-robot and
finishes by putting down the wheel on the obstacle at PW,,M4. After finishing the
two first phases, the front axle of the robot is on the obstacle. This time, the
exploring wheel will be one from the rear axle (wheel W,; or W5,). So the first
manoeuvre PW, My, consists to bring forward the rear axle to the obstacle and to
find the optimal position of front axle. After warping the rear mono-robot in the
manoeuvre PW,My,, the front axle moves forward to bring the exploring wheel
over the obstacle (manoeuvre PW,M3) and puts down the exploring wheel in the
last manoeuvre PW, 1My, of the third phase. The same is done for the last wheel
W,,. The phase PW,, starts by finding the optimal steering position of the front
mono-robot at manoeuvre PW,,My, and finishes by putting the wheel on the
obstacle after manoeuvre PW,,My,. Finally, the poly-robot rearranges the positions
of the rear and front axles to find its standard configuration.

4.2 Three Axles and More 2D Crossing Modes

The climbing process with three axles and more is very simple compared to the two
axles configuration, because during the climbing process, the poly-robot has always
two axles or more on the ground and one axle only is lifting off to climb obstacle.
With three axles A, A,, As, the climbing process starts by approaching the obstacle
and moving forward A, to have the centre of mass of the payload between A, and
Aj. After that, axle A; is raised. Then A, and A5 are actuated to bring A; over the
step. The axle A, is then put down on the step. The same is done for axles A, and
Aj. Viewing different possible configurations for the robot, we can say as a general
conclusion that the three axles (and more) configuration allows an easy obstacle
crossing 2D mode at the price of high number of axles. For the final configuration,
we recommend to use two mono-robot and the warping mode described in (4.1) as
it requires a minimal number of mono-robot.

5 Conclusion and Future Work

In this paper, we proposed a new concept of cooperative mobile robots to deal with
the problem of long object transportation in unstructured environment whatever the
payload length. The proposed C>Bots AT/VLP robot is formed by the association of
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two or more mono-robots with simple kinematics forming a poly-robot system.
Using such a modular poly-robot provides interesting advantages such as easy
adaptation to the task, fast maintenance by simple replacement of defective mono-
robots and standardization of the mechatronics architecture and associated control.
Moreover, the proposed poly-robot has crossing obstacle capabilities and can use a
climbing mode inspired from the OpenWHEEL i3R mobile robot. As a perspective
for this work, the optimization of the process for all the steps will be considered as
well as the evaluation of the dynamic stability for critical configurations of the
robots. This must be done to ensure a smooth transition between the steps of the
process. By ensuring the stability of the payload and its position control, C*Bots
AT/VLP can transport sensitive payloads such as victims and hazardous equipments
that must be maintained in a well-defined position.
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Hypo-Cycloidal Crank Mechanism
to Produce an Over-Expanded
Cycle Engine

J. Pinto, T. Costa, J. Martins and F.P. Brito

Abstract In order to achieve a low consumption engine, to participate with a
prototype in the Eco-Marathon Shell contest, a single-cylinder engine was designed
and manufactured. This engine has the particularity of operating under the Miller
Cycle (over expanded). For that purpose a special crankshaft system was designed,
using a planetary hypo-cycloidal crank mechanism. With this strategy, a variable
stroke engine was achieved, with an expansion stroke that is longer than the
compression stroke, thus providing the over-expansion feature that increases cycle
efficiency without loss in power density. This paper details the steps of the design
and thermodynamic analysis of this engine, with special emphasis on the crankshaft
system.

Keywords Engine - Miller cycle - Hypo-cycloidal crank mechanism - Low fuel
consumption - Efficiency engines

1 Introduction

Nowadays the concerns with environmental problems and the low reserves of
petroleum are leading the manufacturers to build less polluting and less consuming
engines. The stringent goals for emission reductions and energy efficiency increase
proposed by global policies, namely in Europe [1], are pushing the automotive
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Fig. 1 EconomicUM
prototype car

industry towards intense research and development in these fields as never seen
before in the automotive history [2]. In this framework, the Academia’s internal
combustion engine research and training has naturally gained a strong focus on
these subjects. The formation of College teams participating in vehicle efficiency-
related contests such as the Shell Eco-Marathon super-mileage contest has shown to
be a good opportunity to promote applied research in this field with highly moti-
vated students and researchers.

With the purpose of participating in the Shell Eco-marathon contest, in which the
objective is to achieve the lowest possible consumption, the Department of
Mechanical engineering of the University of Minho has made remarkable efforts in
the past years to achieve the best possible results with its prototype car Economi-
cUM (Fig. 1). The current record was set in 2009, in Rockingham, England with the
mark of 1,565 km/L, with a heavily modified engine based on a four stroke Honda
Today motorcycle 49 cc engine.

Previous studies have shown that one of the cycles that can theoretically achieve
better efficiency is the Miller cycle with variable compression ratio [3, 4]. With the
objective of further improving the results already achieved, a new engine using the
Miller cycle has been designed and manufactured.

The over-expansion was obtained through the use of a special crankshaft based
on a planetary hypo-cycloidal crank mechanism.

2 Miller Cycle

The majority of the engines used in automobile industry are based on the Otto
cycle. When the exhaust valve of this kind of engines opens, there is still a fair
amount of energy in the cylinder, in the form of pressure and temperature (enthalpy)
of the exhaust gases that is lost through the exhaust blow-out [5-7].

With an over-expanded cycle engine, in which the expansion stroke is longer
than the admission stroke, it is possible to significantly reduce this energy waste,
enhancing the efficiency of the engine [6]. This over-expansion concept was pat-
ented by Ralph Miller, an American engineer, in the 1940s, but the concept was
proposed earlier by Atkinson. Previous work by the group has shown the potential
of this strategy, especially when combined with optimized compression ratios [3, 4,
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Fig. 2 Miller theoretical p
cycle

8-10], with a Patent having been issued [11]. The over-expansion was achieved
with a Late Intake Valve Closure (LIVC) strategy, in which the effective admission
and compression strokes are reduced while keeping unaltered the expansion (and
exhaust) stroke. This strategy is highly attractive in terms of simplicity. Its main
disadvantage is that this reduction of the compression stroke induces a proportional
reduction in engine power. An alternative would be to increase the expansion stroke
instead of decreasing the compression stroke. This is only possible by having
physically different compression and expansion strokes [12]. This was the approach
chosen for the present work.

In the Pressure-Temperature diagram presented on Fig. 2 it is possible to observe
the efficiency gain of the theoretical Miller Cycle in relation to the more usual Otto
cycle [4]. This gain can be quantified by the grey area represented by the points
4,5,6,1. In fact, these P-V diagram areas represent work P av).

In order to implement this variable stroke cycle it was necessary to develop and
study a hypo-cycloidal system for the crankshaft, which would provide the length
of the intended strokes, and also the required relation between admission and
expansion.

3 Hypo-Cycloidal Crank Mechanism

The intended engine size was set between 45 and 50 cc based on the admission
stroke, with a 39 mm diameter piston. The expansion stroke should be approxi-
mately two times the length of the admission stroke, in order to optimize the
efficiency of the cycle, as found in previous studies by the group [4].

This system consists of an internal/hypo-cycloidal gear set in which two
crankshafts have been included. The main crankshaft is responsible for the main
alternative movement of the piston (the base stroke), while the additional one is
responsible for the variation of the base stroke between admission and expansion. A
fixed annular gear with internal teeth and a smaller interior spur gear operating
within the latter were used for the hypo-cycloidal crank mechanism. To obtain our
aim for an expansion/compression ratio of 2:1 the required gear ratio is 2:3. This is
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Fig. 3 Hypo-cycloidal crank mechanism: a admission (short stroke); b compression (short
stroke); ¢ expansion (long stroke); d exhaust (long stroke)

necessary so that the small crank completes a quarter of a revolution for each stroke,
with each stroke corresponding to half of a revolution of the main crank, as depicted
in Fig. 3. A unitary module was defined for the internal gear set, enabling a good
compromise between gear precision, sliding friction and resistance for the desired
application. After studying the dimensions and the desired piston stroke, a large
annular gear with 90 inner teeth, and an inner spur gear with 60 teeth were chosen.
As the module is one, their pitch diameters, in millimetres, correspond to their
number of teeth.

Figure 3 is a schematic view of the hypo-cycloidal crank mechanism. The blue
dot marks the location where the shaft of the connecting rod connects eccentrically
to the inner spur gear. As it may be seen, the difference between the two bottom
dead centres (corresponding to the lowest position achieved by the piston in the
stroke) is given by twice the distance from the centre of the connecting rod bearing
(eccentric hole in the inner spur gear, in blue) to the centre of the main crankshaft
bearing. In this case, the distance between centres is 10 mm, leading to an
expansion stroke that is 20 mm longer than the admission stroke. The top dead
centre location does not change from the admission to the expansion stroke as the
hole of the connecting rod shaft is either to the left or to the right of the centre of the
main crankshaft bearing.

The crankshaft design (Fig. 4) was made as compact as possible, in order to
reduce torsion forces, and to get a small crankcase to minimize weight.

Fig. 4 Exploded view of the
crankshaft
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Fig. 5 Piston position versus crank angle

The position of the piston inside the cylinder during two revolutions of the
crankshaft, obtained analytically, is shown in Fig. 5, completing the four strokes of
the engine. The zero in Fig. 5 corresponds to the (upper) bottom dead centre, the
beginning of the intake stroke.

With this planetary hypo-cycloidal crank mechanism it was possible to achieve
the required specifications for this engine, as it can be seen in Table 1.

The use of a planetary epi-cycloidal system for the crankshaft was also assessed,
but, in this case, the system would present some drawbacks. It would result in a
more complex system to manufacture, and it would have the disadvantage, in
comparison with the hypo-cycloidal system, of displaying a significantly more
oblique angle of the connecting rod during the power stroke. This would lead to
higher lateral forces in the piston and consequently a higher friction with the
cylinder wall.

As shown in Fig. 6, using the hypo-cycloidal crank mechanism the connecting
rod stays nearly vertical during the whole power stroke. This happens due to the
combination of the motion of the two crankpins. During expansion it can be seen
that when the main crankpin is located to the left, the secondary crankpin will be
located to the right, and vice versa. This will reduce the total offset of the piston
connecting rod crankpin from the axis of the cylinder when compared with an
epicycloidal or even a conventional crank mechanism.

Table 1

_ . ) Largest stroke 39.50 mm
Engine specifications Smaller stroke 19.50 mm
Displacement (expansion) 47.18 cm®
Displacement (admission) 23.24 cm®

Expansion/admission ratio 2.03
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Fig. 6 Verticality of connecting rod during power stroke

This design reduces friction between piston skirt and cylinder as explained by
Badami and Andriano [13].

4 Engine Thermodynamic Model

Engine modelling enables the design and improvement of the engine in a faster and
cheaper way than going for a real engine development and manufacture. Internal
combustion engine models can be of single or multiple zones (in the first, all the
mass inside the engine is considered to have a uniform pressure, temperature and
chemical constitution). In these models the combustion chamber geometry is not
taken into consideration, nor the gradients in temperature and composition distri-
bution. Fluid flow effects are not considered as depending on space but have rather
a bulk treatment described by coefficients. These types of models are used to predict
pressure variation in the cylinder, considering a certain correlation for combustion
rate, and evaluate the engine performance, using several parameters. The work
herein developed aims at the evaluation of engine performance (through specific
fuel consumption and power) avoiding the large efforts in computational resources,
programming and running time. Hence, a single zone model was adopted, this
being considered as sufficient to satisfactorily reach the intended objectives, which
are the validation of the present design as a means of achieving top engine
efficiency.

In order to obtain results which may confirm the theoretical efficiency
improvement of the Miller cycle, a model which was previously built by the team in
Matlab-Simulink has been used [14]. It is suitable for single cylinder four-stroke
engine, and includes instantaneous volume, pressure and temperature calculations,
chemical species characteristics, mass exchange, combustion, heat transfer, and
friction.
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Table 2 Engine cycle simulated

Crankshaft Engine | Intake Intake Expansion Geometric Trapped
cycle pressure DISP DISP CR CR
(bar)
1 | Conventional | Otto 0.5 50 cc 50 cc 11:1 11:1
2 Miller 1.0 25 cc® |50 cc 22:1 11:1
3 Otto 1.0 25 cc 25 cc 11:1 11:1
4 | Hypo- Miller 1.0 25 cc 50 cc 22:1 11:1
cycloidal

# Trapped displacement. The engine is a 50 cc engine but it admits only 25 cc

4.1 Model Results

Using the numerical model described above, seven engine cycles were simulated
with different geometric characteristics and different working cycles (Table 2). The
displacement values are approximate.

The simulated cycles characterize four different ways of performing the 4-stroke
spark ignition cycle, with an expansion displacement of 50 cc (with one exception)
and working at similar load. All engine cycles intake the same amount of air during
the intake stroke, therefore the same amount of fuel is used.

Engine #2 and #4 work as Miller cycle, the first one done by LIVC (using a
conventional crankshaft) and the latter done by the special crankshaft mechanism.
Two engines working under the Otto cycle were also simulated, one working at half
load but with the same intake and expansion displacement of 50 cc (#1), and a
second working at full load Wide Open Throttle (WOT) but with just half of the
admission displacement (#3). In all cases it is considered that the intake mixture is
stoichiometric.

The resulting p-V diagrams of the engine cycles can be seen in Fig. 7.

Despite of the efficiency improvement (Table 3), the engine cycle #2 has almost
the same torque (or power) output compared to the same engine performing the
Otto cycle at half load (#1). This disadvantage does not appear when the hypo-
cycloidal crank mechanism is used (#4), as it produces more power than the engine
using the traditional crankshaft with the same intake displacement at full load (#3).
Additionally it shows a cycle efficiency improvement of 23 % (from 30 to 37 %).

Overall the Otto cycled engine got an improvement of 37 % (from 27 to 37 %)
when compared hypo-cycloidal Miller engine.

The thermal efficiencies () and torque at 3,000 rpm obtained with this simu-
lation are presented in Table 3.

As expected, the engine using the hypo-cycloidal crank mechanism to imple-
ment the Miller cycle (#4) shows the highest efficiency. The lowest efficiency,
attained by the Otto cycle at half load (#1) was also expected, as the pumping losses
(intake at lower pressure than exhaust) reduce the net work for the same heat of
combustion.
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Fig. 7 P-V diagrams for the 4 engine cycles simulated

Table 3 Efficiency results of the 4 different engine concepts

Crankshaft Engine cycle Load (%) n Torque (Nm)
1 Conventional Otto 50 cc 50 27 1.20
2 Miller 50 cc 100 35 1.27
3 Otto 25 cc 100 30 1.01
4 Hypo-cycloidal Miller 100 37 1.44

5 Conclusions

The present paper describes the development of a small high efficiency engine used
for a super-mileage contest, including a thermodynamic simulation of the engine
behaviour.

The proposed design, based on a hypo-cycloidal crank mechanism, successfully
implements a variable stroke cycle with an expansion stroke that is larger than the
compression stroke. With this strategy the over-expanded (Miller) cycle, a cycle
that has been proven to display very high efficiencies, can be implemented.

The use of a planetary epicycloid system for the crankshaft was also assessed,
but, not only such system would be more complex to manufacture but it would also
induce higher friction at the cylinder walls due to a less vertical connecting rod
during the power stroke.

This design does not have the disadvantages (namely low power density) that are
typical of constant stroke atmospheric Miller engines based on intake valve timing
adjustments (EIVC, LIVC). The numerical simulations predicted a 37 %
improvement in engine efficiency relatively to the Otto Cycle engine working at
part load for the same amount of injected fuel.
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The present engine is at an advanced status of development but it has still not

been finished and tested. Only then will its deployment in the Economic UM
prototype be considered.
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Influence of the Mass of the Weight
on the Dynamic Response

of the Laboratory Fibre-Driven
Mechanical System

P. Polach and M. HajZzman

Abstract Experimental measurements focused on the investigation of a fibre
behaviour are performed on an assembled weigh-fibre-pulley-drive mechanical
system. The fibre is driven with one drive and it is led over a pulley. On its other
end there is a prism-shaped steel weight, which moves in a prismatic linkage on an
inclined plane. An extra mass can be added to the weight. Drive exciting signals can
be of a rectangular, a trapezoidal and a quasi-sinusoidal shape and there is a
possibility of variation of a signal rate. Time histories of the weight position and of
the force acting in the fibre are measured. The same system is numerically inves-
tigated by means of a multibody model. The influence of the mass of the weight on
the coincidence of results of experimental measurements and simulations is eval-
uated. The simulations aim is to create a phenomenological model of a fibre, which
will be utilizable in fibre modeling in the case of more complicated mechanical or
mechatronic systems.

Keywords Fibre - Mechanical system - Dynamic response - Phenomenological
model - Experiment

1 Introduction

The replacement of the chosen rigid elements of manipulators or mechanisms by
fibres or cables [1] is advantageous due to the achievement of a lower moving
inertia, which can lead to a higher machine speed, and lower production costs.
Drawbacks of using the flexible elements like that can be associated with the fact
that cables should only be in tension (e.g. [4]) in the course of a motion.
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Experimental measurements focused on the investigation of the fibre behaviour
were performed on an assembled weigh-fibre-pulley-drive system [8-10, 12].
A fibre is driven with one drive, is led over a pulley and on its other ends there is a
prism-shaped steel weight, which moves on an inclined plane. The position of the
weight can be symmetric or asymmetric with respect to the plane of drive-pulley
symmetry (in the presented case a symmetric position is considered—see Fig. 1). It
is possible to add an extra mass to the weight (in the presented case an added mass
is considered). The same system is numerically investigated using a multibody
model created in the Alaska simulation tool [6]. The influence of the model
parameters on the coincidence of the results of experimental measurements and the
simulations results is evaluated. The simulation aim is to create a phenomenological
model of the fibre that will be utilizable in fibre modeling in the case of more
complicated mechanical or mechatronic systems.

The first pieces of knowledge concerning the phenomenological model of
a simple fibre-mass system (the system consists of a moving weight coupled with a
frame by a fibre) creation are given in [7]. The paper continues investigating the
weight-fibre-pulley-drive system given in [9] and [12], where the position of the
weight was symmetric with respect to the plane of the drive-pulley symmetry, and
in [8] and [10], where the position of the weight was asymmetric and the weight
was without the added mass. Pieces of knowledge given in [12] are elaborated in
more detail in this paper.

2 Experimental Stand

Experimental measurements focused on the investigation of the fibre behaviour are
performed on an assembled weigh-fibre-pulley-drive mechanical system (see
Fig. 1). A carbon fibre with a silicone coating (see e.g. [11]) is driven with one drive
and is led over a pulley. The fibre length is 1.82 m (fibre weight is 4.95 g), the
pulley diameter is 80 mm. The weight position can be symmetric [9, 12] or
asymmetric [8, 10] with respect to the vertical plane of the drive-pulley symmetry
(as it has been already mentioned symmetric position is considered in this paper).
The fibre is attached to a force gauge at the drive end. At the other end of the fibre
there is a prism-shaped steel weight (weight 3.096 kg), which moves in a prismatic
linkage on an inclined plane. It is possible to add an extra mass (of the weight of
5.035 kg) to the weight (as it has been already mentioned the added mass is
considered in this paper). The angle of inclination of the inclined plane could be
changed (in this case the angle is @ = 30° and the pulley-fibre angle is ¢ = 150°).
Drive exciting signals can be of a rectangular, a trapezoidal and a quasi-sinusoidal
shape and there is a possibility of variation of a signal rate [11]. The size of the
drive displacements amplitudes is up to 90 mm. Time histories of the weight
position # (in direction of the inclined plane; measured by means of a dial gauge),
of the drive position x (in vertical direction) and of the force acting in the fibre
(measured on a force gauge at drive) were recorded using the sample rate of 2 kHz.
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Wl

drive

Fig. 1 Scheme and a real weight-fibre-pulley-drive mechanical system

3 Possibilities of the Fibre Modeling

The fibre (cable, wire etc.) modeling should be based on considering the fibre
flexibility and suitable approaches can be based on the flexible multibody dynamics
(see e.g. [3, 15]). Studied problems are characterized by a general large motion of
interconnected rigid and flexible bodies with the possible presence of various
nonlinear forces and torques. There are many approaches to the modeling of flexible
bodies in the framework of multibody systems [5]. Comprehensive reviews of these
approaches can be found e.g. in [15, 16]. Further development together with other
multibody dynamics trends was introduced in [14].

The simplest way how to incorporate fibres in equations of motion of a mech-
anism is a force representation of the fibre (e.g. [2]). It is assumed that the mass of
fibres is low to such an extent comparing to the other moving parts that the inertia
of fibres is negligible with respect to the other parts. The fibre is represented by the
force dependent on the fibre deformation and its stiffness and damping properties.
This way of the fibre modeling is considered in this phase of investigation of the
weight-fibre-pulley-drive system. The fibre model is considered to be phenome-
nological and it is modeled by the forces which comprise e.g. influences of fibre
transversal vibration, “jumping” from pulley etc. The weight (with added mass), the
pulley and the drive are considered to be rigid bodies [10]. The number of degrees
of freedom in kinematic joints is 5. A planar joint between the weight and the base
(prismatic linkage), a revolute joint between the pulley and the base and a prismatic
joint between the drive and the base (the movement of the drive is kinematically
prescribed) are considered. Behaviour of this nonlinear system is investigated using
the Alaska simulation tool [6].
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4 Simulation and Experimental Results

As it has already been stated the simulations aim was to create a phenomenological
model of a fibre. When looking for compliance of the results of experimental
measurement with the simulation results influences of three system parameters are
considered. The parameters are the fibre stiffness, the fibre damping coefficient and
the friction force acting between the weight and the prismatic linkage.

The investigation of the (carbon) fibre properties eliminating the influence of the
drive and of the pulley was an intermediate stage before the measurement on the
stand [7]. When looking for the fibre model [7] that would ensure the similarity of
time histories of the weight displacement and time histories of the dynamic force
acting in the fibre as high as possible fibre stiffness and fibre damping coefficient
were considered to be constant in this phase of the fibre behaviour research. The
friction force course (in dependence on the weight velocity) was considered non-
linear (e.g. [13]). A general phenomenological model of the fibre was not deter-
mined, but general influences of individual parameters on the system behaviour,
which are usable for all systems containing fibre-mass subsystem(s), were assessed.
A suitable fibre model, but only in dependence on the definite simulated test sit-
uation, was determined.

“Starting” values for the phenomenological model creating are, identically with
[7], fibre stiffness measured on a tensile testing machine [11] (94 x 10° N/m) and
fibre damping coefficient derived on the basis of experience (46.9 N x s/m). The
“starting” friction force between the weight and the prismatic linkage is considered
to be zero [9]. Final values were calculated on the basis of the final values deter-
mined in [9] and are the same as in [8—10, 12] (stiffness = 34 x 10° N/m, damping
coefficient = 27.5 N s/m). The friction force course determined at investigating the
weight-fibre mechanical system [7] with the angle of inclination of the inclined
plane o = 30° was applied in the model of the weight-fibre-pulley-drive mechanical
system [8-10, 12].

Results of experimental measurements and simulations of four tested situations
are presented (altogether eight situations were tested; see Figs. 2, 3, 4, 5 and 6).
Two tested situations at a “quicker” drive motion (situations 10 and 11) and two
situations at a “slower” drive motion (situations 9 and 14) are presented in this
paper (see time histories of drive motion in Figs. 2a, 3a, 4b and 6b). Frequencies of
drive motion (i.e. the input signal frequencies) higher than 1 Hz are designated
as “quicker” drive motions, frequencies of drive motion lower than 1 Hz are des-
ignated as “slower” drive motions.

The influence of the fibre stiffness, the fibre damping coefficient and the friction
force acting between the weight and the prismatic linkage on time histories of the
weight displacement and also on time histories of the dynamic force acting in the
fibre was evaluated partly visually and partly on the basis of the value of the
correlation coefficient [8—10] between the records of the experimental measure-
ments and the simulation results.
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Fig. 2 Time histories at “quicker” tested situation 10. a Weight displacement. b Dynamic force
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Fig. 3 Time histories at “slower” tested situation 9. a Weight displacement. b Dynamic force
acting in a fibre

Time histories of the weight displacement recorded at the experimental mea-
surements and computed at the computer simulations at “slower” tested situa-
tions (9 and 14) are approximately identical (see Figs. 3a and 6b).

At simulating the experimental measurements at the “slower” drive motion the
monitored time histories of the weight displacement are identical independently of
the fibre stiffness, the fibre damping coefficient and the friction force (between the
weight and the prismatic linkage). At the “quicker” tested situations (10 and 11) the
measured and computed time histories of the weight displacement are of the same
character (see Figs. 2a and 4b). At simulating the experimental measurements at the
“quicker” drive motion the local extremes of the monitored time histories of the
weight displacement are dependent on all the phenomenological model parameters
(i.e. on the fibre stiffness, the fibre damping coefficient and the friction force). All
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(b) Tested situation 11
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Fig. 4 Time histories of the weight displacement at “quicker” tested situations, influence of the
mass of the weight. a Situation 3 (weight without added mass—taken from [12]). b Situation 11
(weight with added mass—taken from [12])
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Fig. 5 Time histories of the dynamic force acting in a fibre at “quicker” tested situations,
influence of the mass of the weight. a Situation 3 (weight without added mass—mentioned in [9]).
b Situation 11 (weight with added mass)

findings given in this paragraph correspond to the results obtained in previous
investigation of the weight-fibre-pulley-drive [8-10, 12].

When changing the computational model parameters the time histories of the
dynamic force acting in the fibre are different (more or less) but their character
remains the same (the same finding as in [8—10] again) at all the simulations. From
Figs. 2b, 3b and 5b it is evident that the time histories of the dynamic force acting in
the fibre are not suitable for searching for the parameters of the fibre phenome-
nological model. It follows from the fact that the phenomenological model of the
fibre is to cover e.g. influences of the fibre transversal vibration, “jumping” from
pulley etc. As the phenomena are not included physically (but by the change in the
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Fig. 6 Time histories of the weight displacement at “slower” tested situations, influence of the
mass of the weight. a Situation 6 (weight without added mass—mentioned in [9]). b Situation 14
(weight with added mass)

introduced model parameters), it is evident, that it is not possible to expect the
introduced time histories of dynamic force acting in fibre to be of the same course.

As to the influence of the mass added to the weight on the experimental mea-
surements and computer simulations results, a higher mass is reflected in higher
magnitudes of time histories of the weight displacement at the “quicker” situations
(see Fig. 4). At the “slower” situations a higher mass of the weight influences the
magnitudes of time histories of the weight displacement only slightly (see Fig. 6).
The mass added to the weight is reflected in higher magnitudes of dynamic forces
acting in the fibre independently of the input signal rate. The higher the mass of the
weight the higher the influence of the input signal rate (see Figs. 4 and 5).

From the obtained results it is evident that parameters of the fibre phenome-
nological model must be, in addition, considered dependent on the speed of the
weight motion (i.e. simultaneously on the input signal rate).

To search for the parameters of the fibre phenomenological model it would be
useful to perform more experimental measurements with the “quicker” drive
motion. In reality the “quicker” drive motion is limited on the one hand by limited
amplitudes of the drive displacements and limited drive speed and on the other hand
by the danger of the weight “flinging out” of the prismatic linkage.

5 Conclusions

The approach to the fibre modeling based on the force representations was utilised
for the investigation of the motion of the weight in the weigh-fibre-pulley-drive
mechanical system. The simulation aim is to create a phenomenological model of
the fibre that will be utilizable in fibre modeling in the case of more complicated
mechanical or mechatronic systems. The created phenomenological model is
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assumed to be dependent on the fibre stiffness, on the fibre damping coefficient and
on the friction force acting between the weight and the prismatic linkage in which
the weight moves.

The fibre phenomenological model development will continue. From the
obtained results it is evident that the parameters of the fibre phenomenological model
must be, in addition, considered dependent on the speed of the weight motion. The
question is if it is possible to create the phenomenological model like that.
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On the Experimental Intradiscal Pressure
Measurement Techniques: A Review

A. Araijo, N. Peixinho, A. Pinho and J.C.P. Claro

Abstract The intradiscal pressure has been essential for prevent the spinal com-
plaints by forming a basis for clinical advice to promote the correct sitting postures.
As a consequence, it is evident the need of an accurate method for measure the
intradiscal pressure, to better understand the disc response to hydrostatic pressure
fluctuations. Numerous reviews regarding disc mechanics are available, including
intradiscal pressure benchmarks; however, an analysis on the techniques of intra-
discal pressure measurement is needed. Therefore, this review will remain focused
on the methodologies adopted for measure the intradiscal pressure in several con-
ditions: for different daily activities, under external loads and for values where
occurs annulus fibrosus disruption. The importance of the intradiscal pressure on
disc function will be discussed as well as the some guidelines for design new
measurement techniques will be defined.

Keywords Intervertebral disc - Intradiscal pressure

1 Introduction

The intervertebral disc (IVD) is a fibrocartilage structure located between two
vertebral bodies, which is surrounded by ligaments and muscles [21]. This intricate
organization is comprised by a peripheral angle-ply laminate ring, the annulus
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fibrosus (AF) with a gelatinous nucleus in its center (NP), and it is limited above
and beyond by the cartilaginous endplates (CEP) [13] (Fig. 1).

The IVD plays an important role at spinal level: it is responsible for the spine
motion, helping the spine on the weight support and load transfer from head and
upper torso to the pelvis [14, 26]. The IVD is specially designed to perform these
functions, since the mechanical response of disc to loading is time-dependent [23]:
while the short time response is governed by viscoelastic phenomena [2, 6], the
long term response is guided by poroelastic and osmotic events [19, 23].

Moreover, in opposition to the AF generally considered as a fibrous solid [1], the
NP presents an high water content, revealing a fluid-like behavior [1]. Thus, a
healthy NP is capable of sustain stress gradients due to hydrostatic pressure
exhibited by NP, normally known as intradiscal pressure (IDP) [3] (Fig. 1).

The IDP varies with body posture and the direct compressive force applied on
IVD [18]. In this review, the importance of the IDP on IVD function will be
discussed and the criteria for design new IDP measurement techniques will be
defined. Subsequent sections describe the previous methodologies developed to
determine the IDP in physiological and in failure cases. Finally, it will conclude
with some main points about the development of new IDP measurement techniques.

2 The IDP Importance for Disc Function Evaluation
and Properties Determination

The internal disc pressure or intradiscal pressure (IDP) can be defined as the
hydrostatic pressure presented by the NP of an healthy IVD [3]. The IDP plays a
key role on the IVD’s ability to withstand the physiological loads [22], being an
important parameter to understand the spinal on the disc degeneration.

The IDP data has been essential for prevent the spinal complaints by forming a
basis for clinical advice to promote the correct sitting postures [3]. The measure-
ments of IDP help to clarify the effect of the external loads on the IVD behavior [3]
and to recognize the mechanism of IDP drop in disc degeneration. In addition, these
data is the basis for physiotherapy and rehabilitation programs [27].

At a biomechanical point of view, the IDP is highly influenced by the axial
spinal load [17]. According to this, an increase on the compressive load applied to
healthy discs is converted into IDP [18]. Since the NP can be considered as
incompressible, the AF bulges outward due to the stretch of annular [24], which,
together with osmotic phenomenon, promotes a loss on both disc height and
volume.

The importance of IDP is reinforced due to difficult on the assessment of the disc
strengthen properties. For example, a simple compressive overloading does not
induce damage on the disc structure. Previous studies showed that before occurring
any disc disruption, the compressive overloading promotes the vertebral endplate
damage and collapse [18]. These phenomena could be explained at a cellular level
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Fig. 1 The IVD and its Nucleus Cartilaginous
Pulposus endplate

compounds. The intradiscal
pressure (IDP) exerted by the
NP is omnidirectional and
varies with applied load

Annulus
Fibrosus

by the influence of the IDP on the chondroid tissues, characteristic of the IVD [1].
On the one hand, the IDP or gradient pressures could induce the internal disruption
on these tissues, causing a progressive structural failure typical on disc degeneration
[1]. On the other hand, the stresses and pressures oscillation also affects the cell
metabolism, where the IDP levels influences the matrix synthesisl. In sum, it is
evident the need of an efficient method for measure the IDP, in order to better
understand the mechanical behavior of IVD.

3 On the IDP Measurement: A Methodology Review

The measurement of the IDP is a subject of intense research. Numerous authors
have developed experimental methods to determine the relationship between the
IDP and the disc mechanics: some authors were focused on the association between
the IDP and the external load applied or posture adopted; others were more centered
on the calculation of IDP value that leads to AF disruption. Next subsections will
describe with more detail the studies performed under these subjects.

3.1 Relationship Between IDP and External Loading

Previous studies investigated the relationship between external loads applied and
IDP on lumbar [5, 8, 10, 12, 17, 19, 27] or cervical [4, 7, 16] IVDs.
The methodologies developed for measure the IDP were diverse (Table 1).
The first approaches were performed on the 1960s and 1970s [10, 11, 15] on
in vivo situation, alerting for the importance of IDP on the spinal biomechanics [3].
A pressure transducer using elastic polyethylene tubing threaded over the side near

! Interdiscal pressure (IDP)
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Table 1 Previous studies reporting the IDP according to the type of load/posture adopted

Author Year Transducer IDP evaluation Mean IDP
type (MPa)
Lumbar spine
Nachemson 1964/ Liquid-filled Relaxed standing 0.70
1965 Relaxed sitting 1.13
Nachemson and | 1970 Piezoresistive | Relaxed standing 0.72
Elfstrom Relaxed sitting 1.00
Schultz 1982 Piezoresistive | 2,400 N axial load 1.60
Sato 1999 Piezoresistive | Relaxed standing 0.53
Relaxed sitting 0.63
Wilke 1999 Piezoresistive | Relaxed standing 0.50
Relaxed sitting 0.46

Lifting a 20-kg weight with |2.30
round flexed back

Heuer 2007 Laser 500 N axial load 0.49
scanning
Dennison 2008 Fiber bragg |800 N axial load® 2.40-3.50
gratings
Cervical spine
Hattori 1981 Piezoresistive | 53 N axial load 0.31
75 N axial load 0.45
100 N axial load 0.59
155 N axial load 0.91
Pospiech 1999 Piezoresistive | Muscular inactivation 0.23-0.32
+ Flexion/extension
Muscular activation 0.36-0.64

+ Flexion/extension

Cripton 2001 Piezoresistive | ~1,000 N axial load 3.5

* MegaPascal.

of a tip from hollow liquid-filled needle, connected with an electromanometer, was
used in healthy discs for IDP determination. The data showed that a healthy NP
could behave hydrostatically and the IDP is dependent on the posture. Even though
the interesting findings, this pioneer approach presents a couple of limitations. First,
the polyethylene membrane does not present enough sensitivity for dynamic
pressure measurements. Second, the fluid-filled needle is not prepared to bend more
than 20° [10].

The evolution of the transducer technology and its increased accuracy leads to a
decrease on the IDP measurement (a reduction of 25 and 33 %) [3], due to the
replacement of liquid-filled sensors by the piezoresistive ones, as well as the set of
calibration to body temperature rather than room temperature [3].

The initial approach using was developed by Nachemson [12], using a piezo-
resistive semiconductor strain gauge imbibed in a rigid resin into a tip of a 0.8 mm
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diameter transducer needle [3]. This sensor allows bending until 40° without
affecting the IDP measurement [3], increasing the IDP measurement accuracy.

In early 80s, Schultz et al. [20] tried to validate a biomechanical model lumbar
spine by monitoring IDP and myoelectric signals, using a piezoresistive transducer
for IDP measurement. This study pointed to 1.6 MPa of mean IDP, for a com-
pressive load as much as 2.4 kN. The main finding of this study was that over-
loading could be a promoter of low back disorders.

In end of the 90s, two important studies were published: Sato et al. [17] developed
a new approach using a piezoresistive sensor to determine the IDP in vivo young
patients (25 + 2 y.o.). The innovative principle of this method is the sensor posi-
tioning: the sensing diaphragm was mounted laterally on the transducer needle (1.2-
mm diameter); Wilke et al. [27], studied the IDP in vivo, in one volunteer performing
various daily life activities. To measure the IDP, a piezoelectric pressure transducer,
with 1.5 mm diameter and 7 mm length, was implanted in the NP of a healthy L4-L5
disc. However, in this case, the IDP was record with a telemetrically, avoiding the
problem of having a needle in situ. These studies reported similar IDP for standing
position and reinforced the idea that in vivo IDP varied according to the adopted
position of the body and the compressive force applied.

Although the accuracy of piezoelectric sensors, they are not able to characterize
pressure profiles within disc [5]. With the advances on the sensor technology, new
sensors were adapted for IDP measurement. Dennison et al. [5] used small diameter
(125 pum) Fiber-Bragg grating, which consist on an optical fiber with a Bragg
grating inscribed into a fiber core. These sensors present a biocompatibility,
mechanical compliance and insusceptibility to electromagnetic interference. The
results reported a linear response of disc pressure to compressive loads.

The IVD bulging was also adopted as an indirect parameter of the internal stress
measurement of the disc. Heuer et al. [8] quantified the IDP ex vivo using a non-
contact laser scanning method, which measure a 3D contour. The test consists on
the application of 15 min of a 500 N static compression. This work showed that
these loads results on an IDP of 0.49 MPa (range: 0.36-0.53 MPa), decreasing
linearly to 0.48 MPa (0.36-0.52 MPa) when discs were constantly compressed.

In contrast to the extensive experimental work on lumbar IDP, the data related to
cervical pressure is extremely scarce. The measurements on the cervical are chal-
lenging due to small size and anatomy of cervical IVDs.

Hattori et al. [7] was the first study recording the cervical IDP in vivo. A needle-
based pressure transducer was used to measure IDP, during common neck move-
ments. The results found no differences between cervical IVDs, detecting the values
of 0.31 and 0.91 MPa for 53 and 155 N of axial load, respectively.

Later, Pospiech et al. [16] studied the IDP of cervical spine in vivo under
simulated muscular forces in intact spines as well as in fused specimens. The IDP
was measured using a pressure transducer mounted on a 1.3 mm-diameter needle.
The results showed significant increase in IDP when the musculature was activated
and a marked increase in IDP in both segments adjacent to fusion IVDs.

Although the importance of these findings, the cervical IDP measurement pre-
sents more difficult, since they cervical annular fibers could disrupt with the needle-
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tip insertion, due to its rigidity and its large diameter (over 1 mm) [4]. To mini-
mizing the AF disruption and reduce the distortion of the IDP signals or specimen
kinematic behavior, Cripton et al. [4] tested ex vivo the cervical IDP response to
external loads, using with a 0.26 mm diameter flexible electric wires passing
through AF. They found a maximum of 3.5 MPa for cervical IDP, with 1,000 N
load, while in lumbar for the same load, it is common an IDP of 1 MPa.

3.2 The Annular Failure Strength Due to Inflation Method
Pressurization

Despite the panoply of mechanical testing found on literature intending to clarify
the contribution of loads to annular tear or disruption, the effect of the IDP fluc-
tuation on the AF injury remains largely unknown. The measurement of the IDP
value that leads to AF disruption is a subject of extreme interest, not only to
understand the mechanisms of IVD failure but also for IVD replacement designing,
since it should withstand the daily routine activities without collapsing.

Some studies determined the maximum value of IDP that annular fibers support
before failure [9, 18, 25]. The Table 2 reports the failure IDP in previous studies.

Schechtman et al. (2005) investigated the intrinsic failure strength of the intact
bovine caudal disc under a simple mode of inflation, using a hydraulic actuator.
They injected a colored hydrogel, under monitored pressure, into the NP. It was
found a mean hydrostatic failure pressure of 18 + 3 MPa. This method allowed
understanding the alterations of the intrinsic disc strength associated with prior
loading history or degeneration. However, it does not give information about the
microstructural behavior of inner annular fibers after the inflation.

Later, Veres et al. [25] used the same technique performed by Schechtman et al.
(2005) to investigate the role of high IDP on annular fibers disruption in ovine
lumbar IVDs. This team included the analysis of the AF damage after pressure
insertion by a microstructural investigation. The main findings showed that pos-
terior annular region is more susceptible to disruption than the other disc regions,
due to its inability to distribute hydrostatic pressures circumferentially.

In terms of cervical spine, Menkowitz et al. [9] documented a mean intradiscal
rupture pressure of 0.28 MPa (range 0.1-1.18 MPa), using a 25G needle for the
insertion of an contrast dye with IDP monitoring during time. This study showed
that in cervical spine the injury could be induced at lower pressures.

Table 2 Previous studies reporting failure pressure data several IVD models

Author Year Models Mean failure pressure (MPa)
Schetchman 2006 Lumbar bovine 18+ 3

Veres 2010 Lumbar ovine 14.1 £3.9

Menkowitz 2005 Cervical human spine 0.28 (min—max: 0.1-1.18)
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4 The Criteria for a New Method for Intradiscal
Measurement

Current work aimed to define a criterion for design new IDP measurement tech-
niques. According with this, the importance of the IDP on intervertebral disc
function was discussed as well as previous studies on this field were analyzed.

Previous methodologies helps to generate valuable data, useful for a pre-clini-
cally evaluation of disc injuries. However, some difficulties are noticed on the
experimental determination of IDP: the direct measurements of IDP through in vivo
studies could damage the IVD [27]. Thus, the technique for in vivo IDP mea-
surement should be non-invasive, since the IVD should keep its complete functions
after the IDP monitoring. New techniques must be also accurate, as the IDP
magnitude is low and highly sensitive to movements or load application.

In terms of AF failure, more studies should be performed to fully understand the
rupture mechanism. Previous studies did not follow-up how the failure occurs: they
only assessed the IVD structure after the rupture. Therefore, it is desirable an
approach that assesses the disc behavior during the inflation.

With the advance of imaging techniques, the assessment of inner IVD pressure is
possible, representing a non-invasive approach that could be better explored. For
instance, coupling an inflation method with a microstructural assessment real time
could bring a new light on poorly understood mechanism of IVD failure. New
techniques must also allow the measurement of IDP on NP substitutes, in order to
study its hydrostatic response.

Concluding, notwithstanding the great efforts performed for experimental IDP
measurements, new approaches and techniques are needed to better understand the
IDP influence on disc behavior.
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Geometry and Material Strategies
for Improved Management of Crash
Energy Absorption

N. Peixinho

Abstract This study presents alternative approaches for the improvement of crash
energy absorption in representative automobile crashworthy structures. One such
approach is the use of configurable crush initiators introduced through localized
heating in tubular structures. The main objective is to improve the ability to absorb
impact energy in a progressive and controlled manner by a local modification of
material properties. In this manner, associated with the softening of the aluminium
alloy, the deformation can be introduced precisely, forcing the tubular structure to
deform in a mode of high energy absorption and reducing the maximum load in a
controlled manner. An alternative approach for controllable energy absorption
consists in the internal pressurization of structures in the framework of a crash-
adaptive response. Within this strategy, the effect of internal pressurization of
tubular structures in a crashworthiness application is investigated. The concept of
internal pressurization can be implemented as a crash-adaptive structure therefore
allowing different responses according to the intensity of shock.

Keywords Impact loading - Crashworthiness - Numerical simulation - Experi-
mental validation

1 Introduction

The requisites for improvements in fuel usage while maintaining or improving
structural response in the automotive industry have contributed to new develop-
ments seeking weight reduction. Crashworthiness response is an important requisite
for automotive structures that has driven diverse design and materials/manufac-
turing developments.
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The objectives of obtaining controlled and reproducible crush response of
tubular structures intended for crashworthy parts have led to various trigger or crush
initiators applications. Zhang and co-authors [1] proposed a concept wherein by
installing a buckling initiator near the impact end which is composed of a pre-hit
column and pulling strips, the initial peak force of the square tube could be greatly
reduced (aprox. 30 %) while the deformation mode and energy absorption were
retained. Marsolek [2] used non-axisymmetric folding patterns for an improved
control of absorption of kinetic crash energy. The trigger geometry mechanism was
optimized for different loads allowing for significantly reduced peak load [2].

The concept of using thermal modification of an aluminium alloy in localized
areas can provide a larger global deformation of a part and higher energy absorption
before failure. This advantageous use of aluminium is possible by applying “local
material design”, which in the present context is defined as controlled manipulation
of material properties like strength, work hardening and ductility by means of non-
homogenous heating [3]. In particular, the buckling of crash boxes during a crash
situation may be controlled by deliberately imposing local soft zones (i.e. thermally
induced triggers) [4].

Another strategy for improvement of crash energy absorption is the concept of
crash-adaptive structures. Crash adaptive safety applications are introduced at
passenger cars up to now mainly for interior, restraint and seat applications. Having
sensor information available one has the ability to prepare vehicle structures in
advance of an impact and obtain a controlled crash response resulting on a tailored
crash pulse. Having crash performance and packaging aspects in mind, one tech-
nical solution that appears as an attractive approach to create overall benefits is the
use of pressurized structures. Two alternatives can be used [5, 6]: one where initial
structural shape of the crashworthy components remains unchanged during pres-
surization, therefore, pressure has to be adjusted carefully; alternatively, the
implementation can be performed in a way that the structure expands from a small
cross-section to a larger one when being pressurized. This effect can provide great
benefits, such as packaging benefits or extending the crash length.

This study presents experimental and numerical simulation results from recent
work on two strategies for management of crash energy absorption [4, 7], here
referred as thermal trigger approach and internal pressurization approach.

2 Methods and Results

2.1 Thermal Triggers in Aluminium Tubular Structures

Test specimens and tubular structures were manufactured from an aluminium alloy
6061-T5. The microstructure of the studied alloy can be modified as function of
temperature and heating cycle applied. The most significant changes in the
microstructure of the alloy occur for temperatures between 250 and 550 °C where a
decrease in hardness arises, associated to the over ageing and dissolution effect of
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Fig. 1 Hardness results for laser heat treatment versus distance to the HAZ zone

copper rich precipitates due to the imposed thermal cycle. The choice of the
appropriated heating cycle parameters is of major importance for the purpose of
alloy softening.

For carrying out a local heat treatment a CO, laser welding machine was used
(Trumpf—4,000 W). The density of energy could be regulated from laser power
and feed rate thus changing the heat affected zone. The laser local heat treatment
was used with a combination of different feed rates (2, 3 and 5 m/min) and power
input (1, 2 and 4 kW). The hardness results are presented in Fig. 1. The different
graphs present hardness values versus distance from laser path in order to evaluate
the hardness in the Heat Affected Zone (HAZ). The results show similar values in
the HAZ for power inputs of 1 and 2 kW. At 4 kW and with a feed rate of 2 m/min
there is a significant increase of the HAZ. Therefore, both local hardness and
affected area can be tailored for trigger application.

The structure considered in this study is a tubular column, of aluminium alloy
6061-T5, with a square cross-section. The dimension of the cross-section is
75 x 75 mm with a wall thickness of 1.5 mm and a length of 300 mm.

Experimental quasi-static tests were performed in a Shimadzu AG-250 KNG
hydraulic machine that has a capacity of 250 kN, operated with a constant rate of
10 mm/min and a maximum displacement of 150 mm. Load-displacement curves,
maximum and mean crushing load, total energy absorbed and maximum dis-
placement were evaluated in the experimental tests.

The type of triggers used is illustrated in Fig. 2 and its characteristics presented
in Table 1. The triggers described are arranged in the faces of the tubular structure
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at a distance of 30 mm from the top and spaced of 30 mm from each other if more
than one trigger is used (for example, two triggers refer to two laser paths in a tube
face). The choice of laser heat treatment parameters is also presented in Table 1 and
is based on the results from Fig. 1, seeking to evaluate the best parameters for local
heat-treatment.

Results for maximum load (P,.), total absorbed energy (E,), mean load (P,,)
and final displacement (8y) for each of the quasi-static tests are presented in Table 2
while load-displacement curves of selected test results are presented in Fig. 3.

For the quasi-static tests, it is possible to observe that the geometry 41-p1 has the
lowest peak force, followed by geometry cl. These two geometries of HAZ triggers
were manufactured with the same parameters (pl), being possible to observe that
the geometries with parameters pl have a lower maximum peak force than the
geometries with parameters p2. The geometry 4laser-p2 has a higher maximum
peak of force, which was attributed to the influence of plastic fold initiation that
started in the third line of the HAZ trigger.
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Table 2 Characteristic values for experimental quasi-static compression tests

w.t. |cl c2 2l-pl |4l-pl |4laser-pl |2l-p2 |4l-p2 |4laser-p2
(a) (b) () () (e ® (& () @
Poax (kN) 485 (394 429 |38.9 34.0 43.1 43.1 42.0 52.0
E, (kJ) 24 2.3 2.8 2.3 2.3 2.6 23 23 2.8
Py, (KN) 159 |153 |184 |154 15.1 17.2 15.2 15.2 19.0
8¢ (mm) 150 150 150 150 150 150 150 150 150
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Fig. 3 Load-displacement curves of the samples, w.t.; c¢2; 4l-p1; 4laser-pl

2.2 Internal Pressurization of Tubular Structures

A numerical study was conducted on the impact behavior of a thin-walled tubular
structure, representative of a front crash box of an automobile. This structure has
circular cross section and the concept of internal pressurization was implemented in
order to evaluate crash performance (Fig. 4). The impact mass (m) was set
numerically as moving rigid wall with 76 kg. The material used to simulate the
component is an austenitic stainless steel (Nirosta H400) due to its excellent
mechanical properties suitable for use in structures designed for crashworthiness
[8]. The simulations are performed in LS-DYNA software.

The finite element model is presented in Fig. 5. The model includes triggers to
initiate the deformation on a prescribed position and therefore obtain a more con-
trolled crushing process. The tubular structure is assumed to deform under the
following constraint conditions: one end is fixed, with all degrees of freedom
constrained in the distal surface nodes, and the other is impacted by a rigid wall
travelling with initial impact velocity v. The model was constructed using 4 node
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Fig. 5 Numerical model. a Mesh geometry [7]. b Material curve for H400 [8]

quadrilateral Belytschko-Tsay shell elements with 5 through-thickness Gauss
points. An average element size of 5 mm was used. Geometric imperfections were
introduced in the form of nodes displaced 0.5 mm out of plane in sympathy with the
expected mode of collapse in order to trigger the analysis. Material model number
24 (Mat_Linear_Isotropic_Plasticity) from the LS-DYNA model library was used
with the true stress-strain curve presented in Fig. 5b [8]. The strain-rate dependence
was included through the Cowper-Symonds coefficients D and p, as described in
[8]. The contact between the mass (rigid wall) and the specimen was modelled
using a Contact_automatic_nodes_to_surface interface with a friction coefficient of
1.0 to prevent any sliding between specimen and wall. To account for the contact
between the lobes during deformation a Contact_automatic_single_surface algo-
rithm with friction coefficient equal to 0.1 was specified.

The internal pressure was applied using the keyword load and option
SHELL_SET to apply pressure to the internal shell surface within the prescribed
duration time of the test, corresponding to a constant pressure application.
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Table 3 Results for internal pressurization analysis

Test name d; (mm) E, (k) P, (kN) P, improv. (%) (%)
1.14_10014_0.0 54 39 72.4 — 64.8
1.14_10014_2.0 46 3.7 82.0 133 73.5
1.14_17777_0.0 159 12.1 76.0 — 68.1
1.14_17777_2.0 131 11.9 90.7 19.33 81.3

250 250

200 -

260 —1.14.17777.0.0

——1.14_10014 0.0 1.14_17777_2.0

——1.14_10014_2.0 - = Pm1.14_17777.0.0
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Fig. 6 Load versus displacement curves for internal pressurization analysis

For the validation of the internal pressurization concept a value of 20 bar was
analyzed, which was considered relevant from airbag inflation industrial practice.
The nomenclature used is the following: Test Name = Thickness_Impact Speed
(mm/s)_Additional Inside Pressure (Pa). Results can be observed in Table 3, where
Or is the total displacement, E, is the energy absorbed, P, is the mean crushing
force, and is the efficiency of the structure for crashworthiness purposes [7]. It is
also presented the percentage improvement of P,,.

Considering the simulations conducted at the same impact velocity, it is
observed that the total displacement was reduced with the introduction of internal
pressure while the mean load and the efficiency of the structure also increased.
Figure 6 illustrates the load vs displacement curves for these initial tests as well as
the mean crushing forces associated.

From the results presented in Table 3 and Fig. 6 it transpires that it is possible to
improve crash performance recurring to internal pressurization of tubular structures.
Such improvement is quantified in the improvements observed in the structural
efficiency and in the increase of average mean crushing load.

3 Conclusions

This paper presented two alternative approaches to management of crash energy
absorption in representative structures of automobile crash absorption systems. One
such approach is the use of configurable crush initiators introduced through



Geometry and Material Strategies for Improved Management... 259

localized heating in tubular structures. Other methodology relies on internal pres-
surization of structures potentially allowing for the implementation of crash-
adaptive response.

Experimental results of heat-treatment of aluminum alloys with the purpose of
inducing local modification of material properties were presented. This effect was
achieved using laser heat-treatment, being verified that it is possible to change the
local hardness in a controlled way, through the choice of laser power and feed rate.

The quasi-static tests presented demonstrated the possibility to reduce the max-
imum crushing force for almost all tested cases. For the tests performed in trigger
geometries p2 and 4laser-p1 an increase of mean crushing force was achieved. This
reveals that it is possible to obtain HAZ parameters and trigger geometries that are
according to the objectives, therefore the concept of using thermal modification of an
aluminium alloy in localized areas for triggering and crush response appears as
possible and effective in the experimental work presented.

Regarding the internal pressurization concept a numerical study was performed
on the simulation of a tubular structure with circular section, which fits in the type
of structure for crashworthiness application. The purpose was to study the influence
of pressurization inside the structure. Based on the obtained results it can be con-
cluded that it is possible to increase the impact resistance of the structure with the
introduction of internal pressurization which would benefit from its use in crash-
worthiness applications. The deformation decreased with increased internal pres-
sure, and the average load increased. Therefore the structure efficiency increased
with the introduction of internal pressure.

The results obtained with numerical simulations show good indications for the
validity of an adaptive crashworthiness concept wherein tube pressurization could
act as enhancement of energy absorption properties. Such final validation is
dependent on experimental results, while implementation of a pressurization
scheme and deployment parameters could be better described with a coupled fluid-
structure numerical model. The technological implementation should be analyzed
considering other factors, such as, pressure build-up and matching with design
crash pulse, assembly procedures and cost.
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An In Vitro Experimental Evaluation
of the Displacement Field
in an Intracranial Aneurysm Model

Diana Pinho, David Bento, Joao Ribeiro, Rui Lima and Mario Vaz

Abstract The purpose of this paper is to develop a system able to study experi-
mentally the displacement field of an in vitro intracranial aneurysm. Origin and
growth of aneurysms is the result of a complex interaction between biological
processes in the arterial wall and the involved hemodynamic phenomena’s. Once
the aneurysm forms, the repetitive pressure and shear stresses exerted by the blood
flow on the debilitated arterial wall can cause a gradual expansion. One promising
method to evaluate and measure this expansion is to use optical field experimental
techniques, such as interferometry. In this work the Electronic Speckle Pattern
Interferometry was used to evaluate the deformation occurred on an intracranial
aneurysm model fabricated in polydimensiloxane (PDMS) by using a 3D printer
combined with a soft lithography technique.
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1 Introduction

A cerebral aneurysm or intracranial aneurysm (IA) is a weak bulging spot on the
wall of a brain artery very much like a thin balloon or weak spot on an inner tube.
Over time, the blood flow by applying pressure against the thinned wall of the
vessel artery leads to the appearance of aneurysms. This pressure may promote the
rupture of the aneurysm and consequently the blood tends to flow to the sur-
roundings outside the artery. It is worth mentioning that the rupture of a brain
aneurysm most often requires advanced surgical treatment [1].

It is well known that blood flow behaviour in microcirculation depends on
several combined effects such as cell deformability, flow shear rates and geometry
of the microvessel, although still no consensus about the reasons for creation and
rupture of aneurysms. Hence, a better understanding of the relationship between the
pathophysiological aspects of an aneurysm and its arterial geometry or local
hemodynamics is critical to better understand aneurysm growth, predict the risk of
regrowth after treatment, and improve endovascular treatments. In order to inves-
tigate the hemodynamics in blood arteries, some mathematical and experimental
studies have been performed over the years. Nonetheless, in vitro experiments have
been conducted only for flows in simple geometries such as straight bifurcation
using glass pipes or acrylic pipes [2], glass capillaries [3, 4] and more recently in
polydimensiloxane (PDMS) microchannels [5-8].

A promising approach to understand the mechanical behavior of aneurysms is
the global measurement of deformation using experimental field optical techniques.
These optical techniques provide the accurate measurement of displacement and
strain fields of the global deformation occurred on the aneurysm. The experimental
field optical techniques can be classified in interferometric, photoelastic and Digital
Image Correlation (DIC) [9]. The interferometric techniques are based on the
interferometry phenomenon of light and use of a coherent light (laser), and the most
common are the holography, the Moiré¢ Interferometry and the Speckle methods
[10]. The photoelastic methods use the optical properties (birefringence) of certain
materials where when a ray of light passing through these materials experiences two
refractive indices [11]. The DIC technique is based on the comparison of two
images acquired at different states, i. e., before and after the deformation. By using
this technique the object is illuminated by a non coherent light and the intensity
patterns result of the surface texture [12]. In this work we have decided to measure
the aneurysm deformation by using ESPI mainly because this technique enables a
rapid and accurate determination of out-of-plane displacement field which is a
predominant component of the displacement occurred in current study.

Recently, several numerical hemodynamics studies have been reported [2, 13] in
order to better understand the creation and rupture of a cerebral aneurysm. Other
studies have used a soft lithography method to manufacture in PDMS carotid
arteries having an aneurysm with a thick wall [14, 15]. However, experimental
analysis of in vitro cerebral aneurysms with geometries close to in vivo ones has not
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Fig. 1 Geometry and dimensions (mm), of the aneurysm model

been reported yet. This is mainly because it is extremely difficult to fabricate three-
dimensional geometry models with thin walls.

The objective of this paper is to develop a realistic three-dimensional system
able to obtain measurements of the expansion and pressure around the wall of an
intracranial aneurysm. The experimental measurements are made using a Speckle
method, more precisely an Electronic Speckle Pattern Interferometry (ESPI). This
method uses a surface roughness illuminated by a laser beam, which generates a
pattern that could be used to measure an out-of-plane displacement field. The
aneurysm model was fabricated in PDMS by using Acrylonitrile Butadiene Styrene
(ABS) molds manufactured with a 3D printer.

2 Materials and Methods

2.1 Geometric Parameters

The geometry and dimensions of the aneurysm model were based in clinical data
for a common saccular intracranial aneurysm [16] and drawn in the Solidworks®
CAD software. This geometry was used to produce the aneurysm model in PDMS
for the experimental tests. In Fig. 1 it is represented the geometry and dimensions of
the used aneurysm model.

2.2 Fabrication of the Aneurysm Model

The model of aneurysm has been produced in PDMS. This material is biocom-
patible and its elastic behavior is similar to the arteries [17]. To obtain the aneurysm
model seen in Fig. 2e it was necessary to develop and elaborate a special mould
with the same geometry and dimensions of the model. The mould was fabricated in
ABS material using a Solidoodle™ 3D Printer. In Fig. 2a it is possible to observe the
mould and core used to obtain the PDMS aneurysm model and a detail of the 3D
printer used for this study. The moulds and cores obtained from the 3D Printer were
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firstly subjected to a surface treatment to decrease the superficial roughness with
acetone vapor (Fig. 2b). Before pouring the PDMS into the mould cavity, was made
the assembly of the mould with the core (see detail of Fig. 2b). The used PDMS was
Sylgard 184, Dow Corning Corporation product, which is a silicone elastomer Kkit.
The kit contains two chemicals: base (part A) and curing agent (part B), that was
mixed in 10:1 mass ratio and poured onto master mold in a Petri dish (see Fig. 2c).
The PDMS was cured at room temperature in order to completely release the
bubbles formed during the plinth of the PDMS and by the contact with the material
of the mould and core. After a complete cure (42 h) of the PDMS the materials were

Artery Aneurysm 7 % x

Fig. 2 Main steps of the fabrication procedure: a printing the geometries in ABS by means a 3D
printer; b surface treatment with acetone vapors; ¢ deposition of the polymer PDMS over the
molds to obtain the channel; d curing the polymer at room temperature for 42 h and more at 80 °C
for 30 min; f three-dimensional PDMS channel with the input/output connections
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placed into the oven at 80 °C for 30 min (Fig. 2d). Finally, after the molds have
cooled down, they were cut and taken off from the petri dish where the inlet and
outlet holes were made.

2.3 Experimental Set-up

The experimental method used to obtain the measurement of displacement field on
the PDMS aneurysm model was the ESPI. In this analysis the deformation occurred
mainly on out-of-plane direction as the implemented ESPI set-up allows the mea-
surement in this direction. To achieve this step, the experimental setup was coupled
with an accurate image processing tool and designed to cancel rigid body motion
only obtaining the above mentioned. The optical set-up used to measure out-of-
plane displacement fields with ESPI are schematically represented in Fig. 3. In this
case, the laser beam is splitted in two, one being the object beam and used to
illuminate the object and the other being the reference beam. This combination
generates a sensibility vector normal to the object surface. The mirror mounted on a
piezoelectric transducer is used to implement the phase stepping technique, which
in combination with image processing algorithms allows the calculation of the
spatial phase distribution. The light source used was a 2 W laser from COHERENT
(Verdi) with a radiation wave length of 514 nm.

To calculate the displacement field eight images were recorded at different phase
shift, being half of them token before and the remaining after the injection of the
glycerin.

The PDMS aneurysm model was fixed on the optical table and was pumped
glycerin by means of a syringe pump with a flow rate of 250 pl/min. Figure 4 shows
the aneurysm model placed in the out-of-plane displacement set-up.

Variable
Beam-splitter

LASER \

Mirror CQ PZT

Microscope, Object
objectivetpinhole

—i= ZOOM

Beam-splitter [X[,.-"’-”
2 Miopcepie. =000
Mirror ‘\s/,/-/o-;j‘ective

Fig. 3 ESPI set-up to measure out-of-plane displacement fields [18]
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Fig. 4 PDMS aneurysm model in an out-of-plane displacement set-up

3 Results and Discussion

Using the ESPI the displacement field is calculated by subtracting the speckle phase
maps obtained before and after the fluid flow. The discontinuities in Fig. 5a are due
to the phase calculation algorithm and can be removed by phase unwrapping.
Different solutions are available for this purpose according to the data spatial noise
[19]. The results presentation could be improved using a pseudo color presentation
where the displacement intensity is codified according to a color, see Fig. 5b.

A more understandable way to present the information is by showing a three-
dimensional representation of displacement field. Figure 6 represents the dis-
placement field measured with ESPI. Analyzing the obtained preliminary results it
is observe that the maximum displacement has occurred on the aneurysm region
and on the inlet of the artery. This phenomenon could be explained by two possible
reasons: the pressure is higher in both aneurysm region and artery inlet; the wall
thickness in the regions of the highest displacements could be lower than the other
regions of the model.

Fig. 5 a Phase map and b Unwrapped phase map of displacement field. The flow direction is from
right (inlet) to left (outlet)
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Fig. 6 Out-of-plane
displacement field measured
on PDMS aneurysm model
with ESPI

‘085 743

Deformation (pm)

4 Conclusions

The fabrication methodology used to obtain an aneurysm model has allowed to
achieve an in vitro model with a geometry and dimensions very similar to a realistic
in vivo aneurysm. However, the demolding process was extremely laborious and
consequently some parameters like wall thickness and superficial roughness were
difficult to control. The roughness of the moulds and cores can influence the
velocity and pressure inside the model however the tested surface treatment with
acetone vapors may be a good solution to eliminate this influence.

The optical technique of ESPI proved to be well adapted for displacement field
measurement on PDMS materials. The results show that this technique correlates
well in the displacements when high spatial resolution is used, allowing extracting
the information for the applied deformation. A study to compare in more detail the
present experimental results with numerical simulations is currently under way.

In the near future we intend to optimize the fabrication process by using others
materials to produce the moulds and cores. Regarding the displacement field
measurements we plan to obtain more accurate results and out-of-plane measure-
ments by using other techniques such as Digital Image Correlation. Experiments at
different and higher flow rates are also one of the futures goals.
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Experiments on the Edge of Chaos
of a Planar Closed Chain Underactuated
Mechanism

J. Xie, H. Zhao, Z.-H. Liu and Y. Chen

Abstract Experiment investigation of planar five-bar underactuated mechanism is
carried out. The focus is on chaotic motion and the edge of chaos, at which the
motion of the mechanism changes from period to chaos. The angular velocity of
active joint is taken as the controlling parameter, i.e. the input angular velocity.
Eighty seven values of input angular velocity ranging from 0.57 to 49.78 rpm are
set to experiments. The displacements of the slider connected with frame are
measured. Based on the data acquired, chaotic motion is identified by means of
phase portrait, Poincaré mapping and Lyapunov exponent. The results of experi-
ments show that the motion of mechanism undergoes from periodic motion to
chaotic motion with the increasing of the input angular velocity. The edge of chaos
is not a value of input angular velocity, but a range of input angular velocities. And
at the edge of chaos, the periodic motion coexists with chaotic motion, and the
motion of the mechanism alternates between the two states of motion.

Keywords Closed train underactuated mechanism - Chaos - Edge of chaos -
Experiment
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1 Introduction

Chaotic motion of mechanism has recently attracted growing attention in the field
of mechanism analysis and design. In 1992 Senevirratne and Earles observed that
the performance of a mechanism with clearance would be chaos in some range of
system parameters [25]. Since then, many mechanisms have been found to have the
potential of chaotic motion. They are linkages [4, 6, 9, 12], cams [2, 3], gears [5, 7,
8, 10, 11, 28], gear trains [15, 18], and so on.

Referring to the question what factors cause these mechanisms exhibit chaotic
motion, Moon provided the answers in [20], it is because the mechanisms consist of
some nonlinear elements, for examples, nonlinear elastic or spring elements, non-
linear dapping, such as stick-slip friction, backlash, play, or bilinear springs.

Underactuated mechanism is another class of mechanism to exhibit chaotic
motion. An underactuated mechanism is a mechanism with less controlling inputs
than its degrees of freedom, which can arise from either the absence or failure of
some actuators, or due to avoiding use of some available actuators, or for the sake
of reducing weight, cost or energy consumption while maintaining an adequate
degree of dexterity. An underactuated mechanism can be referred as a dynamic
system with second-order nonholonomic constrains.

Nowadays, chaotic phenomena and controlling chaos of open chain underac-
tuated mechanism, especially the underactuated robots, have been investigated
extensively [1, 13, 14, 17, 19, 21, 23, 26, 27], however, to a much lesser degree
with closed chain underactuated mechanism. To the best our knowledge, Li pre-
sented a study of chaotic motion of a planar closed chain mechanism, which is
composed of five links and six lower kinematic pairs with only one actuator [16].

The aim of this paper is multiple. Firstly, the mechanism studied in this paper is
a planar five-bar linkage with two degrees of freedom and only one joint is actuated.
The controlling input parameter at the active joint is the angular velocity of the
actuator instead of the generalized force adopted in aforementioned investigations.
Secondly, both the theoretical analysis and simulations show that this five-bar
underactuated mechanism can exhibit chaotic motion under some angular velocities
of input [22]. To confirm this conclusion, experiment is needed. Finally, in order to
find out the conditions of chaos arising and lay down the foundations for controlling
chaos, this paper is focused on the edge of chaos at which the motion of the
mechanism changes from period to chaos. In one word, the motivation of this study
is to put forward the study of chaos arising from a closed train mechanism.

The remaining parts of this paper are organized as follows. In Sect. 2, the
experimental conditions are presented together with the method of numerical
treatment, then the results of experiment are presented in Sect. 3, some discussions
and conclusive remarks are offered in Sect. 4.
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(b)

Fig. 1 Five-bar underactuated mechanism. a Test bed b schematic diagram

2 Experimental Setup and Data Treatments

2.1 Five-Bar Underactuated Mechanism

The mechanism test bed and its schematic diagram are shown in Fig. 1. In order to
eliminate the effect of gravity, we set the mechanism in the horizontal plane.

The mechanism consists of four revolute joints, denoted by A, B, C, D respec-
tively, and one prismatic joint, denoted by slider D. The frame is denoted by 0, and
the links AB, BC, CD and slider D are denoted by 1, 2, 3, 4 respectively.

The mechanism possesses 2° of freedom. The motion of mechanism is pre-
dictable only when there are two joints actuated independently. When only the joint
A actuated, a case studied here, the mechanism is an underactuated mechanism.

2.2 Hardware and Software for Measurement
and Controlling

Link 1 is connected with the output axis of a synchronous servo motor. Pro-
grammable logic controller (PLC) is employed to control all of the devices of the
experiment. The schematic of the hardware and software system is shown in Fig. 2.

TwinCAT System manager/PLC Controller/Scope View are the user interfaces
implemented in the industrial PC (IPC). One can input the desired angular velocity
of Link 1 through TwinCAT PLC Controller, and then the run-command is sent to
the motion controller for execution. The IPC converts the commands into command
signals to move the servo motor; at the same time the controller monitors the system
to prevent any changes on the angular velocity of Linkl. The linear encoder
measures the displacements of Link 4, and sends the data to IPC for processing.
Once the controller ends the experiment, the curve of the displacements of Link 4
with respect to time will be displayed on the screen of IPC, and the data can also be
exported for further analysis through TwinCAT Scope View.
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Figure 3 shows the displacements of Link 4 with respect to time when the input
angular velocity, ny, is 40 rpm.



Experiments on the Edge of Chaos... 273

2.3 Numerical Treatments

After the data acquisition, the data for the first 60 s plus should be omitted, as
shown in Fig. 3, because we concern mostly the steady phase, not the starting
phase.

The data acquired may involve noise induced by the weak shake of the exper-
iment bed, the electromagnetic wave emitted by the electric devices, and stains on
the linear encoder. The noise should be filtered since it possibly has impact on the
identification of chaotic motion. The method known as median-Gaussian filtering
[29] is employed in this paper.

In order to indentify chaotic motion by the data acquired, in this paper, we carry
out the following checking program.

We start with looking at the time response of the mechanism, which in indicated
by the displacement of Link 4 versus time, as shown in Fig. 3. Obviously the
motion of Link 4 is disorganized and erratic.

Then we look at the phase diagrams. By means of the numerical differentiation,
we are able to find out the velocity of Link 4 and plot the phase portrait, shown in
Fig. 4a, from which it can be seen that the trajectory of Link 4 in phase plane never
stabilizes within a bounded regime.

In nonlinear dynamical system, it is named as an attractor if the trajectory
occupies certain zones in the bounded phase space, and goes and stays there for-
ever. However, there are many kinds of attractors, for examples, periodic attractor,
chaotic attractor and so on. The best way to identify the type for an attractor is using
the Poincaré section [24, 30]. In Fig. 4b, we plot the Poincaré mapping. As shown
in Fig. 4b, attractor shows some type of organization but with relatively complex
geometry, and it is made up by an infinite number of points, and more they have
distinctive fine structure. This is the most important characteristic of chaotic
attractor. According to this rule, we conclude intuitively that the motion of Link 4 is
chaotic.
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Fig. 4 Phase portrait and Poincaré mapping of Link 4. a Phase portrait b Poincaré mapping



274 J. Xie et al.

Finally, to confirm this conclusion, we check the Lyapunov exponent which
capsules the average rate of convergence or divergence of two neighboring tra-
jectories in phase space. Since chaos means that the trajectory of a dynamic system
is sensitively dependent upon the initial conditions, then a positive Lyapunov
exponent defines chaos. Using the toolbox in MATLAB ™ L¥apunov exponent, 0.0402, can
be obtained.

Based on the checks above, we are certain that the motion of Link 4 is chaotic
when the input angular velocity, ny, is 40 rpm.

3 Results

For unification, all the kinematic pairs, A, B, C, D, are on the horizontal line at the
beginning of the experiment. Link 1 rotates at the clockwise direction. The duration
of dada acquisition is 600 s when the mechanism is in steady working phase.

We set the input angular velocity, i.e. the angular velocity of Link 1, with
different values ranging from 0.57 to 49.78 rpm with step 0.57 rpm. Totally, there
are 87 input angular velocities. Based on the data acquired in experiment for each
input angular velocity, the state of motion is identified with the checking program
described in Sect. 2.3. If the motion is periodic, we index the input angular velocity
with number —0.5, and if the motion is chaotic, with 0.5. In this way, all the states
of motion respecting to the 87 input angular velocities are depicted in Fig. 5.

It can been seen that at a low input angular velocity, say lower than 9.15 rpm, the
motion of the mechanism is periodic, and at a high input angular velocity, higher
than 15.44 rpm, the motion is chaotic. When the input angular velocity is higher
than 9.15 rpm and lower than 15.44 rpm, i.e. in the interval indicated by b and ¢ in
Fig. 5, the motion of mechanism may be periodic or chaotic. In other word, in the
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interval (b, c), periodic motion coexists with chaotic motion. The interval (b, c) is as
a demarcation between periodic motion and chaotic motion; we name it as the edge
of chaos.

4 Conclusions

In this paper, we study the chaotic motion of planar five-bar underactuated
mechanism through experiment.

The angular velocity of Link 1 is regarded as the parameter of input, and the
results show that the state of motion of the mechanism is depended on it evidently.

When the input angular velocity is lower than 9.15 rpm, the motion of the
mechanism will be periodic; when input angular velocity is between 9.15 and
15.44 rpm, the motion of the mechanism alternates periodic and chaotic; and when
input angular velocity is higher than 15.44 rpm, the motion of the mechanism will
be permanently chaotic.

It is worth to notice that the edge of chaos of this underactuated mechanism is
not a value of input angular velocity, but a range of input angular velocity, say from
9.15 to 15.44 rpm. At the edge of chaos, the periodic motion coexists with chaotic
motion. The study of the edge of chaos may allow us to understand something
about the arising of chaos, and find efficient measures to control chaos.

In the five-bar underactuated mechanism, there are four passive joints. They are
revolute joints B, C, D and prismatic joint D. Exactly speaking, the chaotic motion
studied here is referred to the motion at prismatic joint D, i.e. the relative motion
between the Link 4 and the frame 0. Whether or not the relative motions between
the two links at other passive joints are also chaotic at the same time has not been
verified, and maybe there exists periodic relative motion at other passive joints.
This question is interesting, and further works will lead to new findings.
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Systematic and Rapid Construction of Test
Beds for Planar Mechanism

H. Mencek and R. Soylu

Abstract In this study, a systematic approach, for constructing planar mechanisms
by utilizing a robotic kit, is proposed. Various models for revolute and prismatic
joints and various models to be used as links are suggested. The actual perfor-
mances of the prototype mechanisms may be experimentally assessed by taking
three basic measurements regarding the actuator voltage, actuator current and the
rotational displacement of the input link. Slider crank, double slider and four bar
mechanism prototypes are constructed as example planar mechanisms. In addition,
the electrical power consumption of a slider crank mechanism is obtained experi-
mentally. This consumption is compared with the power consumption obtained via
a mathematical model of the mechanism.

Keywords Dynamic performance - Planar mechanisms - Construction of mech-
anisms - Robotic kit - Test bed

1 Introduction

Dynamic characteristic of a mechanism affects the energy consumption of the
mechanism, the operating noise/vibration levels and the lives of the bearings and
connection elements that connect the mechanism to the ground. Hence, it is
important to optimize these behaviours. There are numerous methods that are
proposed to improve the dynamic characteristics of mechanisms (see [1] for a
comprehensive survey of the available methods). These methods are used in order
to compensate for the gravitational forces and/or to minimize the fluctuations of
shaking forces, shaking moments and actuator torques. Some of these methods
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involve, for instance, addition of springs, addition of counterweights and connec-
tion of auxiliary linkages. In an ongoing project funded by The Scientific and
Technological Research Council of Turkey (TUBITAK), the authors are investi-
gating the means of improving the dynamic performances of mechanisms by uti-
lizing adjustable mechanisms, and/or efficient, mechanical force and torque
generators, which are to be patented. Adjustable mechanisms can be defined as
mechanisms where, the kinematic dimensions and the inertial parameters of the
links may be changed as desired [3]. In the aforementioned project, both theoretical
and experimental approaches are being employed. Typical planar mechanisms, with
different topologies, have been modelled on the computer and alternative designs
have been developed to improve their dynamic performances. For the designs that
are found to be theoretically successful, prototypes will be produced so that the
dynamic performances of the mechanisms are measured experimentally.

It is well known that, construction of test set-ups may require extensive amounts
of time and effort. Therefore, in order to construct numerous different mechanisms
with desired kinematic and dynamic characteristics in an efficient manner, one needs
special components that are compatible with each other so that they may easily be
connected together. For this purpose, it is possible to utilize one of the educational
robotic kits available in the market. Lego Mindstorm [2] and VEX Robotic Design
System [4] are two of the most comprehensive kits available. These robotic kits
contain various structural and connection elements together with compatible actu-
ators, sensors, programmable micro-controllers and power accessories.

Planar mechanisms constructed by means of a robotic kit may be utilized for
different purposes. One possibility is to use the prototype mechanism as the scaled-
down model of a larger mechanism which is actually in use. Using dimensional
analysis, the experiments performed on the scaled-down mechanism may be uti-
lized to predict the results of difficult and/or expensive experiments to be performed
on the actual mechanism. It is also possible to use such prototypes for verifying,
experimentally, the validity of suggested friction models for different joints. Such
prototypes can also be very useful for educational purposes.

In this study, a systematic approach, to construct planar mechanisms by utilizing
the VEX robotic design system, is proposed. Slider-crank, four bar and double
slider mechanisms are presented as examples. Various measurements are taken
from a prototype slider crank mechanism. The validity of these measurements are
checked by using a mathematical model of the prototype.

2 VEX Robotic Design System

VEX robotic design system is a robotic construction kit developed by Innovative
First International company. The VEX robotic design system includes various
structural parts (made of steel or aluminum) and connection elements. There are
additional components for the construction of gear pairs, revolute and prismatic
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joints. Structural parts have many square shaped holes which allow construction of
different designs by using bolt and nut pairs. In addition, DC and servo motors,
optical shaft encoders, bump switches, potentiometers, gyroscopes, accelerometers,
micro-controllers and battery units are also included in the robotic kit. Micro-
controllers are programmable via the RobotC and EasyC compilers for user con-
trolled or autonomous operations.

3 Construction of Planar Mechanisms

During the construction of planar mechanisms, one should consider the following
three physical limitations.

1. Links must be on the same plane (or, on parallel planes) throughout the motion.

2. There cannot be any collisions between any two elements (such as links, shafts,
connection elements, etc.) of the mechanism throughout the motion.

3. For a planar mechanism the links of which lie on planes parallel to the x-y plane,
the out-of-plane forces and moments (i.e., forces along the z axis and moments
about the x and y axes) must not be extensive, so that they do not lead to large
frictional forces which may ‘lock’ the mechanism.

In order to satisfy these physical limitations, one may take various precautions.
For example, gravitational effects may disturb the parallelism of the links violating
limitation (1). Furthermore, in order to satisfy limitation (2), one needs to increase
the distance between the links along the z axis. However, an increase along the
z axis leads to a violation of limitation (3) due to the increasing out-of-plane forces
and moments. In order to completely balance the out-of-plane forces and moments
of a planar mechanism, one may use a common symmetry plane (for all links)
parallel to the x-y plane. This construction approach requires symmetrical link and
joint models which are discussed in the following sections.

CAD models for the basic revolute and prismatic joints that are suggested in this
study are presented in Table 1. Note that, the CAD models of the individual
components are already available in [4]. A simple notation is utilized to label the
models for future reference. For example, BRJ2 indicates the basic revolute joint
type 2 model, whereas BPJ3 indicates the basic prismatic joint type 3 model. Note
that, the input link of the mechanisms need to be actuated via the so-called driven
revolute joints (DRJ).

The symmetrical revolute joint models that are designed to construct a mecha-
nism with a common symmetry plane are shown in Fig. 1. Here, the SRJ3 joint
model is designed to allow the motion of another link through the axis of rotation of
the revolute joint.

In some cases, it is possible to tolerate the out-of-plane forces and moments, up
to a limit, by using the revolute joint model (URJ) shown in Fig. 2.
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Table 1 Basic joint models

Category Type 1 Type 2 Type 3

Basic
Revolute
Joints (BRIJ)

Driven
Revolute
Joints (DRJ)

Basic
Prismatic
Joints (BPJ)

4
~

\ N

(@ (b)

i

Fig. 1 Symmetrical Revolute Joint Models (SRJ)

/Q

Fig. 2 Unsymmetrical Revolute Joint Design (URJ)

The VEX design system allows one to construct mechanisms, efficiently, with
different kinematic dimensions using standard structural parts. In order to construct
mechanisms with a common symmetry plane, one may utilize the symmetrical link
models shown in Table 2. Here, the Fixed Width Link (FWL) and Varying Width
Link (VWL) models are obtained by rigidly connecting the same basic link types in
parallel. Furthermore, for the FWL2 and VWL2 models, it is possible to adjust the
relative angle between the components at a fixed value.
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Table 2 Symmetrical Link Models

Category Type 1 Type 2

Fixed Width Links (FWL) w

Varying Width Links (VWL)

4 Performance Evaluation

Performance evaluation of the constructed mechanisms may be realized in two
steps. In the first step, the actual performance of the mechanism is experimentally
assessed by taking three basic measurements regarding the actuator voltage, actu-
ator current and the input link rotational displacement. A data acquisition system
consisting of NI-cDAQ USB chassis, N19229, N19239, Labview Software and a
current transducer (CR Magnetics—CRS5211) are utilized in order to measure the
voltage and the current. In addition, the rotational displacement of the input link is
obtained via the quadrature encoder of the VEX design system.

In order to drive the mechanisms, a DC motor (motor 269 of the VEX design
system) with a free speed of 100 rpm, stall torque of 0.98 N.m, free current of
0.18 A and a stall current of 2.6 A is used [4]. These specifications and the
efficiency curve of the motor are given for an input voltage of 7.2 V by stating that
the actual motor specifications are within 20 % of these values.

In the second step, the performance of the mechanism is obtained by using the
mathematical model of the prototype. This model is based upon the equations of the
DC motor model and the equation of motion of the prototype mechanism which is
derived and coded using MATHEMATICA. The kinematic and inertial parameters
of the constructed mechanisms are obtained using the available CAD models and
the material properties of the VEX design system components.

One may utilize the following set of equations to simulate the dynamic
behaviour of the prototype mechanism and the connected DC motor.

Vi(t) = LI(1) + RI(t) + k,0(z) (1)

Inb(1) = k(1) = bub(e) = T4 (000, 0(0), D)) 2)

here, L is the inductance, R is the electrical resistance, k, is the speed constant, &; is
the torque constant, J,, is the moment of inertia of the DC motor reduced to the

output shaft and b, is the coefficient of viscous friction associated with the output
shaft of the motor. Furthermore, V() is the input voltage, I() is the current drawn
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by the motor, Ty is the actuator torque to be provided to the prototype mechanism
driven by the motor and 0(¢) is the angular position of the output shaft, which is
equal to the angular position of the input link of the mechanism. Note that the
actuator torque, T}, is determined from the equation of motion of the mechanism.
Hence, for a given input voltage V;(z), one may obtain the response of the mech-
anism by solving Egs. (1) and (2) for I(r) and 0(z).

In order to form the mathematical model, it is clear that the parameters of the DC
motor model, i.e., the elements of the vector P = [L, R, k,,J,u, k;, b,y], must be
determined accurately. In this study, these six parameters are estimated by mini-
mizing an objective function based upon the errors e;(f) and ey(f), which are
associated with I(r) and 0(¢). Here, e;(t) = I,,(t) — L;(r) and ep(¢) = 0,,(¢) — 04(z)
where ‘m’ and ‘s’ refer to the ‘measured’ and ‘simulated’ values, respectively. Note
that, the initial values of the estimated parameters are obtained from the given
motor specifications.

5 Examples

5.1 Constructed Mechanisms

The first constructed mechanism is the slider-crank mechanism (SCM-P1) shown in
Fig. 3a. In this mechanism, the DRJ1, BRJ1 and BPJ1 joint models are utilized.
Tests indicate that the SCM-P1 model cannot satisfy limitations (1) and (3). Hence,
the symmetrical slider crank mechanism (SCM-P2) shown in Fig. 3b, ¢ has been
designed to satisfy all physical limitations. SCM-P2 utilizes the symmetrical joint
models, SRJ1, SRI2, SRJ3 and BPJ1. Note that, due to the full rotation of the crank,
the coupler link interferes with the revolute joint between the base and the crank.

Fig. 3 Slider crank
mechanism prototypes: a First
slider crank mechanism
model (SCM-P1), b Side view
of the symmetrical slider
crank mechanism (SCM-P2),
¢ View showing the common
symmetry plane of the SCM-
P2
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Fig. 5 Four bar mechanism prototype (FBM-P1): a Top view of the model, b Side view of the
model

Hence, in order to prevent collision of the coupler link with the joint shaft, the SRJ3
model is used for the revolute joint which connects the crank to the base.

Three types of double slider mechanisms that have been constructed are shown
in Fig. 4. Here, the DSM-P1 model suffers from the out-of-plane forces and
moments. The DSM-P2 model has a common symmetry plane to balance the out-
of-plane forces and moments. However, its coupler link, which will be used as the
driving link, cannot perform a 360° rotation. Hence, considering the problems
associated with the previous models, The DSM-P3 model is designed to success-
fully satisfy all physical limitations.

Two different four bar mechanisms that have been constructed using the VEX
design system are shown in Fig. 5. Both mechanisms are of the crank-rocker type
and they operate successfully without violating the aforementioned physical
limitations.

5.2 Results for the Slider Crank Mechanism Prototype
(SCM-P2)

In this section, experimental measurements realized on the SCM-P2 model are
discussed. The mechanism operates on the x-y plane, whereas, gravity acts along the
y axis. The DC motor driving the mechanism has been connected to a 7.2 V power
supply. Supplied voltage, current drawn by the motor and the angular position of the
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Fig. 6 Experimental measurements (solid line) and the simulation results obtained from the
mathematical model (dashed line) for SCM-P2 model: a Current drawn by the motor, b Angular
position of the crank, ¢ Electrical power consumption

crank link have been measured. Measurements related to the drawn current, the
angular position of the crank and the electrical power consumption for the SCM-P2
model are shown in Fig. 6. Note that, the experimental measurements have been
synchronized such that the starting time of motion has been taken as 7 = 0. Hence, the
initial condition for the current has been obtained as 1(0) = 1.137 A.

The simulated values for I(¢), 6(¢) and the electrical power, on the other hand,
are obtained by solving I(¢) and 0(¢) from Egs. (1) and (2) subject to the same
experimental input voltage (i.e., V;(f) = 7.2 V) and the same experimental initial
conditions (i.e., 1(0) = 1.137 A, 6(0) = —90 deg and H(0) = 0).

The results obtained by using the mathematical model given by Eqs. (1) and (2)
are also shown in Fig. 6. Here, the main reason for the differences between the
experimental measurements and the simulation results is the lack of a friction model
for the revolute and prismatic joints in the developed equation of motion. Hence,
the current and power requirements simulated by the model are less than the
measured values which includes frictional effects as well.

6 Conclusions

In this study, a systematic approach, to construct planar mechanisms by means of a
robotic kit, has been proposed. Various revolute and prismatic joint construction
models and various link models have been suggested. Some of the proposed models
are designed to overcome the negative effects of the out-of-plane forces and
moments. Slider-crank, double slider and four bar mechanisms are constructed as
examples. Furthermore, the actual and simulated power consumptions of a slider
crank mechanism are presented briefly in order to illustrate a possible application as
a test bed. The authors acknowledge the financial support of The Scientific and
Technological Research Council of Turkey (TUBITAK) to this study through the
112M110 research project.
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Development of Impact Loading
Equipment for Testing of FRP Strips
as Reinforcement of Masonry Bricks

P. Correia and N. Peixinho

Abstract The preservation of a cultural heritage has been, in nowadays, one
important research topic. Some new techniques and materials have been studied.
The use of Fibre Reinforced Polymer (FRP) is one of them. The static material
properties of these materials when used in brick masonry are regularly studied. The
dynamic studies are, however, almost non-existent. The development of a device
capable to test dynamically the specimens already used in static tests is presented in
this paper. It is described the construction of a drop weight tower to test FRP strips
glued to brick masonry.

Keywords Impact loading machine - FRP - Pull-out - Drop tower development

1 Introduction

The preservation of cultural heritage buildings is considered a major issue in the
cultural life of modern societies. However, this task requires the establishment of
proper methodologies, able to tackle simultaneously their considerable architectural
and cultural value and their structural safety [1]. An important topic in current
research is the development of efficient and cost effective strengthening techniques,
able to reestablish the performance of cultural heritage buildings and to prevent
their brittle failure, particularly under earthquake loading but also damage resulting
from terrorist activities.

The use of fiber reinforced polymer (FRP), materials has been an option, due to
the various advantages of the use of composite materials: low density, immunity to
corrosion, high tensile strength as well as flexibility and ease of implementation
make these materials attractive.
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Since these are novel materials, and in particular their use as composites for
buildings, their study and characterization is very recent. At the static level studies
have been developed [1-4], however, for dynamic loading few studies have been

developed.

Apparently the quality of the bond between the ceramic material and the FRP is
what defines the maximum applicable load. The aim of the study was to develop a
device which enables the dynamic test (impact) in tensile pull-out of these

Fig. 1 Specimen and fixing
structure: 1 is the FRP and 2
the Brick

160
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materials. The requisite for using the same type of specimens in static and dynamic
tests should be important, allowing this way to better compare test values. In Fig. 1
we can observe the specimens, where (1) is the FRP strip and (2) is the brick
masonry.

2 Architecture and Design of the Apparatus

The developed equipment is based on a drop-weight tower specifically designed for
dynamic tests in FRP-Brick assembly. It is required a rigid drop tower to ensure a
free falling mass to impact the specimens. The stability of the apparatus is due to its
simple design, a solid base plate, and almost frictionless sliding guides that allow
performing impact tests.

The first step to design the apparatus was to define the velocity and the energy.
From such definition general guidelines for the equipment could be implemented in
the detail design. Instrumentation requirements, for load cell measurement, are also
important for the definition of specimen fixture and stiffness of base plate and
specimen//fixture/load cell system.

2.1 Initial Parameters

The tests will be based on the composite type of specimen used in the static tests
performed at the CFRP/GFRP-ceramic. In this way it is possible to compare the
dynamic tests with static loading. On the other hand it is necessary that the
equipment has enough energy and strength to break the impacted specimen.

Static tests indicate values of 10 kN, and less than 1 mm displacement [2]. Thus,
considering the falling energy equal to the work of deformation:

E=w (1)
ow=FxAr=10J (2)

Thus, observing the Eq. 2 the energy required to deform will be statically 10 J. In
view of the specimen shown in Fig. 2, and considering the impact velocity that
would be the same than deform the specimen (which is a lower bound approxi-
mation) one can calculate the speed of impact required to achieve a nominal strain
rate, represented by Eq. 3.

. I3 d v
=N a1 (3)
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Fig. 2 Static specimen sketch
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The impact velocity calculated for the limits of shear rate is shown in Table 1.
Observing the values shown in Table 1, these were taken as extremes for the
equipment design, but that served as the basis for the apparatus’s idealization.

2.2 Design

The machine design was realized taking into account the initial parameters and the
fact that the specimen’s design should be the same than the static test. In Fig. 3 it is
observed a 3D model of the test machine. In order to guarantee the pull-out at high

Table 1 Velocity calcula-
tions and strain rate

Strain rate (s — 1) I (m) v (m/s)
1 0.16 0.16
200 0.16 32




Development of Impact Loading Equipment for Testing... 291

velocity using the same type of specimens and a drop weight tower it was necessary
to develop a gripping structure for the specimen, as presented in Fig. 3.

The specimens grip is supported by a W157X37.1 standard profile that is welded
to a plate with thickness of 10 mm and fixed to the machine base with M20 bolts.

Fig. 3 3D model
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Fig. 4 General machine 350
dimensions (mm)

Lo |

One of the most important aspects in a drop weight tower for impact testing is
their stability and non-vibrations capacity. In order to minimize energy losses and
vibration the base of the structure should be rigid and adequately fixed at the
ground. The base dimensions for the base plate are 800 x 650 mm with 30 mm of
thickness. The material is a Steel S235 JR. Another important aspect is the distance
between the impactor guides. This value should be the smallest as possible. In
Fig. 4 its dimensions are presented.

The impactor guide lines are a very important part in the equipment. In this case
HIWIN HG25 guide lines were used, supported by a U 150 standard profile, welded
at a base and fixed at the machine principal base

Quantitative information as force is measured by a VETEK VZ101BH load cell.
This is connected by moorings at the fiber specimen and connected at specially
designed part that is intended to support the impact from the impactor.

The impactor (1), observed in Fig. 5, with mass of 15 kg, is dropped, releasing
the electroiman from AC MAGNETS, and impacts the transfer component (4). The
load cell (3) connects the clamps (2), at the specimen and transmits the load. The
impactor design considered in addition the possibility to further increase the drop
mass.
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Fig. 5 Details from impact
system and force
measurement

3 Apparatus Assembly and Installation

During assembly, care was taken with the parallelism between the guide lines and
the correct alignment was taken in account. All parts were welding fixed in the base
to avoid warping or at least minimized. In Fig. 6 one such example is observed.

Fig. 6 Welding detail for the
column tower reinforcement
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Fig. 7 Machine installation
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The installation of the test machine can be observed in Fig. 7. Some preliminary
tests were performed allowing to verify that the operating principle is working and
that the test specimens are fractured at the selected impact energy.

4 Conclusions

This paper presented the development of a device capable to test dynamically FRP
reinforced brick specimens. The equipment design was fulfilling of the initial
requisites, being now possible to test the specimens dynamically. Design and
construction details of the novel equipment were presented being highlighted its
robustness and versatility for different impact energies. In addition the equipment
allows for impact testing of different strip reinforcements, within fixture dimensions
limits. Preliminary validation tests allowed to verify the capacity for reproducible
tests at impact loading with fracture of the bonded connection of the strip-brick
specimen. Further validation tests are required for the analysis of load-time readings
and comparison with static results.
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Design of a Driving Module for a Hybrid
Locomotion Robot

J.J. Castillo, J.A. Cabrera, M. Jaimez, F. Vidal and A. Simén

Abstract One of the challenges in today’s mobile robotics is the design of high
mobility and maneuverability robots. In this work we present the design and
construction of a new concept of a locomotion system for mobile robots. It consists
of a hybrid leg-wheel module that can be attached to the main body of a robot in a
similar way to a conventional wheel. The mechanical configuration of the driving
module is described, emphasizing the characteristics which make it different from
other hybrid locomotion systems. A dynamic model that simulates the movement of
the module was developed to analyze its behavior and to test different control
algorithms that were subsequently implemented on the real module. Finally, we
have carried out a series of simple experiments that demonstrate the correct oper-
ation of the module on flat ground without obstacles.

Keywords Hybrid locomotion - Robotics - Mechanical design - Dynamic model -
Control
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1 Introduction

The amount of terrains or surfaces on which a robot can operate is very high,
especially in reconnaissance, exploration and rescue. Nowadays there is not a
dominant solution, but rather a wide range of geometric configurations and loco-
motion systems that solve the mobility demands for specific environments [3, 9,
10]. Originally wheel locomotion systems were used because they had great
advantages over other configurations, such as high energy efficiency and high
speeds. However, its ability to move over uneven terrains or areas with a high
density of obstacles is very limited [13]. As an alternative, robots with legs or “feet”
that try to emulate the mechanics of animal movement arose. Its ability to overcome
obstacles or operate in heterogeneous environments is clearly superior but they
require greater mechanical complexity and a greater number of actuators, its energy
efficiency being lower.

The third traditional solution is tracked robots. These robots use continuous or
caterpillar tracks instead of wheels. They move reasonably well on rough or
compact terrains. Among its disadvantages, we could indicate that its energy
consumption is high and that they can only overcome obstacles not bigger than the
height of their chains.

Recently, other configurations that cannot be included in any of the categories
above are emerging. One of these new approaches is spherical robots for example [6].
However, most new mechanical configurations are hybrid solutions that mix some of
the main characteristics of the previously mentioned locomotion systems. One of the
most common hybrid configurations is the one in which wheels are placed at the ends
of movable articulations or mechanisms [1, 12, 14]. Other solutions include mech-
anisms which allow robot limbs to be reconfigured. Therefore, they can take the form
of wheels or leg as required, resulting in a wide range of movement patterns [7, 8, 11].
Some hybrid locomotion systems for robots make use of rolling elements similar to
wheels but with very different geometries [4, 5].

In this paper, we describe a new traction module for a hybrid locomotive system
in which the movement of the robot is achieved by varying the length of the
supporting legs. Section 2 is focused on the mechanical design of the module.
Electrical and electronic drive and control elements are detailed in Sect. 3. The
fourth section is dedicated to describe the model of the hybrid module. Experi-
mental results are included in Sect. 5. Finally, conclusions are summarized in
Sect. 6.

2 Mechanical Design

The new driving module that has been developed arises from the study of the
advantages and disadvantages of a hybrid system described as “pseudo-spherical”
with adjustable foot length [2]. Thanks to its geometry, this robot has the ability to
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move over almost any terrain. Its speed would only be limited by the speed of its
actuators and the efficiency of the programmed dynamic control. However, several
drawbacks appear that make it difficult to implement and build a real robot based on
this configuration. Some of them are that it needs an actuator for each movable foot,
a very difficult dynamic control, the complexity of the design of the central part of
the robot and there is not a fixed or, at least, stable orientation part of the robot
where sensors such as cameras, lasers, ... could be attached. Ichikawa and his co-
workers [5] have developed a robot known as ‘IMPASS’. It consists of modules
which incorporate sliding legs. Its main drawback is that it needs a heavy robot
body to move, since the rotation of the legs is produced with a motor placed in the
robot body.

In the new design we changed to a cylindrical geometry instead of a spherical
one. Thus, the feet move in a direction perpendicular to the axis of the cylinder and
are placed successively along it to be non-coplanar. This structure is not a robot
itself, but a driving module that can be attached to a robotic body with a shaft. The
advantages of this design compared to the spherical geometry are the reduction in
the number of actuators, simplicity in design, easier controllability and the possi-
bility of attaching it to a robotic body where other devices could be installed, such
as: batteries, cameras, lasers, etc. In Fig. 1, examples of robotic structures that may
use this module are shown.

The CAD model of the developed module and a photograph of the manufactured
module can be seen in Fig. 2. The central part of the module is composed of two
aluminum plates connected by thermoplastic blocks at their periphery. The Motors
and all the mechanical transmission elements are placed in the space between both
plates (Fig. 3). Motion is transmitted to the rack engraved in the leg with gears.

%‘“}i %%,J\ Xf\“

Fig. 1 Different robot configurations with sliding legs modules

Fig. 2 CAD view of the driving module. Module photograph
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Fig. 3 Parts designed to allow the movement of the rack

Parts have been designed to allow the movement of the legs inside the module.
They are composed of 3 bearings and a gear to facilitate the movement of the rack
on its 4 sides (Fig. 3). These pieces are also used to connect the two metal plates.
Thus, these parts not only fulfill a structural function but also serve to guide the
racks. One of the plates incorporates a shaft to join the module with the robot body.
This shaft neither interferes with the relative rotation of the module nor transmits
motion from the module to the robot. It includes a sensor to measure the angular
rotation of the module.

3 Electronics and Sensing

In this section, the electronic components as well as the sensors installed on the
module are described. The robot has three servomotors which have a maximum
torque of 1.6 N'm and a maximum speed of 5.82 rad/s. The motor speeds are
regulated using PWM signals. There are six contact sensors (one sensor at each
extreme of the legs) to detect whether the corresponding leg is contacting the
ground or an obstacle or not. For this purpose, a graphite-based sensor, specifically
designed for this application, has been employed. It consists of a sensing surface
which is covered with a small piece of fabric. The resistance of the sensor is
normally very high but decreases to about 900 Q when the leg contacts an object or
the ground.

As a necessary tool for the kinematic control of the module, an angular sensor is
used to measure the angle between the main body of the robot and the module.
Finally, all the components are powered with an external battery. A slip ring allows
the transmission of power from the stationary shaft to the rotating structure. The
control of the robot is carried out using an Arduino Uno Board. The Arduino Uno
Board is also used to acquire the data from the sensors installed on the module. The
programming of the module was carried out using the software provided by Arduino.
Besides this, we have created a program in LabVIEWT™ that communicates with the
Arduino and that also serves as an interface with the user.
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4 Module Modeling

The equations which model module behavior, together with some 2-D simulations
are included in this section. The model was made with SimMechanics™, which is a
toolbox by Matlab®/Simulink® that provides a multibody simulation environment
for 3D mechanical systems. The forward and vertical movements have been
modelled, assuming that the robot is moving on a level, flat and smooth surface.

Three elements are essential when modeling the behavior of the robot: the
servomotors, the contact with the surface and legs movement. The first main
components are the servomotors. The force exerted by the servomotors on the leg
has been modeled as a function of the maximum torque of the motors, the supply
voltage and the position error of the foot. Thus, the power supplied is linear with the
position error of the leg until the error reaches its critical value. Beyond this point
the power is saturated at its maximum value.

Ground contact is modeled considering friction and ground deformation. An
elastic constant, to reproduce surface elasticity, and a dissipation constant, which
multiplies the ‘penetration’ rate of the leg on the ground in the vertical direction to
take into account the energy loss due to friction or ground deformation, are used.

The position of the ends of the legs is defined by the angular reference of the
module and the desired height, (H,.s), during operation (Fig. 4).

When one foot is in the contact phase, i.e., when its angular position is between
‘a’ and ‘B’, the radial position of the leg is given by Eq. (1):

-3) )

where rir‘f is the radial position of the ‘i’ leg and ‘I’ is the length of the leg. Sign
function and absolute values are used to make this expression valid for both ends of
the rack. The movement of the leg when its ends are not in contact with the ground
is, in principle, free of any restrictions. A possible solution is to impose a smooth
transition between the end of the contact of one leg and the beginning of the contact
of the opposite one, which is guaranteed by the following Eq. (2):

H ref

1 = sign(sin(—0;)) ( sin(—0;)

Fig. 4 Geometric parameters related to the control of the feet
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Once the horizontal position is reached, the other end of the rack defines the
movement of the leg. During this phase, the foot moves from its equilibrium
position toward the position which makes it contact the ground, i.e., when its angle
reaches the value ‘o’. Leg displacement is described by Eq. (3):

l
ref _
7= -3)

Finally, Figs. 5 and 6 show results obtained from two simulations. Both tests
start with the module in stationary position and with one of its legs in a horizontal
position. Then the module is accelerated to reach the desired rotational speed (30
and 90°/s respectively). The discontinuities that can be seen in the top-left plot are
due to the fact that the angle values are plotted between —180° and +180°.

In both tests the height of the robot is quite close to the reference height. The
error in height is not greater than 5 mm at any moment. The differences that appear
in the rotational speed occur when the servomotors have to generate high torque
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values. Moreover, the foot displacement matches with the reference quite well. The
maximum error at the higher speed (90°/s) was below 5 mm. The desired rotational
speed is achieved in less than % and - rotations respectively.

It can be seen that, in general, the module follows the reference although there
are peaks in the speed just when one foot passes the vertical position. This phase of
the movement is the most delicate stage to perform a continuous movement because
is when triple contact occurs, making it difficult to move the three feet symmetri-
cally and homogeneously. In spite of that, the module always follows the angular
reference and the movement is smooth.

5 Experimental Results

In this section, experimental results obtained with the real module are detailed. Two
tests with the same reference speeds that we used in simulations (30 and 90°/s) are
included. Control parameters are the same as those used in the previous simulations,
ie., Hy,;=0.14 m, a = 32° and B = 28.5°. The reference and the measured angular
position of the module are included in the upper plots of Fig. 7, while the lower
graphs show the angle errors. The initial conditions of the experiments are similar to
the ones used in the simulations. We assume that the module starts from a still
position, with one of the feet in a horizontal position. The speed increases and
decreases progressively at the beginning and at the end of the test.

We can see how the module faithfully follows the reference. The maximum
angle errors are smaller than 9° and 20° respectively. The stepped shape of the error
function is due to the resolution of the analog input of the Arduino board (10 bits).
It can be observed that errors increase with increasing references since the move-
ment of the module becomes sharper and less smooth when moving faster. Finally,
we want to remark that the experimental results are very similar to those obtained in
simulations, which makes us think that the model, despite its simplifications,
accurately reproduces the 2D dynamics of the driving module.
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6 Conclusion

A new concept of a locomotion system for mobile robots has been proposed,
designed and built in this work. We have programmed a dynamic model of the
module in SimMechanics™. Simulations show that the model accurately repro-
duces the movement of the module, being a very useful tool to test different control
algorithms that can be implemented on the real robot. A control algorithm has been
programmed making use of the results obtained with the model. Finally, we have
carried out a series of simple tests that demonstrate the correct operation of the
module when moving on a flat, smooth surface without obstacles.
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Analysis of Joint Clearance Effects
on Dynamics of Six DOF Robot
Manipulators

S. Erkaya

Abstract Clearance as a real joint characteristic leads to deviation from desired
trajectory in robotic systems. This phenomenon leads to deviations from desired
kinematic and dynamic performances of the robots. This study investigates the
effects of joint clearance on a robot having six degree-of-freedom (DOF). For
the case of different clearance sizes, theoretical analysis is carried out to investigate
the kinematic and dynamic characteristics of the robot manipulator with joint
clearance. For the case of two different clearance sizes, the results show that the
joint clearance causes to degradation in system performance. Even if the clearance
size is small, it has an important role on joint forces.

Keywords Joint clearance - Contact force - Robot manipulator

1 Introduction

With the development of the manufacturing technology, robots are used in industrial
applications where high accuracy, repeatability and stability of operations are
required. Robot systems in welding processes not only improve production effi-
ciency and working condition but also realize welding automation of small-scale
production process. An intelligent fuzzy-logic controller for the seam tracking of an
arc welding robot having perfect joint, that is, there is no clearance was presented
[1]. The designed controller was used to operate in the uncertain environment of
weld seam tracking. Also, dynamic modeling, simulation and control of a manip-
ulator with flexible links and perfect joints were investigated [2]. For the case of joint
clearance, a methodology for analyzing the location of the discontinuities in a SR
parallel mechanism was presented. In this study, trajectory analysis at different cycle
periods proved that how inertial loads can affect the location of the discontinuities.
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The singularity analysis and modeling of the effects of the joint clearance for a 3-
UPU parallel robot was studied to predict easily the pose error for a given external
load, a nominal pose and the structural parameters [3]. The optimal allocation of
joint tolerances with consideration of the positional and directional errors of the
robot end effector and the manufacturing cost were investigated by using interval
analysis [4]. A probability density function was introduced to literature for achieving
the desired position repeatability in a robot manipulator with joint clearance [5]. A
novel method was presented based on trajectory planning to avoid the detachment of
joint elements of a manipulator with clearances [6]. Dynamics of a space robot
manipulator with joint clearance were investigated by considering the nonlinear
equivalent spring-damper model in joint clearance [7]. Also, the friction effect was
considered using the Coulomb friction model. The effects of joint clearances on
kinematics and dynamics of planar and spatial mechanisms with rigid and elastic
links were studied extensively [8—14]. Different clearance sizes and joint types were
analyzed. Dry contact including friction and lubrication effects between journal and
bearing parts were considered for a lot of case studies. It was proposed a method-
ology to quantify the wear phenomenon in clearance joints. In addition to effects of
joint clearance on kinematics and dynamics of planar mechanisms, optimum design
applications to decrease the undesired effects of clearance were also introduced and
studied extensively [15-19].

This study investigates the effects of joint clearance on a welding robot
manipulator to obtain the exact kinematic and dynamic outputs of the system.

2 Equation of Robot Manipulator Having Joint with
Clearance

A six-axis industrial robot was considered for the theoretical analysis. Main
applications of this robot are welding, handling, assembly etc. Robot manipulator
has six degrees of freedom while all joints are perfect as shown in Fig. 1.

The existence of clearances in the joints of mechanical systems is inevitable due
to the assembly, manufacturing errors and wear. A reasonable clearance for the
joints at link connections of mechanical system is necessary to allow the relative
motion of the connected links. Artificial clearance was constituted to investigate the
effects of joint clearance on robot manipulator. Dynamic model of robot manipu-
lator must be constituted considering the joint clearance. Because, joint clearance
can cause different motion characteristics in a joint during the robot motion (such as
free-flight, impact or continuous contact modes). So, robot manipulator system
having joint with clearance is a variable topology system. For the case of free-flight
mode phase (no contact between journal and bearing), dynamic equation for the
robot manipulator is given as follow,
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Fig. 1 Schematic Joint 4

representation of joint motion +
for robot manipulator A5 Q

I‘_ f ‘,:\‘w?lkt [ Joint 1

M(q(1)) q(t) + C(q(v), 4(1)q(t) + Q(a(t)) + G(a(1)) = F() (1)

where q denotes the generalized coordinate column matrix. M(q(t)) is then n X n
symmetric inertia matrix of the robot manipulator. C(q(t), g(t)) represents the nx1
vector of centrifugal and coriolis terms. Q(q(t)) is the nxn friction term, which
comprises the viscous and dynamic frictions. G(q(t)) denotes the vector of gravity
term and F(t) is the generalized force matrix. In case of impact or continuous
contact mode phases, contact force takes places between journal and bearing in the
joint. So, dynamic equation is outlined as,

M(q(0) (V) + C(a(0),a(0)a) + Qa(r) + Gla() = F) + Fe(85)  (2)

where Fc (8,8) is the contact force which contains normal and tangential

components.
Fc=Fy+Fr if 8>0 (3)

where Fy and Ft are normal and tangential force components, respectively. When
the journal reaches the bearing wall, that is, the magnitude of the clearance vector is
greater than radial clearance, an impact takes place and the penetration depth is given
by & = e — ¢ > 0. e is the magnitude of the clearance vector between the bearing and
journal centers, and c is the radial clearance. The magnitude of the clearance vector is
expressed as |e| = (ef + ei)l/ 2, e, and e, represent the relative displacements of the
journal inside the bearing for X and Y directions, respectively. These relative dis-
placements can be obtained from the global position vectors of the bearing and
journal centers (Fig. 2). Q; and Q; denote the contact points on the bearing and
journal, respectively. The global position of these points is expressed by
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Fig. 2 a Representation of a revolute joint with clearance, b Normal and tangential forces
between the journal and bearing as a result of an impact

rg:rk—i-st—i—Rkn (k=1,j) (4)

where r; and r; are the global positions of the mass centers for ith and jth bodies,
respectively. s and S_,Q denote the positions of the journal and bearing centers
relative to the mass centers of ith and jth bodies, respectively. R; and R; are the
bearing and journal radius, respectively. n is the unit vector normal to the collision
plane and can be defined as n = e/|e|.

The velocity of the contact points Q; and Q; can be derived by using Eq. (4)

il =i+ 82 + R (k=1,)) (5)
Also, the relative contact velocity can be defined as
8= (ij— 1) + (s,Q - sQ) + (R, — R (6)
The normal contact force in collision plane is outlined as
Fx = Ko6®/? + D6 (7)
where the first term represents the elastic force component and the second term

explains the energy dissipation. K is the generalized stiffness parameter, D is the
hysteresis damping coefficient. The stiffness parameter K is given by

1/2

K = {4/3(h; + hj) {RR;/R; + R; } (8)
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Table 1 Geometric, mass and inertia properties of robot manipulator

Robot arms Length (mm) Mass (kg) Inertia characteristics (kgmz)
Tux Jyy Yo
Arm 1 680 37.04 1.63 0.16 1.627
Arm 2 402 4351 0.33 1.41 1.362
Arm 3 268 7.87 1.82x 1072 [6.46 x 1072 |5.89 x 1072
Arm 4 115 8.08 208 x 107 [489x 107> |485x 1073

where the material parameters h; are expressed as

he=(1-v{) /B (k = i,j) ©)

v and E; are the Poisson’s coefficient and the Young’s modulus associated with
each body, respectively. The hysteresis damping coefficient is given as;

D= (3(1-2)K5"?) /4vg (10)

where ( is the restitution coefficient and v, is the initial impact velocity. Friction
forces act when contacting bodies tend to slide relative to each other. These forces
are tangential to the surfaces of contact and are opposite to the sliding velocity.
Friction force model is expressed as

Fr = —p Fnsgn(Vr) (11)

where 4 is the friction coefficient and Vr is the sliding velocity. sgn(Vr) is the sign
function of the relative sliding velocity between contact points. Geometric, mass
and inertial characteristics of robot manipulator are outlined in Table 1.

3 Results

In this study, robot manipulator has six degrees of freedom while all joints are
realized as perfect. All links in robot manipulator were assumed as rigid. For the
case of clearance analysis, joint 5 was considered as imperfect and clearance sizes
were adjusted as 0.2 and 0.5 mm. In the case of perfect and imperfect joint
approaches, all simulations were performed in a Pentium Core 2 Quad Q6600
computer. Used parameters in dynamic simulation of welding robot manipulator
having joint clearance are given in Table 2.

It is obvious from the simulations that much more computation time is necessary
in the case of imperfect joint approach. Contact force components in Joint 5 are
given in Fig. 3.
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Table 2 Slmulat.lon parame- pyegeription Value
ters of robot manipulator — -
Friction coefficient 0.03
Restitution coefficient 0.46
Poisson’s coefficient 0.33
Young’s modulus 71.7 GPa
Integration step size 1x107*s
Integration tolerance 1x10°°
Force in x-direction Force in y-direction
10 : : 10
I I
I I
Bf--m-rloag-- dooo- R 5
I

o

Force [Newton]
&

L
o

L
o

Time [Second] Time [Second]
:c=0.2 mm  seeeeeeee :c=0.5 mm :c=0 mm

Fig. 3 Force components of Joint 5

As outlined in Fig. 3, the existence of joint clearance causes impulse type contact
forces. These forces take place during a small time interval. When the clearance size
is increased, there is also an increasing in amplitude of the contact force. This force
characteristic not only decreases the performance of welding robot manipulator, but
also leads to degradation of its vibration and noise quality. Joint forces of the other
arm connections are given in Fig. 4. As seen from this figure, the whole system
dynamics is naturally affected from the clearance joint. The impulsive force within
the joint with clearance leads to the degradation of the overall system performance.
Also, clearance size has an important effect on the system response. Dynamic
characteristics of the robot manipulator are obviously different for the case of
different clearance sizes. The lower size of clearance leads to small impulsive force
having high-frequency character. The bigger size of clearance causes to higher
amplitudes of joint forces.
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Fig. 4 Force components of 2nd, 3rd and 4th joints: a x-direction of Joint 2, b y-direction of Joint 2,
¢ x-direction of Joint 3, d y-direction of Joint 3, e x-direction of Joint 4, f y-direction of Joint 4

4 Conclusion

The aim of this study was focused on investigation of joint clearance effects on a
welding robot manipulator. The robot manipulator has six degrees of freedom while
all joints are perfect. In the current study, Joint 5 was considered as imperfect to
show the effects of joint clearance on system. The existence of joint clearance has
clear effects on system kinematics and causes to impulse type contact force which
has high frequency and amplitude. From the evaluation of the proposed results, it is
concluded that higher size of joint clearance causes to increases in amplitudes of
accelerations and joint forces. Also, lower size of joint clearance leads to higher
frequencies at the kinematic and dynamic responses of the system. Discontinuities
can appear on the actual trajectory of weld seam due to the different motion types
between journal and bearing in a joint with clearance. These phenomena are reasons
for degradation of penetration depth and weld seam. Kinematic and dynamic
analyses having joint with clearance can be considered as the basis of the motion
accuracy analysis of the robot manipulator system even if the clearance size is
small.
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Investigating the Effect of Cable Force
on Winch Winding Accuracy
for Cable-Driven Parallel Robots

Valentin Schmidt, Alexander Mall and Andreas Pott

Abstract This paper focuses on the winch winding properties of typical driving
mechanisms of cable-driven parallel robots. While cable properties have already been
studied, the accuracy of winding mechanisms to control cable robots and the inter-
action with cable properties has yet to be investigated. To initiate this, some properties
believed to affect the winding accuracy are outlined. It was found that cable force can
have a significant effect not only because of finite stiffness, but due to ovalisation and
elongation effects of the rope. An experimental test on ovalisation showed significant
deviations from a standard approximation to evaluate transmission accuracy. This
effect can change the accuracy of winding mechanisms by 0.3-1.2 %. Thus when
investigating cable-robot accuracy the winch winding properties cannot be ignored.

Keywords Cable-driven parallel robots - Winch - Winding properties
Opvalisation

1 Introduction

Cable-driven parallel robots are a subclass of robots where a platform is positioned
through the active control of cable lengths. These robots were introduced around
30 years ago [1], and have been subject to research throughout these years. Several
prototypes have been developed [7, 8] mainly for research use.

One critical aspect for this type of robot is the accuracy of such a system. Many
factors have been already investigated, from the geometrical influence of pulley
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systems [10] to cable mass and elongation [9]. It was observed that many of the
factors affecting the accuracy are actually within equal orders of magnitude, thus
making the isolation and elimination of inaccuracies challenging. In this paper we
will discuss a further impact on the accuracy of the robot which is the accuracy of
the drive system itself.

Understanding the winch winding accuracy is important as this gives us the rela-
tionship between the drum angle and the cable length. In many cases cable robots
operate without any additional sensor to estimate the pose. This pose is simply cal-
culated from the cable lengths, which in turn are estimated through the drive train.
Since many motors already include very accurate position monitoring this is a sensible
choice. However, it is crucial to know the transmission behavior of the winch as the
cable length (and therefore position) is measured indirectly in the motor encoder.

The winch winding mechanism was already investigated by Merlet [5], who
found that linear actuators (effectively an active block and tackle) had good
accuracy results, especially over the traditional multi-winding winch. In this paper
the focus is on a single-winding winch which also has high accuracy due to precise
control over the cable placement on the drum.

The mechanism to achieve single-winding under scrutiny for this analysis is the
winch concept shown in Fig. 1. This concept was produced into a series of winches
for cable robot applications at the Fraunhofer IPA which will be referred to as the
IPAnema winch [8]. Here a spoolguide ensures that the cable is precisely placed in
a helical groove on the drum. This leads to a more complicated winch design, but
aids in reducing the cable-wear and increases the accuracy of winding.

2 Properties Affecting Winding Accuracy

The factors which affect the winding accuracy are not limited to this type of winch.
In fact even linearly actuated winches are affected by all of these characteristics
despite having a radically different design. Unfortunately some of these factors will
have interdependencies which go beyond the scope of this paper.

Fig. 1 Single winding winch
concept: I spoolguide
transmission, 2 final pulley,
3 drum, 4 spoolguide,

5 spindle, 6 servo motor
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While all of these physical phenomena are relevant only an estimate can be made
on their final impact on winding accuracy when winding under different cable
tension forces.

2.1 Physical Winch Properties

Manufacturing accuracy is an evident factor affecting the positioning accuracy of
the cable winch as a whole. These can take very many forms. For the example
winch with single winding, this would be the helix formed by the groove in the
drum, the positioning of the pulleys in the spoolguide and the final pulley, poor
transmission ratios for the spoolguide and many more. Due to modern manufac-
turing techniques these are regarded as having very little impact. For example using
simple geometry we can discern that a positioning inaccuracy of the spoolguide
pulley of 0.1 mm has very little effect <0.1 mm on the absolute length, as the cable
spans a much longer distance (even internally in the winch) than any mechanical
error we can expect. This is relevant for any finite stiffness in the winch system,
which will then be affected by the change in cable tensions. The cable force causes
resultant forces as depicted in the schematic diagram of Fig. 2 as F, on the pulleys
and also on the drum and peripheral winch components. However these inaccu-
racies are in the same order of magnitude as manufacturing inaccuracies. In the case
of the [IPAnema winch these can be neglected.

2.2 Drive Train Accuracy

Motor accuracy can have a significant impact. In this case there is a finite accuracy
on the rotation angle of the motor. Clearly this also exists for linear motors.
Depending on the type of motor this accuracy can be chosen very deliberately. In

Fig. 2 Shematic diagram of . ‘------g?
IPAnema winch cable leading drum FAL G TE

e - F,

Final Pulley

F, dpap

Spoolguide Pulley

T
l lead

~— 7 Cable Drum
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the case of the [IPAnema winch the motor accuracy is extremely high due to the use
of servomotors. The system accuracy of these as stated by the manufacturer is £20
angular seconds' [2] which is equivalent to £97.0 x 10~® radians. Positional
accuracy is further increased through a gear ratio of i = 12. Thus for the experi-
mental setup this factor will be ignored as these are in a similar order of magnitude
as the manufacturing inaccuracies.

It can be seen on Fig. 2 that the length change of the spoolguide d,, will cause
an additional linear length change as it ensures straight unwinding moving with the
lead rise of the helix on the drum /. This is distance is adjusted by transmission
ratio Ty,; whose sign depends on whether the final pulley in Fig. 2 is positioned on
the top or bottom. Thus we can approximate relationship of motor angle 46 in
radians to cable length change Al from

d ? llead :
Al = Vdrum + E + m + Tsp[ TMAH (l)

to the linear function

d
Al = (rdrum + 5 + Tspl) TMAH (2)

where d is the cable diameter and T}, is the transmission ratio from motor to drum.
Using a quick estimate for the [IPAnema winch the motor accuracy causes an
uncertainty in the final cable length of +4 x 10~* mm.

2.3 Rope Ovalisation

One phenomena which is characteristic of plastic fibre ropes is ovalisation.
Ovalisation is essentially a yielding of the cable shape under increasing tensions
resulting in a closer fit of the cable against the drum/pulley surface as depicted in
Fig. 3. Feyrer [3] discusses this in detail for wire ropes, but it is more pronounced in
plastic fibre ropes. An investigation by Michael and Vogel [6] into the ovalisation
of plastic fibre ropes, where the ovalisation was measured using a laser scanner
showed over 10 % decrease in diameter of the cable at cable forces of perhaps one
tenth of the breaking strength. Results show a mostly linear relationship between
tension and resulting ovalisation, but this only applies for the tension range
investigated as ultimately the radius will not reduce below a minimum threshold.
Simply put the ovalisation will cause less cable to be wound on the drum than a
simple consideration of drum circumference would predict.

' Bosch Rexroth: MSK 050B-0600-NN-M2-UG1-RNNN.
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" d
Fdrum + 0.9 )

Fdrum

Fig. 3 Rope ovalisation on winch drum

Naturally there a many factors which effect this ovalisation. The shape of the
groove plays an important role, as does the type of material used. It is also closely
coupled with the natural thinning of the cable under tension, but adds an additional
effect. For the measured ovalisation in [6] ultra high density polyethylene fibres
were used, which is also the type used on the [IPAnema winch. This enables a
simple prediction of lack of winding for the IPAnema winch at on tenth of the
breaking strength with the following assumptions: a drum radius 74, of 47 mm
and a cable diameter d of 6 mm.

As we neglect mechanical errors for a motor rotation 490.1705 radian as used in
the experiments discussed in Sect. 3. The transmission ratio Ty, as before and a Ty,
of _277' Resulting in a cable length change of 1,997.2 mm. Assuming a 10 %
change in the effective radius as measured by [6] and depicted in Fig. 3, with the
same assumptions the change is 1,985.0 mm. Constituting to a 0.6 % change.
Depending on the ratio of diameter of the cable to the radius of the drum this results
in a length difference of about 0.3—1.3 % (if we assume the recommended bending
radii for fibre ropes are maintained). This is considerable as it constitutes to several
millimeters per meter of wound rope, and with long distances the absolute error will
increase.

There is of course a limit to the ovalisation factor which can be assumed to be
asymptotic. The length can never go below an effective cable diameter of zero. For
the IPAnema winch this would constitute a length change of roughly six percent
(3/50). This is evidently not realistic, but a benchmark figure.

2.4 Rope Elongation During Winch Winding

Another effect that has been observed during the operation of the winch is that
tension niveaus by which cable was wound onto the drum will remain on the drum
until the cable is unwound again. Cable elasticity in cable robots has been analyzed
[4], but not the effect on the winch winding. This can be described through a short
thought experiment: If there was no friction between the drum, and the cable
exhibited no creep, then any force exerted on the cable should elongate the cable
along the entire drum. This does not happen, instead friction between the drum and
cable increases with the angle upon which the cable is wrapped around the drum
according to the famous capstan equation
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Fl = Fhe“*“. (3)

Here the holding force F), required to counter a loading tension in the cable F; is
significantly lower by friction ¢ and the angle «. The question is when a loading
force is being used to wind up a drum, and then the cable is released of this force:
how much of the cable reverts to its unstretched state.

An experiment to test for this phenomenon would be to wind an elongated cable
under tension onto a drum and measure the resultant contraction after the cable has
been removed. If the contraction is similar to that of a free hanging cable of the
same length then all effects on cable are modeled through the capstan equation.
Elongation during winding would still have an effect on the accuracy and that
would be a gradual increase in winding space as segments of the cable which
experience less tension [due to Eq. (3)] would gradually pull back cable that has
been wound onto the drum. However, observation of the operating winches of cable
robots suggests that this is not the case.

2.5 Uneven Helix

Another effect which force can have on the an inaccuracy in the /;,,; of Eq. (1). This
can be caused by uneven settling of the rope on the drum. In the case of the
IPAnema winch, there are grooves in order to guide the cable on the drum, but even
these will not stop minute settling of the cable to form an uneven helix. It is more
significant for cable drums without grooves which can be practical depending on
the situation. While this factor may seem only appropriate for drum based winches,
also linear winches can suffer from this effect. Here it would not be a helix, but
individual pulleys on a linear winch will not be perfectly aligned between the two
blocks creating a gradient which will result in a slightly different length error. Here
too the effect of this error is very small compared with other effects such as
ovalisation.

3 Experimental Results

In order to evaluate the ovalisation factors a small experiment was conducted. Here
the [IPAnema winch was used to hoist a series of weights. These weights kept the
cable under tension by exerting a constant cable force F.. A 6 mm diameter ultra high
density polyethylene fibre cable was used for this investigation. This has a breaking
strength of 43,000 N. The distance was measured using a laser range meter.

When conducting the experiment several precautions were taken. In order to
mitigate any lasting by factors such as creep and hysteresis effects the order of
weights was randomized. The distance traveled for each weight was recorded



Investigating the Effect of Cable Force... 321

within a constant settling time interval. In order to maintain a constant cable force,
accelerations were kept to a minimum and slow smooth motion was initiated. Since
distance traveled was measured as relative points and the cable force was kept
constant effects of elongation can be ignored.

Figure 4 shows the results of an experiment done on the ovalisation. The least
squares fit was also plotted for reference, as discussed in the Sect. 2.3 the nature of
the relationship has to be asymptotic. These results show a significant deviation
from the expected especially in the initial winding capacity even at lower cable
forces. Instead of the ~1,990 mm as in Eqgs. (1) and (2) the winch only wound cable
from 1,993-2,007 mm. One reason for this difference could be the elongated
winding which was discussed previously.

The effect of ovalisation is in the same order of magnitude, whether you use
Eq. (1) or Eq. (2). In fact the error due to ovalisation is much greater than the error
obtained by the approximation, which is also an indicator that ovalisation has more
of an effect than an uneven helix.

However, the results clearly show that there is an effect on winding capacity of a
drum affecting accuracy. Indeed the order of magnitude by which it is affected is
comparable to that of pulleys on cable robots [10], and of the cable elongation.
However, instead of the predicted 0.6 % length difference at one tenth of the
breaking strength, occurred already at somewhere close to 900 N instead, almost
one fiftieth.

Further experiments using a block and pulley system to elongate the distance
traveled by the cable gave less clear results. The tendency to wind less cable with
increasing force was still observable, but the introduction of further points of
contact on the pulleys over which the cable will also show ovalisation and increased
friction rendered the results incompatible with those gained by the simple
experiment.
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4 Conclusions

An overview of different factors affecting the accuracy of the winches of cable-
driven parallel robots has been given. Next to mechanical factors of the winch
construction, ovalisation has been introduced. This phenomenon has been shown
previously, but not in the context of winding accuracy of drum driven winches.
Mechanical inaccuracies in the winch system and of the motor drive play an
insignificant role when compared to the mechanical properties of the cable and the
interaction in the winding process.

It was found that the ovalisation of the cable is a significant factor, but measured
ovalisation does explain the complete difference in wound cable lengths. This was
investigated by comparing results from ovalisation measurements to the winch
winding properties under different forces.

This very clearly also shows the difficulty achieving high accuracy with cable
robot systems. There are many factors which change the effective cable length
under different conditions. The cable itself exhibits significant deformations under
stresses of forces and temperature which are exacerbated by the winding mecha-
nism. These effects also play part in wire ropes but are perhaps more significant in
fibre ropes as here the elasticity and ovalisation are significantly higher.

It is necessary to further study the winch winding properties. The effect of
elongation has yet to be validated experimentally and analyzed numerically to give
a prediction on cable length.
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Solving the Dynamic Equations of a 3-PRS
Parallel Manipulator

M. Diaz-Rodriguez, R. Bautista-Quintero and J.A. Carretero

Abstract This paper presents and compares three approaches for solving the
inverse dynamic model of a general 3-PRS parallel manipulator. The first method
obtains the inverse dynamic model by describing the manipulator as three open
kinematic chains. Then, the vector-loop closure constraints introduce the relation-
ship between the dynamics of the open kinematic chains and the original closed
loop chains. The second method exploits the characteristic of parallel manipulators
such that the platform and the links are considered as subsystems. The third method
is similar to the second method but uses a different formulation of the Jacobian
matrix. This work provides some insight on some advantages and/or disadvantages
on how to formulate the dynamic model of a lower mobility parallel manipulator,
which can be considered in topic such as the optimal design, parameter identifi-
cation, and model-based control.
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Jacobian formulation
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1 Introduction

Seminal research in Parallel Manipulators (PMs) described architectures of 6
Degrees of Freedom (DOF) in order to accomplish common industrial tasks. On the
other hand, not all the applications require 6-DOF capabilities, thus, cost-effective
PMs with less than 6 DOF (i.e., lower-mobility) have been proposed. One such
architecture is the 3-PRS manipulator which has a platform and a fixed base
connected through three identical set of links and joints (i.e., legs). Each leg has an
actuated slider attached to the base by a prismatic joint (P), a coupler connected to
the slider by a passive rotational joint (R) and to the platform by a passive spherical
joint (S). The 3-PRS manipulator was first described in [3] for a telescope appli-
cation, and then proposed as a machining centre [4] and for a medical application in
[10]. The kinematics and workspace analysis of the manipulator have been
extensively studied in [2, 3, 7, 12], to name a few. On the other hand, despite the
fact that inverse dynamic modelling is essential for optimal design, parameter
identification, and model-based control, few papers have focused on the dynamics
modelling of the 3-PRS configuration.

Lagrangian formulations allowed to develop the inverse dynamics model of the
3-PRS manipulator [6]. The formulation uses the Lagrange multiplier to include the
constraints forces that lead to a modelling approach not only intricate but also
computationally complex. Li et al. [6] applied the Principle of Virtual Work
(PVW), but they simplify the dynamics of the coupler link by dividing its mass into
two portions located at its extremes. Tsai et al. [13] compute the inverse dynamic
model along with the reaction forces through a special decomposition of the
reaction forces at the joints that connect the leg with the platform. Reaction forces
may be needed for structural design of a manipulator but its computation increases
computational complexity which is unnecessary for parameter identification or
model-based control. Staicu [11] analyzes and compares the power consumption of
the 3-PRS vs. the 3-PRS configuration using the PVW with recursive modelling.
The method obtains the Jacobian by differentiating the vector loop equation. Mata
et al. [9] implement recursive velocity equations used in serial manipulator analysis
to find the Jacobian for a 3-RPS manipulator.

This paper compares the computational number of operation of three formula-
tions for inverse dynamic modelling of a 3-PRS. The first formulation applies the
general solution of PMs dynamic modelling proposed in [5]. The second method
considers the manipulator as a set of open kinematic chains and finds the Jacobian
in joint space coordinates by taking into account the vector loop constraints at the
split joints [9]. The third method relies on the modelling approach originally pre-
sented in [6]. Finally, the paper summarizes the complexity and the computational
load of these three formulations.

Of particular interest in this paper are a comparison including advantages and
disadvantages in the formulation of the dynamic model for low-mobility PMs
which has not be performed to this date.
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2 Development of the Dynamic Models

2.1 Dynamics Considering the Legs and Platform
as Subsystems

The dynamic model of a 3-PRS can be obtained by splitting apart the manipulator
at the spherical joints so that the moving platform is separated from the legs. The
local joint coordinates systems q can be used to develop the dynamic equations of
each leg h; and the Cartesian coordinates x for obtaining the dynamic equations of
the platform f,. Then, the dynamic equations are combined and projected onto the
active joint space as in [5]:

m 5.1‘ T
r:J;fp+Z<5—.q) h; (1)
i=1

a

where J, is the Jacobian projecting the task space coordinates (6 in the general case)
to the n active joint coordinates while m is the number of joints for each leg. To
develop the model in actuated joint space one has to project the passive joint
variables to the active ones. That is:

t=h{+J'f, + G{h (2)

where indices a and p stand for the active and passive joints, respectively, while Gy
is a [ X n matrix mapping the dynamics from the passive to the active joints. Here,
I represents the number of passive joint variables.

In Eq. (2), matrix Gy can be obtained by considering the fact that the distance
among adjacent joints at the platform is a constant length (due to the rigid body
assumption). This length is calculated based on the norm of the vector obtained by
subtracting the position of the adjacent joints. The partial derivatives of each
equation with respect to the joints coordinates yields matrix Gy.

Another approach to formulate the dynamic model is based on [5]. The method
is based on mapping the dynamics equation of the passive joint onto the task space,
and then, map them back to the active joint space so that:

t=h!+J[f, + GjI!] (3)
where Gy is a [ X 6 matrix that holds new definition that can be written as follow:
Gh=11y.7 (4)

where J,, and J ;T can be obtained respectively from the direct Jacobian J, and the
inverse Jacobian J, of the manipulator.
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2.2 Dynamics Considering the Manipulator as Open
Kinematic Chains

The 3-PRS can be split apart in n — 1 platform joints so that n open chain systems,
in which the platform is attached to one of the legs, are obtained. Then, the con-
straints at the separated joints are included into the model by means of the Lagrange
multipliers:

T= h,‘ + A/l, (5)

where A is the Jacobian that can be obtained from the constraints forces at the
separated joints. The linear velocity at the split joints can be computed through the
Jacobian analysis of each leg. Then, the velocity obtained at the split joint through
each leg are the same and can be used for computing the Jacobian. In this approach,
recursive modelling of velocity analysis from serial manipulator analysis can be
applied to each leg.

Once the Jacobian matrix is found, the Lagrange multiplier in Eq. (5) is elimi-
nated by multiplying the matrix C, so that, CA = 0. This can be done by the
coordinated partitioning A into the passive and the actuated joints. The following
expression is obtained:

t=h"+ Gl W (6)
where Gy has dimensions /xn and can be computed as follows:
Gu =A,'A, (7)

where subscripts p and a respectively refer to the passive and active variable terms
in Jacobian A.

3 Inverse Dynamics of the 3-PRS PM

Figure 1 shows a schematic representation of a 3-PRS PM. The manipulator is a
lower mobility PM 3-DOF (less that 6-DOF).This manipulator holds the charac-
teristic of zero torsion at its platform because the three spherical joints move in
vertical planes intersecting at a common line [8]. In addition, the topology of its
legs provides 2-DOF of angular rotation (2R) in two axes (A/B axis, rolling and
pitching) and 1-DOF translation (1T) motion (heave) at the end effector.

For modelling purposes, a Cartesian coordinate frame is attached to point p at the
moving platform while the global frame is attached to the point O at the base
platform. The spherical joints at the platform are located to form a equilateral
triangle at a distance g from the point p. The line of action of the prismatic joints
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Fig. 1 3-PRS manipulator

intersect the base Oxy plane forming also a equilateral triangle. The distance from O
to the intersection of the line of action of the prismatic joint and plane Oxy is h.
The Denavit-Hartenberg (D-H) parameters listed in Table 1 are used for mod-
elling purpose. The subscript i identifies the leg’s number.
In addition, the rotational matrix °R,, is described by three Euler angles o, f# and

¢ as:

CuCp  CouSBSp — SuCd  CuSBCH + SuS¢
°R, = | SuCp  SuSpSy + CuCy  SuSECH — CaS¢h (8)
S CpS¢ CpCo
where ¢, and s, are the cosine and sine function respectively.

The position problem for the considered PM can be found in [3, 6, 9, 12]. The
following subsection focus on the computation of the Jacobian matrix.

3.1 Jacobian Matrix for Model 1

Matrices J, and G for computing Eq. (2) are found following the approach pre-
sented in [6]. The vector loop equation of the i-th leg can be written as:

p +b; =a; + gy, + Luy, 9)

Table 1 D-H Parameters for a 3-PRS PM

i 01',1 d;, ai | %1 Oi,z dio ain Aip

1 /2 dy 0 —71 01 0 0 —/2
2 /2 d 0 ~72 02 0 0 —n/2
3 /2 ds 0 —73 03 0 0 —n/2
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where u;, and uy, are unit vectors, /; is the distance between the rotational joint and
the spherical joint, b; is the position vector from o to the centre of the spherical
joint. Vector a; is the position vector between O and local frame of each leg.
Differentiating Eq. (9) and after some algebraic manipulation the following equa-
tion can be obtained:

where
wlu; 0 0 ul, (b xuy)”
Jq =10 llgzlllz 0 and J, = 1152 (bz X 1122)T
0 0 115-31113 ll2T3 (b3 X 1123>T

Due to the constraints, the following set of equations hold:
X, = —hs,cp
Yp = —%h(c“cﬁ — SuSpSe — Cacd)) (1)
tan(ot) = (spsg)/(cp + cp)

From the above equations, a 6 x n constraint Jacobian mapping the dependent
task space coordinates to the independent ones can be found such that:

[XP Yo % d) ﬁ é‘]T:Jr[ip d) ﬁ]r (12>

It is important to note that X = [%, ¥, % @, o, wZF}T. In order to
apply Eq. (12), one has to find the angular velocity of the platform through the rate

of change of the generalised coordinates X, = [d B ¢ ] L Thus, the Jacobian can
be obtained as:

3=5fa] (13)

Matrix Gs3 is found by obtaining the partial derivatives of the following set of
equations:

B — llai + gy + g — a1 — gy — L] =0 (14)

withi=1,2,3and wheni—3,i+1=1.
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3.2 Jacobian Matrix for Model I1

Another approach to compute matrices J, and G is to consider that the spherical
joints in each leg is constrained to move on a plane normal to the R joint. The
Jacobian J, can be computed by finding the velocity of the point B; with respect to
the joint coordinates J,,q and also with respect to the Cartesian task space J, X. If
both equations are written with respect to a coordinate system attached to the
rotational joint, the component in the z,, direction is equal to zero. Thus, J,, is equal
to Jy; but with its third row is eliminated. This third column of each leg gives the
constraints relationship of the task space coordinates J,. The following equations
can be used for computing the Jacobian:

J;llJvl
J(;IJx: nglJvZ GITI: JleJz;lT(:72) JszngT(:az) JVT3J;3T(:72):| (15)
J;31Jv2

where A(:,2) denotes the 2nd column of matrix A.

3.3 Jacobian Matrix for Model II1

The inverse dynamic is computed as a function of three open chains which are
obtained after disassembling two spherical joints. The platform is attached to one of
the legs, and the spherical joint is modelled as three intersecting revolute joints with
their axis perpendicular to each other. Thus, one chain has a set of 5 D-H
parameters, while the remaining legs have only sets of 2 variables. The Jacobian is
computed by using well-known recursive modelling from serial manipulator
analysis. The velocities at the cut joints have to be equal by computing it following
each chain. Recursive formulation presented in [1] can be used to find the linear
velocity of point B;:

Aiq —Aq;=0 (16)

where n — 1 equations are obtained by setting i = 2...3. The coordinate parti-
tioning approach can be used in order to find the matrix G. For the 3-PRS the
following results are obtained:

Al Ay 033 .

X =
A 033 —A3 4

=0 Gm= X;elp Xina (17)
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Table 2 Computational effort for solving the inverse dynamic problem

Model Eq. (3) Model Eq. (2) Model Eq. (6)

Term X + Term X + Term X +
h* 15 9 h* 15 9 h* 151 103
W 24 22 W 24 22 b’ 694 461
£, 488 412 f, 488 412

Gn 51 24 Gr 42 33 Gm 300 255
J, 54 25 I, 66 35

J, 50 25 J. 25 10

Je 158 95 J. 146 90

J, 304 198 Jy 267 178

Total 862 677 Total 813 675 Total 1,163 735

4 Results and Discussion

In order to compute the computational effort for computing Egs. (2), (3) and (6),
each term of the inverse dynamic model was found in closed form. A Computer
Algebra Symbolic (CAS) program, such as Maple, was used for this purpose. The
CAS program allowed to conduct the mathematical operation and then simplifi-
cation of the equations through the use of its built-in function such as simplify
and combine, option=trig. After obtaining the simplified equation, and in
order to perform further simulations, Matlab code was developed by using the code
generation capabilities of the software. The Matlab procedure with opti-
mize=tryhard option of the package CodeGeneration was used to develop
Matlab code.

The result of the computational effort for computing each of the terms is listed in
Table 2 which shows that models in Egs. (2) and (3), which are based on split the
platform from the legs, have fewer number of operation than those of the model
considering the platform attached to one of the legs. On the one hand, this fact is
due to the inversion of a 6 x 6 matrix when finding the matrix Gyyy. On the other
hand, by having attached the platform in one the leg the projection of the platform
generalised forces onto the actuated joints is cumbersome. It is important to note
that the terms were found in closed form solution. A future work will included the
comparison when Eq. (6) is computed recursively.

5 Conclusions

Three approaches were applied for developing the inverse dynamic model of a
general 3-PRS parallel manipulator. Each term of the dynamic model was found in
symbolic form allowing to compute the computational burden of the model. The
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results showed that the approaches based on splitting the manipulator in two sub-
systems (platform and legs) require fewer operations for computing the model than
the obtained when using a joint coordinated system.
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Optimization of Textile Machines in Order
to Increase Productivity

B. Corves, M. Hiising, M. Schumacher and F. Schwarzfischer

Abstract Productivity is a quality criterion in the assessment of textile machines.
Increasing the operating speed is a measure in order to increase productivity, but is
often accompanied by unwanted vibrations. Due to noise radiation and degradation
of the end product, these vibrations confine the increase of the operating speed. On
the base of a chain stitch machine, the reasonable employ of mass balancing and
power smoothing in order to decrease vibrations is stated. The reduced mass
moment of inertia of the mechanism onto the drive shaft is employed to draw
conclusions on the optimization potential of particular links. Using these methods,
corrective measures are developed to enable a higher operating speed of the
machine. A multi body model is generated in order to quantify the effects of the
approach, showing good improvement in the vibrational behavior of the machine.

Keywords Textile machinery - Power smoothing - Reduced mass moment of
inertia + Multi body system

1 Introduction

In the 21st century, textile industry banks on the mass production of cloth and other
textiles. Modern textile machines are strongly characterized by their productivity.
As productivity highly depends on the operating speed of the machines, increasing
the velocity of the machine is a common procedure within the further development.
Apart from the desired increase in productivity, this approach is often accompanied
by unwanted vibrations, limiting the maximum speed of the machine due to noise
radiation and degradation of the end product [2].
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Fig. 1 The chain stitch ¢« — needle
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Based on an industrial case, a procedure on enabling a higher operating speed by
minimizing vibrations is shown. The subject of the optimization process is a chain
stitch machine, offering potential for improvement due to yet not optimized
mechanisms and material selection. On demand of the producer of the machine, a
complete redesign was not considered.

Figure 1 shows the chain stitch process: The fabric, positioned on the stitch
plate, is held down by the presser foot.

At each stitch, the needle pulls a loop of thread through the fabric. The reversal
motion of the thread is delayed to the motion of the needle because of inertia. While
thread and needle split, a hook mechanism grabs the loop of thread before it can be
pulled up along with the needle. Once the needle is withdrawn, the fabric moves
forward and the process will be rerun [4]. Modern chain stitch machines are
equipped with a needle support, holding up to several hundreds of needles.

Figure 2 shows the scheme of the mechanism that moves the needle support (5).
It is a 6-bar Watt-II-Mechanism, containing two consecutive four-bar mechanisms.
The first mechanism AyAB B is a crank-and-rocker mechanism with the crank 1.
The second mechanism BoB,CC generates a straight-line guiding movement of the
point N. It is designed parallelogram-like, producing the needle-motion.

This paper presents the implementation of established methods [1, 3, 5, 6] in
order to enhance the performance of the chain stitch machine. The focus is on the
essential effects, neglecting further influences from bearings, process forces and
others. As a first step, measured data of the vibrations of the machine was acquired.
After data processing, a torsional vibration of the driving shaft was identified as the
main effect impeding a higher operating speed of the machine. Furthermore, a
movement of the entire machine in vertical direction was detected. Afterwards a
simplified multi body model of the machine was built up in the software envi-
ronment MSC.ADAMS. Proofing the assumptions, a verification of this model was
carried out using the measured data. The next step consisted of calculating the
reduced mass moment of inertia of the simplified mechanism with respect to the
drive shaft. Specifying the influence of the parts of the mechanism, corrective
measures could be developed in order to smooth the trend of the reduced mass
inertia.
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1
¢y’ coupler curve of N X
approximately lincar ncedle motion !

Fig. 2 Kinematic scheme of the needle support mechanism (not true to scale)

2 Materials and Methods

Considering data from conducted measures, the main effects that had to be taken
into account were identified. To smooth the vibrations of the machine, mass bal-
ancing as well as power smoothing was considered. Furthermore, the reduced mass
moment of inertia of the whole mechanism onto the drive shaft was considered in
order to achieve information about the influence of particular links on the vibration
of the machine and the drive shaft. Employing these methods improvement
opportunities were derived, which were tested inside the multi body model.

2.1 Measured Data and Data Processing

To measure the movement of the entire machine, an optical coordinate-measuring
device was utilized. The measured data enabled us to quantify the movement of the
machine as well as to draw conclusions about the decisive directions of motions.



340 B. Corves et al.

Furthermore, data from the electronic engine control was provided by the manu-
facturer of the motor, showing both angular velocity and torque characteristics.

2.2 Multi Body Model of the Textile Machine

To be able to quantify the results of mass balancing and power smoothing, a multi
body model of the textile machine was built, Fig. 3.

Therefore the machine was suitably simplified. The machine frame was modeled
as a rigid mass. It was connected to the ground by interlinking elements, holding the
characteristics of the machine bearing. The mechanism itself was connected to the
machine frame. The mechanism was modeled moving the needles up and down,
neglecting ancillary units which were also driven by the motor. Assuming that the
electronic control of the servomotor was able to provide a constant angular velocity
of the shaft, a constant value was assigned to the shaft motion.

2.3 Mass Balancing

In order to reduce the vertical vibrations of the machine, mass balancing was taken
into account. Figure 4 shows a crank-and-rocker mechanism with an additional
counterweight m, to balance the crank. For the case of a well-designed counter-
weight, its inertia forces about the joint A, balance the inertia forces (shaking
forces) of the crank.

Balance masses on the oscillating links of the mechanism were not considered
due to their impact on the reduced mass moment of inertia onto the drive shaft and
therefore negative influence on the torsional vibrations of the shaft.

firstfour-bar mechanism ’ secondfour-bar mechanism
fake)

driveshaft needlesupport

Fig. 3 Multi body model of the chain stitch machine
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Fig. 4 Crank-and-rocker mechanism with counterweight to balance the crank

2.4 Power Smoothing

In order to determine the impact of the different links of the mechanism, their mass
inertia is reduced onto the drive shaft which rotates at an angular velocity ®er.
Figure 5 shows exemplarily the original as well as the equivalent system for the
case of a crank-and-rocker mechanism. The trend of the reduced mass inertia of the
equivalent system is represented.

Equating the kinetic energy of the reduced mechanism with the original system

Ekin,red = Ekiih (1)

(0

T (@)

. redm
Y = -+ o)
0 b 2n

Jred((p)

Fig. 5 Reduction of a four bar mechanism (a) onto the crank shaft, resulting in an equivalent
system (b) with a reduced mass moment of inertia as a function of the crank shaft angle ¢ (c)
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the reduced mass inertia follows as

1
Jre (QD) :wTZ(mlvzz+lezz> (2)
ref i

where m; is the mass, J; is the mass moment of inertia and v; and ; are the
velocities of the link i. Considering the Euler-Lagrange equation

d (OEy, OE,
é _ Tk _ y
dt < 0 ) 0 ’ (3)

where Ey;, denotes the kinetic energy of the system and M is the torque on the drive
shaft (neglecting external forces and change of potential energy). It follows that

M = ld-]red
2 do

: a),z»ef + Jrea d)ref- (4)

The influence of the particular links on the aggregate reduced mass moment of
inertia allows comparing their impact on the torque and the torsional vibrations.
Links having a strong influence on the mean value of the reduced mass inertia as
well as these having a strong impact on the relative fluctuation can be identified.

3 Results

Following the procedure illustrated in Sect. 2, the mass inertias of the links were
reduced onto the drive shaft. Figure 6 shows the reduced mass inertias of all parts of
the mechanism as well as the reduced mass inertia of the complete mechanism.

2.0
---- total reducedmassinertia

—:— links ofthefirstfour-bar-mechanism
s | driveshaft
’ links ofthesecondfour-bar mechanism

1.0 - ™ e .

0.5

normalizedreducedmassinertia[-]

angle [deg]

Fig. 6 Reduced mass inertia of the non-optimized mechanism
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2.0
---- total reducedmassinertia

total reducedmassinertiaofthe
15 optimizedmechanism

normalizedreducedmassinertia[-]

_
=
X

|

{

!
/
X

|

|

0.0

0.0 90.0 180.0 270.0 360.0
angle [deg]

Fig. 7 Reduced mass inertia of the optimized mechanism

After identifying the parts having the most impact on the total reduced mass
inertia as well as on its fluctuation, corrective measures were applied. The parts of
the first four-bar-mechanism showed a big influence on the total reduced mass
inertia. Therefore, these links were redesigned considering aspects of lightweight-
design. The links of the second four-bar-mechanism revealed only a small influence
on the total reduced mass inertia. Only the material of the needle support was
subjected to a change in material. Due to the almost vertical oscillating movement
of the needle support, this change in material also contributed to smooth the vertical
vibration of the complete machine. In order to reduce the vertical vibration, a
counterweight balancing the crank of the first four-bar-mechanism was designed.

Figure 7 shows the new total reduced mass inertia of the mechanism in com-
parison with the unbalanced mechanism. The mean value of the reduced mass
inertia could be decreased by more than 18 percent. The relative fluctuation of the
reduced mass inertia could be reduced by over 60 percent.

As a last step a flywheel was designed in order to decrease the relative fluctu-
ation of the total reduced mass inertia. The flywheel was applied to the drive shaft.
Before implementation, all corrective measures were applied in the multi body
model. The simulation showed a significant decrease in both torsional and vertical
vibrations, even for 90 % higher operating speeds. After the implementation of the
corrective measures, the chain stitch machine was able to work at almost twice the
initial operating speed, without exceeding the vibration amplitudes of the non-
optimized machine at the default operating speed.

4 Conclusions

In this paper, the application of established methods of vibration reduction was
shown on the base of a non-optimized textile machine. Due to an increase of
operational speed, strong vibrations of the machine were detected. After processing
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data provided by measurements, the focus was set on reducing the torsional
vibrations concerning the drive shaft, generated by the mechanism of the machine,
also having in mind the vertical vibrational movement of the whole machine.
Reducing the mass inertia of the links of the mechanism onto the drive shaft, their
impact on the absolute magnitude and the fluctuation of the reduced mass inertia
could be quantified. Different parts were optimized and power smoothing was
applied, designing a flywheel in order to smooth the trend of the required torque to
drive the mechanism. The objective of reducing the vibrations of the machine was
achieved.
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Motion Equation of Linkages
with Changeable Close Loop

E. Gebel

Abstract It is know that the dynamical analysis of a linkage is usually carried out
by Lagrange-Euler equation in the theory of mechanic and mechanism. This
method is allowed to take into account effects connected with the inertia, Coriolis,
centrifugal and gravitational forces. All of listed factors are especially important
due to the intensive working conditions of the most of modern machinery. Due to
the wide functionality of linkages and their reliability and durability, they are
widely used. However, the complex scheme of a multi-lever linkage makes accurate
solution of dynamical problem difficult. Using the homogeneous transformation in
Denavita-Hartenberg notation leads to the compact matrix form of the dynamical
model. The algorithm and programs for the studied linkage are based on the pro-
posed model. An actuator of a lifting machine is used as illustrative example.

Keywords Linkages - Dynamics - Lagrange-Euler equation - Denavita-Hartenberg
matrix transformations

1 Introduction

Most of modern machinery works under the intensive conditions (accelerated to the
velocities and forces) therefore dynamics is the important problem for the inves-
tigation the reliability of the machine in terms of its strength, durability and pre-
cision operation [1]. Accounting dynamic phenomena in machineries is reduced the
metal consumption, energy outlay, improving controllability and as a result
increases their quality.

Mathematical model of dynamics with sufficient accuracy is described the
process of the mechanism operation and is defined by the kinematical scheme,
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mechanical properties (for example inertia, elasticity and other) of its components,
units and type and characteristics of the drive also.

Holonomic mechanical systems with retaining stationary links are linear con-
servative. We take into account the following assumption under dynamics
description:

e all components of the mechanical system (elements of bearing constructions,
links and so on) are rigid bodies i.e. without element elasticity;
e kinematical pairs and transmission gears are ideal i.e. no friction in them.

Such type of models is reflected the properties of many executive mechanisms
with reasonable accuracy and widely used at analytical mechanics [2]. For example
they are applied for determined constructive parameters and control laws that
provides for the required quality of the mechanism working.

2 Dynamical Mathematical Model

Using the Euler-Lagrange equation for the moving equation of the linkages leads to
nonlinear differential simultaneous equations of second order which reflect the
effects related to the inertia, Coriolis, centrifugal and gravitational forces.

Plane linkage with changeable close loop [3] (Fig. 1) consists of eleven rota-
tional and one translational kinematic pairs of fifth class. The input link AD is made

Fig. 1 Scheme of plane
linkage with adjustable close
loop
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as a hydraulic cylinder, the movement of the rod leads to plane-parallel displace-
ment of the output link PQL.

Initial data for dynamics are kinematic characteristics of the studied mechanism
which have been found by matrix transformations Denavita-Hartenberg. The
compact vector-matrix form of the equation of motion for a mechanism is conve-
nient for analytical (numerical) investigation and implementation on a computer.

Differential equation Euler-Lagrange looks like:

d (oL oL
E(E)_:],) —a—qi—Qn (1)

where i = 1, ..., 9—joint number; L—Lagrange function equals to the difference
between the kinetic K and potential P energies of the mechanical system; g—
generalized coordinates; ¢,—first derivative of the generalized coordinates by time;
Q—generalized forces (or moments) created in ith joint at realization of the given
motion ith link.

2.1 Kinetic Energy

In common case the kinematical energy of a mechanism depends on the masses and
accelerations of its joins, the latest one are defined like a first derivative the joint
velocities by time. Any point is described by homogeneous coordinates of radius
vector 7! in coordinate system of ith link:

i’;-. = (-xia Yiy Ziy I)T (2)

Symbol r; denotes a radius vector of a point relative to the reference coordinate
system connected with the base of the studied linkage (Fig. 1), AY =A%- Al ... ..
A= is the matrix of homogeneous transformation in Denavita-Hartenberg notation.
So the connection between the positions of a point into the local and the fixed
coordinate systems describes the expression:

ri:A?'r;:7 (3)

By the assumptions the links of the considered mechanism are absolutely rigid
bodies and any point with coordinates 7/ has zero velocity into ith local coordinate
system which is not inertial because of mechanism links are moved independently
of acting forces due to accelerated motion of the references frame related to the ith
link. Velocity of a point into the basic coordinate system xQOy is determined by
formula:
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v? =y = dr?/dt = d(Aio . rf)/dt = [Z (aA?/a%‘) f]z} ”57 (4)

Note that 7} equals to zero because of the joint centers in the discussed mech-
anism coincide with origins of the local coordinate systems.

The derivative of the homogeneous transformation matrix A? by generalized
coordinate q; (for rotational and translational kinematic pairs) is calculated by the
matrix H;:

0O -1 0 O 0 0 0 O
g |1 0 0 0 n 0 0 0 O
i = 0 0 0o o’ H = 0 0 0 1 (5)
0 0 0 0 0 0 0 O
Thus, the result of the differentiation can be written as:
. , 041 J=2 gy Ai—1 i—1 pe
aA’.’l/aq,- CH A = A1A2...Aj71H.,Aj AT l.fj'gl,. 6)
! ! 0, if j>1i.

Expression (6) describes the displacement of the ith link points caused by the
relative moving into the jth joint. If the partial derivative 0AI~! /dg; is denoted as U
Eq. (6) can be rearranged as following:

AV H AT ifj<i
s ]71 J J ’ —
Ui {0, if j> 1. )

Matrix Uj; characterizes the velocity of the ith link relative to the basic coor-
dinate system and does not depend on the mass distribution in this link. Analytical
dependence (3) with this notation (7) will have the next form:

W= [0 ®)

In accordance with kinematic parameters described in the article [3] and ana-
Iytical expression (7) for first rotational joint—rod OBD, the velocity of the joint D
in the inertial coordinate system xOy caused by the displacement of the hydraulic
cylinder rod AD will be equal to Uy = 0AY/dq, = H,AY.

Similarly the dependences for the velocity of other mechanism links are
developed as:

e the point E of the triangular link DEF: Uyy = AYH,A};

e the point F of the rocker FA: Usy = AYAIH, A,

e the joint center P of the triangular link BPC: Ugy = A?IH lAé;
e the point G of the triangular link ECG: Uy = AYALH,AZ;
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e joint centre L of the link GL: Ugy = A’ALAZH,A];
e the point Q of the triangle link PLQ: Ugy = A, ALH,AS.

Analog velocity of the ith point relative to the basic coordinate system is
obtained by substituting these expressions into the formula (8).

Kinetic energy dK; of the mass element dm of the linkage mechanism ith link is
determined as follows:

dK; = 1/2(x} +y; + 2 )dm = 0.5 - Tr(T,- Ji T,.T> dm, (9)

where x;, y;, z—the centre of mass of the ith link coordinates into inertial coordinate

system xQOy; T,—first derivative of the resulting homogeneous transformation 7; =

AV - AL ... - A"l by generalized coordinate; T—matrix transpose operation; Tr—
trace of the matrix which are equaled to the sum of its diagonal elements;

Iy Ty Jyoom

(i) (i) (i) *

— | Jw Jy m;y;

=0 S0 6

Iz o Iz miz;

* * *
m;x; n;y; m;z; n;

---the inertia tensor of the ith link; (10)

here m;—the mass of the ith moveable joint; x}, y, z;—coordinates of the centre of

mass of ith link into local coordinate system; J)EQ, »(Q ) Jz(é)—the axial inertia moment
of the ith link relative to their own axes; J4), J3, J5), 15 7\ 1) _the centrifugal
moments of inertia.

Substituting the velocity v; expression (8) for the ith point of the moveable joint
into formula (9) and adding the obtained analytical dependences for all links of the
linkage mechanism the kinetic energy of the mechanical system can be written like

a quadratic form of the numerical series:

k=Y K=05-33% [Tr(U,-,,J,»U,.T,q,,q,.)} (11)

The inertia tensor depends on the mass distribution into the ith joint of the
investigated mechanism and does not depend on the position and velocity of links.
Suppose that axis Oz of the inertial reference system xOy coincides with one of the
main axes of the inertia tensor, the unit vectors of the other two axes Ox and Oy are
collinear and co-directional with the unit vectors of the other two principal axes
respectively.

In accordance with the analytic dependence (9) of the kinetic energy of kine-
matic link OBD of the planar linkage mechanism with adjustable close loop is
defined as following:
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Ky =05 Tr(T1 Ji T1T> 41 = 0.5(2J5 +mayy) qi,

where T1 = U11 '611
Similarly, we write the equations for the third, sixth, seventh, eighth and ninth
movable joints of the considered linkages:

K> = 0.5(2J5 + myay,) qf, K3 = 0.5(2J3 + m3a3) qf,
Ko = 0.5(2J5 + moag) q7 i K7 =0.5(21, + mya3) q1,

Kg =0. 5(2JZ + mgag) ql and /o = 0. 5(2]9 + WZ()LZ9) ql

where az = ap + an, as = ay + ael, a7 = ayo + az +an,
ag = aip + azy +azy +ag, ag = aiy + as1 + as.

Kinetic energy (11) of the mechanism equals to the algebraic sum of the
expressions written for individual links:

2
ma Ll a
J+ 12‘°+12 2221+JZ 323+J§ .
KM: ma ma a2 ma2 g (12)
Mede T4 g g Msdg 9 9%
J J: J
+=5 SR R R

2.2 Potential Energy

The potential energy of the investigating object in a force field of the Earth is
defined as:

My =) ;==Y m-G"-T;-R;. (13)
where II—potential energy of the ith link is calculated using formula:
Hi:Pi'y?, (14)

here P; u y;—weight and ordinate of the centre of mass of ith link in the inertial
coordinate system xOy respectively.
The matrix form of expression (14) looks like:

o, =-m-G"-T; R}, (15)

where R;—column matrix in which first three elements are Cartesian coordinates of
the centre of gravity of the ith link connected up their own coordinate system;
GT = (gx,gy, gZ,O) = (0, —g, 0, 0)—row matrix describes the gravitational
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acceleration in the basic coordinate system (g is a constant which equals to
9,8062 m/c?).

According to formula (15) the potential energy expression of movable links 77,
I, 115, ... Ily of the linkages mechanism with changeable close loop is written
down as:

Iy =-m-G"-T,-R; = Py - (¥{S10 — a10C1o),

I, = —my - G" - T5 - Ry = P2 (y3S21410 — @21Ca1410),
I3y =-my-G' T3 Ry, lls = —mg - G" - T - R,
Iy =-m;-G" - T; Ry, Il = —mg - G" - Ty - R},
Iy =—mo -G -Ty-R;

2.3 Motion Equation

Using previous notations and obtained dependence (12) of the kinetic energy in the
Lagrange equation (1) for a separate link in generalized form looks like:

doK @ !
i=1 j= = i=j j=

The first partial derivative of the potential energy of ith joint by generalized
coordinate calculated as following:

e

i=1

9
=—> mG UR; (17)
i=1

Substituting expressions (16) and (17) into right side of the Eq. (1) the resultant
formula will be:

9 J
ZZTr( w i Up )i+ 30 D2 ST (Una - Ji- Uf ) e

i=1 j= i=1 j=1 k=1 (18)

> G UiR; = 0
i=1
The generalized force acting in ith joint is determined by differential equation:

9 9 9
= ZDikékJr Z Z hiqiqr + ci (19)

k=1 j=1 k=1
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or the matrix form of Eq. (19) will be:

0(1) = D(g(1)) (1) + h(4(1),4(1)) + cla(), (20)

where Q(f)—n-dimensional column vector of generalized forces generated by
actuators in the joints; ¢(f)—n-dimensional column vector of the generalized

coordinates; 4(f)—n-dimensional column vector of the generalized speeds; q(f)—
n-dimensional column vector of the generalized accelerations; D(q(t))—square
symmetric matrix (n x n), which elements are calculated from expression:

Di= Y Tr(UpiUy), where (i =T1,9), (21)

Jj=max(i, k)

here h(q(t),i](z))—n-dimensional column vector of the Coriolis and centrifugal

forces which elements are obtained as following:

9

9
Shpdga =y Tr(Undif), (22)

k=1 I=max(i,j.k)

'M°

Il
_

J

where ¢(g(t))—n-dimensional column vector of the gravitational forces with ele-
ments equal to:

= 29: (—miGTUin;‘). (23)

=

For example the analytical expression for the calculation the element D;; of the
inertial matrix D(g) (21) is obtained as following:

Dy = U“.]lUlTl = 2]; +m1a%2.
Expression h; of the vector (22) is written down using equality h; = hy;:
9 9 o
= Zzhljk'Qj'Qk-
j=1 k=1
The parameter c; of first moveable link of the matrix (23) is calculated:

m G U R} + myGT Uy Ry + m3G" U3 R + mgG' U R,
cp = — .
+ m7GTU71R; + WLgGTUglR; + I’I’lgGTUglR;
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Using analytical dependences Dj(g(t)), hi gq(t)7 (](t)) and ¢;(¢(z)) the motion
Eq. (1) of the investigated mechanism will be found as following:

9 i J

9
Z TV(Uikl']i'U;)éj+ZZZTV(UikI'Ji'U,']T')é]jqk
T

i=1 j= i=1 j=1 k=1

9 . .
= > mGIULR; = D(g(1) 4(r) + h(4(1), 4(1)) + c(a(1)).
i=1
3 Conclusions

Generally, the lifting machines are constructed by scissors lift lever system called
Nuremberg scissors and a lifting cargo platform. The key disadvantages of that
lifting systems are the following: limited lifting capacity; low stability at the highest
position of the platform; low operation parameters and durability; structure com-
plexity and high material capacity.

The proposed structure of the multi-lever plane mechanism with a changeable
closed loop is increased lateral and longitudinal stiffness providing lifting action by
only one hydraulic actuator.

The results of kinematical analysis [4] show that the operating platform moves
within the vertical working area from 0.3 through 1.8 m. The parallel level motion
of the platform has a negligible inclination in 2.51° and does not impact the
operational capacity of the system. The estimated load capacity of the proposed
mechanism is up to 200 kg. It can be folded for transportation and used for both
internal and external construction work.

This paper describes a systematic methodology for the dynamical analysis of the
linkages. The approach is based on the combination of the homogeneous trans-
formations and Lagrange-Euler method that leads to the compact matrix form of the
moving equation of the studied mechanism.

Result of the numerical experiment shows that the oscillations of the linkage are
close to the single frequency so its amplitudes can be estimated by the first-level
form of the link vibration. When the mechanism stats moving the amplitude of the
output link oscillation is in order to (2 + 4) x 107> I, where [ is a length of
mechanism links.

Investigation of kinematic and dynamic characteristics of the multi-lever
mechanism with changeable close loop allows finding the motion law which affect
on the productivity, reliability and durability of a machinery [5]. This information is
used for the design of the new technological process.
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Elastodynamic Analysis of the Sucker Rod
Pumping System Mechanism

N. Dumitru, N. Craciunoiu, R. Malciu and N. Ploscaru

Abstract The paper aims to identify the dynamic response of the oil pumping unit
system mechanism using the analytical method and the experimental method. By
numerical processing of the developed mathematical models for longitudinal and
transverse vibrations of the mechanism connecting rod and walking beam, the time
variation diagrams of the linear elastic displacement were obtained in the Maple
programming environment. In order to confirm the theoretical results but also for a
complex analysis of the entire pumping system, there was determined the force
acting upon the polished rod and there were compared the values obtained by
calculus and the values experimentally determined for the angle of rotation of the
walking beam. Permanent monitoring of the pumping rod mechanical stress and
vibration acceleration might contribute to more efficient operation of oil deep
extraction wells.

Keywords Beam pumping unit system - Walking beam - Polished rod - Acceleration
of vibration

1 Introduction

Artificial pumping systems for deep extraction have a significant share in most
countries with developed oil industry, both as wells number and as flow rate. This
equipment transforms a rotary motion provided by prime mover in a reciprocating
motion that is transferred as a vertical displacement to the down-hole pump by a set
of rods, which provides mechanical energy to the fluid and allows its elevation to
the surface. Since the 1990s, there were comprehensive studies such as, for
example, [2, 1] or [6], regarding the structures subjected to transient loads using
non-gradient method or non-linear analysis optimization. Many researchers turned
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their attention to identify also the loads and the boundary conditions, as shown in
papers like [8], or to use numerical optimization methods, as shown in papers like
[4]. In the 2000s, researches recorded an extension of the dynamic response opti-
mization of multi-body flexible systems. In [5] the equivalent static load was cal-
culated using the finite element method and introduced in the equation governing
the dynamics of multi-body flexible systems. There were also presented applica-
tions of this method for dynamic response optimization. The purpose of our paper is
to identify the dynamic response of a rod pumping unit system by developing
methods of modeling, simulation and experimental testing. Therefore, a model of a
rod pumping unit system was developed and there were determined the mathe-
matical models for linear elastic longitudinal and transverse displacements of the
connecting rod and walking beam as described in Sect. 2. Section 3 is devoted to
numerical simulation of the developed model using ADAMS software.

2 Longitudinal and Transverse Vibration Analysis
with Regard to the Constraint Forces Acting in the Joints

This paper aims to study the dynamic response of the oil pumping unit system
mechanism using the analytical method and the experimental method. Using the
analytical method, the mathematical models for longitudinal and transverse vibra-
tions of the mechanism connecting rod and walking beam were developed.
Structurally, the mechanism consists of two dyads. As a characteristic of this
mechanism, it is noticed the presence of a flexible element (steel cable) that con-
nects the walking beam and the pumping rod. Vibrations were studied theoretically
for the connecting rod (2) and, the walking beam (3), and the influence of the
pumping process dynamic parameters was experimentally determined.

e Mathematical models

The mathematical model of longitudinal and transverse vibrations of the links 2
and 3 considered linear-elastic straight beams (Fig. 1) were developed [7] and
solved as follows.

From a preliminary rigid model kinematic analysis, the following kinematic
parameters were known: (Xa, ya), (Xo,,Yo,)—coordinates of the potential pairs of
the dyad; V (1), ¥, (r)—the speed of the characteristic points A and O, with respect

to the global marker (E); @} (1), dp, (t)—the acceleration of pairs A and O, with

—>P/
respect to the global marker (E); sz (f)—instantaneous absolute angular velocity

of marker (P’) with respect to the global marker (E); E£§ (f)—instantaneous

absolute angular velocity of marker (P”) with respect to the global marker (E);

E—P . . ’ .
& (f)—instantaneous absolute angular acceleration of marker (P") with respect to
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Fig. 1 Kinetostatic model of the mechanism

the global marker (E);EZ;y (f)—instantaneous absolute angular acceleration of
marker (P”) with respect to the global marker (E); L,, Ls;—the lengths of the dyad
un-deformed links. It was considered that the forces and moments acting per unit
length of the dyad links were zero, i.e.:

Blt) =f 0 +f (0] =0; my(x,1) =0

- (1)
B t) = R0+ £ (x0]" =05 ms(x,1) =0
The boundary conditions of the problem were considered as follows:
uy(0,1) = 0,uy(La, 1) = 0,u5(0,1) = 0;u5 (L, 1) = 0;
us(0,0) _ Qup(Layr) _ o us(0.0) _ Pui(Lar) 2)
ox2 Ox? ’ Ox2 0x2

where: @i (x, 1) = 1) (x, 2)7 + ull(x, 1)j -the linear-elastic deformation of the link (2);
i3 (x, 1) = uy(x, 1)i" 4 u}(x,1)j"-the linear-elastic deformation of the link (3). The
initial conditions of the problem were considered of the following form:

ii(x,0) =0, i3(x,0) =0;
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The vibrations mathematical model of a linear-elastic rectilinear kinematic ele-
ment, with constant section, in a planar motion was deduced in [3] as a system of
decoupled equations, having the form:

2O Su
o o
o*uy Q’u

EI =2+ pA—=3 + 0" Apus + (pAdo, + pAwvo, + pAex —f) =

+w u1—|—<v02 —ap, +w x+f1) =0;
(4)

where: E—the longitudinal modulus of elasticity; p—the linear specific mass of the
link; #@(x,1) = uy(x,1)i + up(x,1)j—the linear-elastic displacement; u,(x,t)—the
longitudinal displacement; u,(x,t)—the transverse displacement; (¢)—the angular
velocity; €(¢)—the angular acceleration; A—the cross-sectional area of the link; I—
the moment of inertia of beam cross-sectional geometry with respect to its neutral
axis; Vo (t) = vou (1)i + voa(t)j—the speed of the origin O of the proper reference
system; do (1) = ap1 (t)i 4+ apy(t)j—the acceleration of the origin O of the proper
reference system; f(x, 1) = fi (x, 1) + f>(x, {)j—the external force per unit length of
the link.

The longitudinal and transverse deformations of the dyad ABO, links were
determined, considering them linear-elastic straight beams and taking into account
the constraint forces (reactions) which occurred in the kinematic joints. There were
determined first the constraint forces occurring in the kinematic joints of the dyad
RRR considering it a rigid model. Besides the known data from the previous
paragraph, there were also considered known the followings: the weights of the
dyad links: 52 = fGJI, ég = ngfl; the inertia forces and inertia torques
acting on the dyad links; ﬁi = I} fl + szjl, M2 le}'l; F,, = =F ?1 + Flmjl,

mn3
M3 = Msky; the coordinates of the dyad links center of mass C,, respectively Cs,
related to the marker (E). The constraint forces (reactions) occurring in the kine-
matic joints of dyad ABO, were determined using the methodology known in the
specialty literature. By solving the dyad equilibrium equations system there were
determined the following components: F, Fy, F;, Fy, F}, , Fy, . The forces acting
per unit length of the dyad links were calculated as follows:

; x (F‘+F‘+Fﬁl)coszp2+ 5 (F)+ Fy + Fj, — G2) cos gy + L1
Z(XJ)_IJZ i+ J (3
(7

+Fy+F), — G)sing, (*FX*F* F‘)Sinwz

ina n

X (P Fo, — Fn‘l;) cos(n — ¢3)+ w (Fy = Fp, = Fp, + Gs) cos(n — p3)+ N
flxt) = I ) i+ 7
UL

Fj+ F}) +F}, — G3) sin(n — 3) (F?; - ko, - F) sin(m — ¢3)
(5)
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The next notations were introduced
(F} + Fy + F),, — Ga) cos gp+

P (F“+F‘+Fj1 )cos<p2+ : X
R;(XJ):L* : ’ ;R';(x,t):L— . ;
> L (F} + Fy+ F), — Gy)sing, 2 ( Fy—Fy—F, )qu’z
o [ (F5 = Fo, = Fiy, + Gs) cos(n — 93)+
(F = Fo, — F, ) sin(z — 03)

B i LT
3 L(=F + F), + F),, — G3) sin(n — ¢3) }
(6)
Using them, Eq. (5) became
Vifs(x, 1) = Ry(x, t)?’ + R} (x, t)?’. (7)

fax, 1) = R(x,0)7 + Ry (x,1)]
Considering the constraint forces (reactions) from the kinematic joints of the
dyad, the linear-elastic deformations components of the dyad links during the

temporary motion sub-range [t tc.1] k = 0,n, became

e for the link 2:
1

2 OO
Uy (x,1) = L_Z Ry (n) cos(m . ;) I S
2=t m

ok — (b%k(t — 1)} dt+ ———
{ e — ¢y

t

R*X
/ Zk(nvf) sin
p
0
L 12 202 — 3
. {T _zn( ”H) VakPor — Xax) +7n _zn(*l)nﬂébgk} sin® 5 2 sin(0x);
7 = ElLo* Asr 02 A
(5, 1) = S 4 pAsRS (n) cos L%, + pR2Py (| o LS
pA2Ly pA; EDLog + pAspyy
t
EL 4+ A 2pA ..
/ —R}] (n,7) sin 2% p 2(p2" (t—r) ~dt — pfa - [PA2ar
J ELod + pAy @3,
+1 . o L
(1+(—1)" )+pAz p(=1)" —}
2k n-n

L n
— ( +(=1) +l)‘f‘ﬂz‘\zxka(/’zk

ELo + pArp3
-sin’ 2%+ P2 t] psin(o,x).
pA,
(8)
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e for the link 3:

2 & . - 1
Uy (x,1) = EZ Ry (n) cos(\/m . t) 4 e
2 n=1 CZOC% -
t
R 5
'/Msm{m@fr)}dr+ﬁ.
0 p o — P
L2 \/m
’ { = (— I)HHQD%/(} sin’ (M-t sin(o,x);
T 2
)
Uy (x, 1) —i pA3R3) (n) M., i
3k PA3L3 4= 3k PA3 ELot + pA3 0%,

t
L ELo* + pAs 2 2pA
/ —R%}(n,7) sin M.(,,ﬂ -drf%-
PA; EI30¢ + pA3(p3k

0

(
. L} ELod 4 pA3 o3
.{pAW(_l)m_s].smz By & pAs03 )\ o)
3k T-n pA3

where: o, = ’”’ for the link 2; o, = ’”‘ for the link 3; @y = Wox, P3p = W3—

instantaneous absolute angular velocmes of the dyad links; ¢ = &y, ¢ = e3—
2%k 3k
instantaneous absolute angular accelerations of the dyad links. The following input

data were considered: the length of the mechanism links, namely the crank, the
connecting rod, the walking beam, steel cable and polished rod; the coordinates of
the bearing center O,; the wellbore coordinates; the masses of the mechanism
component kinematic elements; the variation law of the crank angle: ¢(t) = 0.724%*t.

e Numerical processing

By numerical processing of the mathematical models presented above the time
variation diagrams of the linear elastic displacements were obtained in the Maple

Fig. 2 The time variation
diagram of the walking beam
linear elastic longitudinal
displacements
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Fig. 3 The time variation
diagram of the walking beam
linear elastic transverse
displacements

LR
\“‘
PRIRENS
iyt
“‘ ‘:\“ :ﬂisﬂrhi‘\\

programming environment. For example, in Figs. 2 and 3 there are presented the
time variation diagrams of the longitudinal and transverse linear elastic displace-
ments of the walking beam.

3 Experimental Modeling and Virtual Prototyping
in Dynamical Regime

Another way to identify the dynamic response of the mechanism is the dynamic
analysis when kinematic elements are considered as rigid bodies, except the cable
of steel connecting the walking beam and the pumping rod. It is a modal-dynamic
analysis mainly focused on determining the time variation law of the moment from
the driving joint. This problem will be treated and published separately, but some of
the results obtained by modeling with ADAMS software are certified and shown
here. The time variation law of the force acting upon the polished rod experi-
mentally determined is presented in Fig. 4. The angular velocity variation law
presented in Fig. 5 was determined by the dynamic analysis of the mechanism and it
will be presented in detail in another paper. It has been experimentally determined
the law of variation of the angle of rotation of the walking beam as seen in Fig. 6,
law used to process mathematical models for analyzing the walking beam vibration.

15000.0

T —Current

10000.0 +
£000.0
0.0+

-5000.0 -

Force (newtor)

=10000.0 -
-15000.0

T N
-20000.0 1 N

-25000.0 /
0.0

1.0 20 3.0 4.0 50 6.0 7.0 80 9.0
Time (sec)

Fig. 4 The time variation law of the Fp force acting on the pumping rod
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PART_3_MEA_36

-0.5

Angular Velocity (rad/sec)

0.0 50 10.0 15.0 200 25.0 30,0
Time (sec)

Fig. 5 The time variation law of the angular velocity of the motor joint

25
20
15
10
——Exper
® —Sim

-15

Fig. 6 Diagram of time variation of the walking beam angle of rotation given by the experiment
and the one obtained by modeling and simulation in ADAMS

In Fig. 6 there are shown two diagrams in order to compare the variation of the
angle of rotation of the walking beam given by the experiment and the one obtained
by modeling and simulation in dynamic regime using ADAMS programming
environment, for a full cycle of 8.67 s.

4 Conclusions

For the studied oil pumping unit system mechanism there were determined the
mathematical models for linear elastic longitudinal and transverse displacements of
the connecting rod 2—Eq. (8) and the walking beam 3—Eq. (9), on the motion
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temporary sub-range [ty, t 1], k = 0, n, considering the constraint (reaction) forces
acting in the joints. These mathematical models processing in MAPLE program-
ming environment led to the time variation diagrams of longitudinal and transverse
elastic deformation presented as example for the walking beam by Fig. 2 and,
respectively, Fig. 3. The time variation diagrams for longitudinal and transverse
elastic deformations were processed for the all length of the link but, considering
the software flexibility, it might be obtained the time variation laws of the defor-
mation for different points along the links length. Small values of deformations
were justified by the high stiffness of each of the two kinematic elements (con-
necting rod 2 and walking beam 3). The force acting upon the polished rod was
experimentally determined as presented by Fig. 4. The variation of the angle of
rotation of the walking beam given by the experiment and the one obtained by
modeling and simulation in dynamic regime using ADAMS programming envi-
ronment were compared for a full cycle of operation (Fig 5).
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Dimensioning the NC: Axes of a Radial
Cam Grinding Machine

V. Crhik, P. Jirasko and M. Vaclavik

Abstract The computer program deals with the dimensioning of drives and opti-
mizing structural nodes parameters of the radial cam grinder controlled with a three-
axis control system. Source information for dimensioning drives is the radial cam
contour and a number of structural and technological parameters, such as maximum
spindle torque, grinding tool diameter, feed along the cam surface, etc. Concep-
tually, it is considered with mechanisms with constant gear between the working
motion of NC axes and the servo motor (gearboxes and linear ball screws). The
calculation results are performance characteristics for each servo motor and the
optimized parameters of structural nodes. These parameters are driving torques
(maximum, effective) and speed (maximum), constant gear ratios, pitch and
diameters of ball screws, etc. It is also considered the positional deviation caused by
the compliances of the gear mechanisms.

Keywords NC axis - Drive - Program - Design

1 Introduction

The issues of dimensioning and optimizing the NC axes of the control system of a
radial cam working machine (in general, with milling and grinding technologies)
are based on the productivity requirements of a particular type of a cam manu-
factured in series. The customer presents a request for the production of a specific
radial cam with the desired productivity and geometric precision of its contour.
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There is designed the production technology of the cam contour (also with the
possibility of milling as a roughing operation and a grinding as a finishing opera-
tion) and a design concept of NC axes kinematic chains [1]. There are established
requirements for gearing mechanisms, the performance of the grinding spindle and
there is left to choose the appropriate servo drives (actuators). On the basis of the
above requirements, it is necessary to get an idea of the dynamic demands on all the
elements of NC axes kinematic chains, including drives. For this purpose has been
developed computing program for dimensioning and optimizing the design nodes
(groups) and drives of those machine NC axes kinematic chains.

The NC axes system is based on two axes of translational movement (V, Z) and
one axis of rotational movement (C). Interpolating axes are rotational C and
translational V whereas C—axis is carried by V—axis [2]. The positioning Z—axis
has a defined law of displacement which is independent on the cam contour;
working motion of this axis is given by grinding technology.

There was designed a prototype of single-purpose machine BRV-300 CNC radial
cam grinder [3] in VUTS, a.s. in the Department of Mechatronics (company deals
with research, development and manufacture of machinery and equipment for
manufacturing). This machine was awarded with an honorable mention at the MSV
2012 (International Mechanical Engineering Trade Fair) in Brno (CZ), whose
design concept of NC axes and drives are the subject of this paper.

2 Input Parameters

The basic input parameters (Fig. 1) are polar coordinates of the radial cam contour
to be ground. This data is specified by the customer or is the result of the kinematic
synthesis of a cam mechanism [4].

Another input is a system of four switches according to Fig. 1, defining tool
rotation and the position of the ground contour. This contour can be realized by
external or internal groove wall. Rotation of the tool is deduced from the front view
to a clamped cam whereas PLUS sense is clockwise.

Input parameters for the computation of the dynamics of interpolating axes
C and V are geometric (tool diameter), speed (tool feed), force (spindle torque), as
well as mass parameters, gear ratios and parameters of components stiffness
(gearboxes and linear transducers).

The last inputs are the parameters and displacement diagram of Z—axis.

3 Inputs and Corresponding Outputs

The rotation (C—axis) and translation (V, Z—axes) are regarded as working axes
movements, which are involved in the ground contour of the radial cam (interpo-
lation movement C and V, positioning motion Z). There is generally applied the
following kinematic chain for all three axes:
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Cam contour data Cam contour data Length L. Dot 2.1
(Polar coordinates) (Cartesian coordinates) contour : i g
fi [deg] I I [mm] X [mm] Y [mm] [mm] r' [mm/rad] r" [mi
0 aan L_L__scnccen noonn1__ 480,27 !

@® EXTERNAL contour/tool rotation PLUS

Cam contour (X, Y)

120

| T

|| O EXTERNAL contour/tool rotation MINUS

100 T T

" C INTERNAL centour/tool rotation PLUS

i T

80

|| ) INTERNAL contour/tool rotation MINUS

NGO B WN
Y T pr———— v—

| 0.0000 \ n.o

Fig. 1 Data of the ground radial cam contour

C—axis—between working motion and servomotor, there is an arbitrary rota-
tional gear (e.g. planetary gearbox) with a constant gear ratio; V, Z—axes—between
working motion and servomotor in the direction from the servomotor, there is an
arbitrary rotational gear (e.g. planetary gearbox, toothed gearing or belt drive) with
a constant gear ratio, followed by a rotary—Ilinear gear (e.g. ball screw) with a
constant gear ratio.

3.1 Tangential Working Force to the Worked Radial Cam
Contour

Working force F [N] is derived from the maximum torque of used tool spindle and
tool diameter. This force is decomposed into rectangular components, which burden
the axes C and V.

There are the following machining options: Internal and external contour; Down-
feed and up-feed working based on the sense of tool rotation; Ascending and
descending part of the radial cam contour (those parts are automatically evaluated
by the program based on the sense of production data, derivations and options of
switches according to Fig. 1)

3.2 Dynamics of C: Axis

The following is a listing of outputs according to Fig. 2:

C-axis dynamics—a press button of activating the function of solving the
dynamics; n¢ [1/min]—Instantaneous speed of C—axis (speed of the workpiece)
derived from the defined feed f [mm/min]; Mg,c [Nm]—driving torque of the
servomotor of C—axis under the action of dynamic inertia forces (also with the
servomotor rotor) and external working forces; EKM - [Nm]—effective torque of
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[mm]/100

I EKMc | Nmax ¢ |Max(Abs)|
1,24 79,58 2,56E-04

Note

C-axis dynamics

C-axis dynamics with external forces (machining, loss), Torsion

N¢ W Ec M, Mpiecc | Mserc | Nserc gamac | My, .o,
[1/min] [rad/sec’] [Nm] [Nm] [Nm]  [1/min] [deg] [Nm]
I 191 1,200t 0.0000 34,00 161 1.61 47,7 2.56E-04 0.000t

Fig. 2 Outputs of solving the dynamics of C—axis

the C—axis servomotor; 7,,,, ¢ [I/min]—instantaneous maximum speed of the C
—axis servomotor; Max(Abs) [deg [—maximum torsion value of C—axis, which is
illustratively transferred to the arc length of a 100 [mm] radius.

3.3 Dynamics of V: Axis

It follows the listing of outputs according to Fig. 3. V-axis dynamics is a press
button of activating the function of solving the dynamics.

Outputs are the following variables, including functional outputs:

vy [m/sec [—instantaneous speed of V—axis (i.e. instantaneous speed of the cam
workpiece itself in direction of V—axis) derived from feed f [mm/min]; M.,y [Nm]
—driving moment of the servomotor of V—axis under the action of dynamic inertia
(also with the servomotor rotor) and external working forces; EKMy [Nm]—
effective moment of the V—axis servomotor; n,,,, v [I/min]—instantaneous

PERR_V [mm]

2,24E-03

V-axis dynamics

| EKMy I Nmax v |Max(Abs) [deg]|
0,57 606,12 1,61E-01

V-axis dynamics with external forces (machining, loss), Torsion

-
Vy ay Fusuma | May Mpiey | Meeny Ngery gamay Mpynserv
[m/secz] [N] [Nm] [Nm] [Nm] [1/min] [rad] [Nm]
[ n.oo n.an n.0n 0.00 0.00 0.00 0.00F+00 0.0000

Fig. 3 Dynamics of V—axis
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Scale z.z. [1] 1
e e n(4/min] | 5
Z-axis displacement law 1. Der. 2. Der. =
F2[N] 0
[deg] Z [mm] Z [mm] 2' [mm/rad] = [mm/rad:]
0 0,000 | 0,000 \ 0,0271 | 9,0924 |
1
2 Z-axis displacement law [mm]  z = z(psi)
3 | 40 0,025
N .. 0,020
s P4 A Anar

Fig. 4 Displacement diagram of positioning Z—axis

maximum speed of the V—axis servomotor; Max(Abs) [deg]—maximum value of
gamay, torsion of V—axis, which is converted to a positioning error of V—PERR_V
[mm] coordinate.

3.4 Dynamics of Z: Axis

Definition of the displacement diagram of positioning Z—axis:

Z—axis motion (displacement law) is independent on the cam contour and is
only related to grinding technology This axis makes the so-called oscillating
movement (Fig. 4).

Scale z.z. [—] (input data)—a scale of displacement diagram. This parameter
transforms displacement diagram including derivations; nz [ I/min] (input data), it is
a speed of the virtual shaft of Z—axis (Master); F; [N] (input data)—a specification
of the anticipated machining force in Z—axis.

Outputs are similar to those in V—axis, therefore, we do not address them in the
paper.

This program part can generally solve the kinematics and dynamics of general
displacement law implemented by an electronic cam with a working sliding motion.
The issues of implementing the displacement diagrams of electronic cams are dealt
with in [1].

4 Basic Computing Relations

Only basic computing relations with usual generally specified units are mentioned.
Tangential machining force F[N],M; = F %, where M, is max. torque of tool
spindle;
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2M,

(i)

Angle a[deg] as a normal angle of the machined radial cam contour;

- 2000%; (N] = [Nom, ] (1)

dr d !
= arctg — o dr roc= arctg%;[rad]: [%,mm} (2)

Tangential machining force F[N] decomposed into components Fo (C—axis)
and Fy (V—axis). Generally, it is valid: F¢c = F cosa; Fy = F sina [5].

Sense (signum) of forces F¢ and Fy depends on the 1st derivation r/'[22], tool
rotation (plus/minus) and the machined contour (external/internal), see the switches
in Fig. 1.

4.1 Dynamics of C: Axis

The basic technological condition of the radial cams grinding is tool constant feed

mm rad
f2#] along the cam contour. Instantaneous angular velocity w¢[%%] and angular

acceleration ac[”’"é] on the given contour radius vector r[mm] result from feed

f. Constant feed f condition also applies to V—axis.

oc = () Lcos tr’ [rad] _ g mm 3)
© = \60 arcig sec|  ‘minrad’

. 1\ f . sm L, ¥c " [rad [mm mm mm rad @
— — = - - =—— ———— mm
¢ 60 1+ (r_’)2 r’ |sec? min’ rad’ rad?’ sec’

Driving torque of the servomotor Ms,,c[Nm] has to be distinguished from the
driving torque usable on the servomotor shaft. M, is involved in the dynamics of
the own servomotor rotor (the same applies to V and Z—axes) [6].

JOhr + JCsuma . FCr
M - | =" P Y M -
Serc izv T JPreC + JSerC (cClPreC + 1000:; - + ZtrPreC (5)
PreC PreC

4.2 Dynamics of V: Axis

Speed vy [Z];

-Sec.
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1 . m mm
v (60.1000)f S e [@} = L ©)

Acceleration ay [2];

m} mm mm mm rad

! f cosa we 1’ [
ay = _— _— = =, — . M
v 60.1000 1+ (i)z r’ Lsec? min’ rad’ rad?’ sec’

1 2 mm_ rad mm rad

optionally ay = (W) (F"wg + Fee); [%] = [ rac mn 1) 8)

Driving torque of the servomotor Mg,y [Nm];

Hy 2 Hy
SrvV. Srv
my | 271000 J§ y Fysuma \ 371000
r
MSerV == %) + 2 +J v ESerV + N + (9)
i, i, PreV v
PreV Prev PreV

4.3 Dynamics of Z1.: Axis

Basically, it is implementing the displacement diagram of electronic cam, thus
z = z(Yy) [mm]; Wy ldegl; iy € (0,360); ), is virtual shaft (Master).

Speed vz [];
1 , m mm rad
_( L [ _ mm rad 10
vz (10()0>Z O [sec] [rad ’ sec] (10)
Acceleration az[2];
1 y oy [ M mm rad
_( L [m ] _mm rad 1
“ (1000>Z O [secz} [md2 ’ sec] (i

Other force values are analogous to V—axis.

5 Conclusions

Dimensioning the drives and optimizing all the used structural elements with their
parameters in interaction is a complicated matter where the individual structural
elements cannot be considered separately without mutual relations. In its particu-
lars, the choice seems to be simple, but it must be realized that the optimum design
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result of the kinematic chain of NC axes of a machine is a combination of many
parameters and quantities.

Performance, speed and maximum torque of grinding spindle directly relate to
used tool (diameter in relation to the spindle speed and cutting speed); the choice of
conventional grinding with grinding wheel trueing or the use of wheels with CBN
(cubic boron nitride, it is a type of cutting tool material offering a high hardness);
tool feed rate along the ground contour; material and hardness of the ground cam
contour and technology of grinding (roughing, finishing, the size of material
removals in grinding cycles). Gear ratios of rotational constant gears (planetary
gearboxes, worm gearboxes, toothed gears, belt gears) have connections with
stiffness parameters and efficiency of gears, ball screw pitch; diameters and effi-
ciency. An important part of the manufacturing accuracy is the choice of measuring
system, which can be realized by direct or indirect measurement. Whole project is
completed by the selection of an suitable servomotor.

The final choice of a servomotor must comply with the main catalog parameters:
maximum torque, effective torque and maximum instantaneous speed.

There is a large number of structural nodes on the market (gearboxes, linear
units) and it is necessary to match their combinations with drives and the selected
technology of machining and to optimize them e.g. with this program.

To making the program have led demands on effective design of a single-
purpose machine and fast price cost calculation based on known inputs submitted
by the customer.

The main advantage is a reduction of the cost of creating a price quotation and
the total costs reduction of machine production, which is designed with an emphasis
on maximum utilization of sub-elements.

The program has no known disadvantages, because it is still being developed, so
that any deficiencies are fixed immediately.
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Efficiency Analysis of Shifted Spur Gear
Transmissions

A. Diez-Ibarbia, A. Fernandez del Rincén, M. Iglesias, A. De Juan,
P. Garcia and F. Viadero

Abstract A quasi-static analysis of a shifted spur gear transmission is presented in
this work. With this study, the influence of the profile modifications and the dis-
sipative effects on the efficiency is assessed. Among the dissipative effects, friction
between teeth in presence of lubricant is studied in this work, because of its
important effect on power losses in the operating conditions used. Friction forces
have been implemented by means of a Coulomb’s model with a variable friction
coefficient (VFC). One VFC formulation have been developed derived from the
well-known Niemann formulation and compared with a second one developed by
Hai Xu. The final aim is to assess the impact on the efficiency of both the frictional
effect and the profile shifting.

Keywords Efficiency - Power losses - Friction coefficient - Load sharing - Sliding
velocity

1 Introduction

The sources of power losses in gear transmissions can be typically classified by
their load dependency. Friction or rolling forces among gear teeth are classified as
load-dependent losses, while the non load-dependent losses are due to the fluid
motion involved (lubricant, refrigerant, air) [8, 11-13].

In this study less than 6.000 rpm speed is used, thus, only load-dependent losses
are considered. Special attention is paid to the friction effect on the efficiency
calculation, neglecting the rolling effects contribution due to its lesser impact in the
study conditions [1, 7]. The friction effect has been studied through the use of
different formulations of the Friction Coefficient (FC) [12].
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The aim of this study is to present and determine the influence of the friction and
the shifting modifications on the energetic efficiency of this mechanical system. In
this work, the shift factors of gears 1 and 2 are constrained to be equal in absolute
value with opposite signs (x1 + x2 = 0 is fulfilled for every case).

To achieve this goal, the use of the load contact model (LCM) and the meth-
odology of the efficiency calculation previously developed by the authors [3—6] is
applied.

The model features have been extended in order to include the analysis of shifted
gears as they are widely used in real transmission applications. Besides, it is
foreseen that this modification may have an impact on the efficiency among other
parameters, so, determining this impact is a question of great interest.

2 Efficiency Calculation

As it was presented in a previous work [3], an efficiency calculation methodology
has been developed by the authors. The mechanical efficiency as the relationship
between energy output and energy input for a given period of time is defined as.

Poul _ Pin - Ploss

= ot o D e (1)

Pin Pin

Regarding the efficiency calculation, it was stated that two different approaches
can be done (numerical and analytical), depending on the friction coefficient and
load sharing chosen in the calculation [3]. In this study the numerical approach is
used because only variable friction coefficient formulation is considered.

Any friction coefficient (FC) and load sharing (LS) formulation could be used so
as to obtain the efficiency. Previously to perform this calculation, the loading forces,
the sliding velocity and the FC must be obtained for every pair of teeth in contact
using a load contact model (LCM).

By means of calculating the power losses in mesh cycle, which is obtained by
Eq. (2), the efficiency value could be calculated (Eq. 1).

N

N
Piossinst = Y Fr(0) * V5(0) = > u(0) % Fu(0) % V,(0) 2)

z=1

where N is the number of pairs of teeth in contact, p is the friction coefficient, FN is
the normal load and VS is the sliding velocity for each contact.

In the proposed model, instantaneous power losses are obtained using Eq. (3)
because of the simplicity of the method, but the same results should be obtained
with Eq. (2).
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Defining the power losses along the mesh cycle as:
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So as to calculate the efficiency, the power losses calculation is enough to define
this value. But, in order to make an assessment of the value obtained, a parameter
that comprehend all the effect of the parameters that are involved in the efficiency
calculation is necessary. As it has been explained, efficiency mainly depends on
sliding velocity, friction coefficient and load sharing. To facilitate the interpretation
of the results, the instantaneous power loss factor (Hvinst) has been defined as.

E
Fn(0) % V(0
Hug = [ MOV g 5)
FNmax*V
A

3 Friction Coefficient Models

Friction coefficient plays an important role in the methodology with respect to the
selection of the approach. In this study, the FC is obtained using two formulations:
(i) a variation of Niemann’s proposal [2, 7, 9, 10] and (ii) according to Hai Xu et al.
[12]:

Niemann variation FC is formulated as:

Fyy 0.2
Hon = 0.048 * < 2 > 1/’01? . * R2'25 * XL (6)

where F, is the normal applied load in the pitch point, p. is the equivalent curvature
radius in the pitch point, b is the gear width, n, is the oil density, R, is the
roughness, and parameters VEC and XL are defined as:

1
=)

Vsc =2 %V, xsin(a,,) and X;, = d = 0.0651 for mineral oil

R
b

Taking this formulation as starting point, the following variation of the original
equation have been done arriving to obtain variable friction coefficient.
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F/,,_(()) 0.2 V(Q)
,U(Q) = 0.048 * W * }'];i?‘os * R([)l425 * XL * tanh (—A > (7)

Vo

The variation, designed as VFC2 [3], considers the variation in the normal
applied load and in the equivalent curvature radius and includes an additional
correction to avoid the singularity when the friction force changes its direction. This
correction is based on the sigmoid function, where v, is the sliding speed threshold.

The Hai Xu variable friction coefficient is obtained by means of regression
analysis of empirical data:

u(0) = e/ SRk s Pl |SRIP 5 VIO sy 5 o2 (8)
where SR is the sliding to rolling ratio, Py, is the local pressure evaluated in GPa and
V. is the entraining velocity.

f(SR7 Ph7 noilﬂRa) :bl + b4 * |SR| * Ph * 10g10('70i1)

+ bs % e*‘SR\*Ph*loglo(ﬂnil) + by * efta (9)

In this study, 75 W 90 mineral oil is considered as lubricant and its dynamic
viscosity is 10.6 mPa s at the working temperature of 100 °C. Besides, the
roughness considered is 0.8 um in both FC formulations.

4 Results and Discussion

A quasi-static comparison among the efficiency values obtained with each FC
considered is done in this study. The working parameters used are presented in
Table 1.

In order to distinguish the differences among the two FC formulations, the
aforementioned normalized parameters involved in the calculation of efficiency are
presented in Fig. 1. As it can be appreciated, the different FC approaches have a big
impact on the Hy;,g, but also cause a slight variation in LS curves.

The power losses during the double contact period are greater in the Hai Xu et al.
formulation than in Niemann’s. In order to assess the comparison among efficiency
values obtained with each friction coefficient considered, these are presented in
Fig. 2.

It can be noticed that there is a shift limit value for which the efficiency starts to
decrease. The reason for this behavior is that the single contact takes place far from
the pitch point region in which neither the sliding velocity nor the friction coeffi-
cient are not nearly to be null, turning this fact into a bigger power loss factor
(Fig. 3).
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Table 1 Operating conditions and pinion/gear parameters
Main parameters
Number of the pinion teeth 18 Module 3
Number of the gear teeth 36 Face width 26.7 mm
Pressure angle 20° Mean roughness 0.8 pm
Operating conditions Power (KW) Torque (Nm) Speed (rpm)
0oCl1 25 159 1,500
ocC2 25 40 6,000
0C3 50 159 3,000
oc4 100 637 1,500
0Cs 100 159 6,000
Hai Xu x10°
| 0.07!
i oots ocal 25
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2 5 g 0 2003 3 b
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Fig. 1 Comparison between the two formulations. Load sharing, sliding velocity, friction
coefficient and instantaneous power loss factor
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Fig. 2 Comparison of efficiency values using FC of a VFC2, b Hai Xu et al.
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ermann \FC2 0C1

0z [
Rotation angle

Fig. 3 Load sharing and instantaneous power loss factor for several shifting values in OC1

In Fig. 2 it can be also shown the comparison among operating conditions for
each FC formulation, in order to determine the influence of the torque and the speed
on the efficiency. Regarding to this, as a general rule, it can be noticed that the
higher the torque is, the lower the efficiency value is and the lower the speed is, the
lower the efficiency value is.

Moreover, a comparison among FC formulations also can be made, so as to
determine how the shape and the parameters of the FC influence the efficiency
value. The difference among the efficiency values obtained by using one formu-
lation or another is considerable. As a matter of fact, it can be appreciated whereas
with the Niemann formulation, efficiency values are mainly influenced by the
torque effect (the higher the torque is, the lower the efficiency value is), with the Hai
Xu et al. formulation, both the torque and the speed influence the efficiency value.
So as to comprehend why there is this difference, the friction coefficient of both
formulations are presented for all shifting cases in OC1 and OC4 (Figs. 4 and 5),
assessing the factors that affects each FC formulation.

So as to clarify the comparison among FC formulations, the mean values for one
meshing period are presented in Table 2, when there is not profile modification.

From Figs. 4 and 5, some facts related to the friction coefficient dependence can
be inferred.

On one hand, the change in the behavior of the friction coefficient when the
operating conditions vary can be analyzed. If only Niemann VFC2 is considered
(Fig. 4), it can be appreciated that the value of this friction coefficient is highly
dependent on the torque (from OC2 to OC4 almost double the FC mean value). That
is why the higher is the applied torque, the higher is the value of the friction
coefficient, whereas this dependence is not so clear in the Hai Xu et al. formulation.
Assessing the Hai Xu et al. formulation (Fig. 5 and Table 2), it can be appreciated the
same behavior but only when the contact takes place close to the pitch point region
(one pair of teeth in contact). With respect to the FC dependence on the speed, during
the double contact period, the lower the speed is, the greater the FC value is. As the
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Fig. 4 Niemann VFC?2 friction coefficient in OC1 and OC4
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Fig. 5 Hai Xu et al. friction coefficient in OC1 and OC4

Table 2 Friction coefficients mean values and variations when there is not profile shifting

x=0 OC1 0C2 0C3 0C4 0C5
Niemann VFC2 0.0440 0.0275 0.0374 0.0505 0.0329
Hai Xu 0.0421 0.0326 0.0410 0.0437 0.0382

main part of the power losses are during the double contact period (because the
sliding velocity achieves its greatest value), in this formulation it can be settled that
the speed dependence on the efficiency is stronger than the torque one.

On the other hand, the differences among the friction coefficients with the same
operating conditions can be also analyzed. Regarding to this analysis, it can be
noticed that only similar results are obtained with low speed and medium torque,
being greater the Niemann VFC2 with high level of torque and vice versa with low
level of torque.
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5 Conclusions

In this study, an efficiency analysis of shifted spur gears has been done using the
load contact model and the methodology of the efficiency calculation previously
developed by the authors [3—6]. Special attention has been given to dissipative
aspects in this kind of systems, specifically, to the friction effect in the calculation of
the power losses. The friction, implemented by means of Coulomb model, has been
modeled by the use of the Hai Xu formulation and variations of the Niemann
formulation, with the aim of determining the influence of the friction on the
energetic efficiency of the system.

It can be concluded that an efficiency decrease is obtained when a high shifting
value is used (higher than 0.3).

Niemann formulation efficiency values are mainly influenced by the torque level
(the higher the torque is, the lower the efficiency value), while the Hai Xu for-
mulation efficiency values are mainly influenced by the speed (the lower the speed
is, the lower the efficiency value is).

Only similar efficiency values among formulations are obtained when medium
torque and low speed are considered. Hence, it can be concluded that the choice of
the FC formulation is going to affect all the parameters involved on the simulation
being a crucial aspect so as to obtain a good approximation of the real behavior of
the system.
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Part VII
Dynamics of Multi-body Systems



A New Approach to Eliminate

the Constraints Violation at the Position
and Velocity Levels in Constrained
Mechanical Multibody Systems

P. Flores

Abstract In this work, a general and comprehensive methodology to eliminate the
constraints violation at the position and velocity levels is presented. This new
approach is derived under the framework of multibody dynamics formulation The
basic idea of this methodology is to add corrective terms to the position and
velocity vectors with the intent to satisfy the corresponding kinematic constraint
equations. These corrective terms are evaluated as function of the Moore-Penrose
generalized inverse of the Jacobian matrix and of the kinematic constraint equa-
tions. A planar four bar mechanism is used as a demonstrative example of appli-
cation, which allows to show the effectiveness of presented method.

Keywords Constraints violation - Equations of motion - Multibody systems

1 Introduction

The equations of motion for constrained mechanical multibody systems are fre-
quently formulated using the Newton-Euler’s approach, which is augmented with
the acceleration constraint equations. This formulation results in the establishment
of a mixed set of differential and algebraic equations, which are solved in order to
predict the dynamic behavior of general multibody systems. It is known that the
standard resolution of the equations of motion is highly prone to constraints vio-
lation because the position and velocity constraint equations are not fulfilled.

The problem of modeling and simulating constrained mechanical systems has
been widely studied over the last decades [1—4]. Recent review papers of interest on
the formulation of mechanical multibody systems have been provided by Rahnejat
[5], Eberhard and Schiehlen [6], Schiehlen [7] and Nikravesh [8]. The various
methodologies to formulate constrained mechanical systems differ in the considered
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principle, type of adopted coordinates, and the selected method for handling con-
straints in systems characterized by open and closed-chain topologies [9]. The
solution of dynamic equations of motion for constrained multibody systems is often
performed using Lagrange multipliers technique, which leads to a set of differential-
algebraic equations. Except for simple mechanical systems, an analytical solution of
the equations of motion cannot be found, and therefore, a numerical solution is
required. In the standard Lagrange multipliers technique, the acceleration con-
straints are taken into account during the numerical solution of the equations of
motion and, therefore, there is no violation of the acceleration constraints. In
contrast, if the position and velocity constraints are not utilized in the process,
violation of the position and velocity constraints will occur due to the numerical
integration errors. Thus, special procedures have to been implemented to eliminate
or at least minimize such violations [10, 11].

The methods to handle the problem of constraints violation for constrained
mechanical systems fall into three main categories: (i) constraint stabilization
methods; (ii) coordinate partitioning methods and (iii) direct correction formula-
tions. The constraint stabilization approaches are probably the most popular due to
their simplicity and easiness for computational implementation. Yet, their major
drawback is the ambiguity in selecting the stabilization parameters, which ulti-
mately can lead to failure simulations, even for systems that have valid solutions.
The coordinate partitioning methods have the great merit of allowing the rigorous
resolution of the constraint equations at the position, velocity and acceleration
levels. Yet, they suffer from poor numerical efficiency due to the requirement for
the iterative solution for dependent generalized coordinates in the Newton-Raphson
method. Finally, the direct formulations have physical meaning, computational
efficiency, but they can exhibit some numerical instability.

Thus, the main emphasis of this work is on the elimination of the constraints
violation during the analysis of constrained mechanical multibody systems. Body
coordinates formulation is used to describe the system components and the kine-
matic joints. The equations governing the kinematic and dynamic behavior of the
general mechanical systems incorporate corrective terms that can be added to the
position and velocity vectors in order to satisfy the corresponding constraint
equations. These corrective terms are expressed in terms of the Jacobian matrix and
kinematic constraint equations. The described methodology is embedded in the
standard method to solve the equations of motion based on the Lagrange multipliers
technique. The effectiveness of the presented methodology is shown through the
analysis of a four bar mechanism. The outcomes, in terms of constraints violation
and computational efficiency, are analyzed and compared with those obtained with
the standard Lagrange multipliers method (SLM), Baumgarte stabilization method
(BSM), penalty method (PM) the augmented Lagrangian formulation (ALF) and
Coordinate Partitioning method (CPM).
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2 Multibody Systems Formulation

In general, a multibody system contains mechanical components (bodies) that
describe large translational and rotational motions and kinematic joints that impose
constraints on the relative motion of the bodies. Forces that may act on the com-
ponents of a multibody system can be the result of springs, dampers, actuators or
external forces such as gravity. In order to analyze the kinematic and dynamic
response of a constrained multibody system, it is first necessary to formulate the
governing equations of motion. Thus, if the configuration of a constrained multi-
body system is described by n generalized coordinates, then a set of m independent
algebraic kinematic (scleronomic) constraints @ can be written as [2]

®=(q) = 0 (1)

where q is the array of generalized coordinates.
The first time derivative of Eq. (1) provides the velocity constraint equations as

®=Dv=0 (2)

where D denotes the system Jacobian matrix and v is the array of generalized
velocities. Differentiation of Eq. (2) with respect to time leads to acceleration
constraint equations as

®=Dv+Dv=0 (3)

in which v is the array of generalized accelerations.
For a constrained mechanical multibody system, the Newton-Euler equations of
motion are written as [9]

Mv =g+D"o (4)

where M is the global inertia matrix, g is the vector of generalized forces, A is an
array of Lagrange multipliers, and D7 provides the array of reaction forces.

In the kinematic and analysis, a unique solution is obtained when the algebraic
constraint equations at the acceleration level are considered simultaneously with the
differential equations of motion together with a set of appropriate initial conditions
on the coordinates and velocities. Therefore, appending Egs. (3) to (4) yields the
following equation that can be solved for the accelerations and Lagrange multipliers

B ®

This method of formulating the equations of motion is commonly referred to as
the standard Lagrange multipliers method, and is hereafter designated by SLM [2].
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Numerical integration of the equations of motion, in general, requires integrating
velocities and accelerations at each time step to obtain coordinates and velocities at

the next time step, i.e.,
v q
-/ ©

It should be noted that depending on the choice of the coordinates and velocities
for a body, particularly the rotational coordinates and velocities, the array of
coordinates, q, may not be directly the integral of v. Obtaining q from the inte-
gration of v may require a prior transformation step. In addition, numerical errors
due to the finite precision of the numerical methodologies leads to constraint vio-
lation at the coordinate and velocity levels; i.e., ® # 0 and @ # 0. Therefore,
special procedures, capable of eliminating the error in the constraints, or at least
keeping such errors under control, must be implemented.

3 Methodology to Eliminate the Constraints Violation

The main purpose of this section is to present a general and comprehensive
approach to deal with the elimination of the constraints violation at both position
and velocity levels. For this purpose, let consider that Egs. (1)—(5) are employed to
model a multibody system and the integration process is performed according to
Eq. (6). Due to numerical integration errors, in order not to violate the constraints at
the coordinate level, the array of coordinates needs to be corrected as

q =q"+3q (7)

where superscripts # and ¢ denote uncorrected and corrected variables respectively,
and 0q represents the array of corrections to the coordinates. This means that the
corrective term has to be added to vector q“ in order to ensure that the constraint
Eq. (1) are satisfied, that is

O(q) = @(q") + 3@ =0 (8)

The term d® in Eq. (8) can be understood as the variation of the constraint
equations and can be expressed as [12]

oD o oD
0D = _——0dq; +——0qy + - +—

dq, = Do 9
0q, 0q, aq, a a ©)

Combining Egs. (8) and (9) yields ®(q") + Ddq = 0, which ultimately leads to
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3¢ =-D"'®(q") (10)

It must be noted that, in general, the Jacobian matrix, D, is not square, therefore,
D' does not exist. However, the concept of Moore-Penrose generalized inverse
matrix, D, can be employed as

D" =D’ (DD")! (11)

such that DD*D = D and D*DD" = D™, and both D*D and DD" are symmetric
matrices. Hence, it is possible to establish the following mathematical relation

p’ (D)~ = p"(D*)'D* = (D*'D)'D* = D'DD* = D" (12)
Thus, Eq. (10) can be rewritten in the following form
8q = ~D"(DD") "' d(q") (13)
Substituting Eq. (13) into Eq. (7) yields
¢’ =q' - D'(DD")'d(q") (14)

This represents the corrected generalized coordinates in each time step. It should
be noted that the kinematic constraints of Eq. (1) are nonlinear and, therefore
Eq. (14) must be solved iteratively by an algorithm such as the Newton-Raphson.

In a similar manner, the array of velocities are corrected as

ve=v"+ v (15)

This corrected array of velocities should satisfy the velocity constraints of
Eq. (2) as

(g, v) = D(qF, v*) + 50 = 0 (16)
The term 5@ represents the variation of the velocity constraints expressed as

L) oD
SB = — 5q + — 84 17
% ‘Haq q (17)

Since the array of coordinates is already corrected, dq = 0. Furthermore, the
derivative of the velocity constraints with respect to vector of array of velocities is
the Jacobian matrix D. Consequently, Eq. (17) is simplified to
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Coupler
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Ground

Fig. 1 Planar four bar mechanism

3® = Ddv (18)
Combining Egs. (16) and (18) results in
O(q°,v") + Dov =0 (19)

This equation can be expressed as

dv = —DFd (¢, v")

. 20
= -D'(DD’) 'd(q", V") 20

Substitution of Eq. (20) into Eq. (15) yields
v¢ = v — DT (DD") ' d(q°, v¥) (21)

Equation (21) represents the corrected velocities in each integration time step.

4 Demonstrative Example of Application

An elementary planar four bar mechanism is utilized as a numerical example to
demonstrate the effectiveness of the methodology proposed to eliminate the con-
straints violation, as it is shown in Fig. 1. The system is released from rest under the
effect of gravity. The dimensional and inertia properties of each body together with
the set of initial conditions necessary to carry out a dynamic analysis are listed in
Table 1. Table 2 presents the parameters used for the different models, necessary to
characterize the problem, and to solve the system dynamics. The values of the
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Table 1 Governing properties for the planar four bar mechanism

Body Length Mass Moment of x (m) y (m) ¢ (rad) | x(m/s) |y (m/s) ¢

(m) (kg) | inertia (kg m?) (rad/s)
Ground 2.5 0.00 0.00 0.0000 | 0.0000 | 0.0000 | 0.0000 |0.0000 | 0.0000
Crank 2.0 1.00 0.30 0.5000 | 0.8660 | 1.0472 [0.0000 |0.0000 | 0.0000
Coupler | 4 225 2.00 2.8235 | 2.5535 04332 |0.0000 |0.0000 |0.0000
Follower | 4 o 2.20 1.35 3.5735 | 1.6875 | 1.0042 [0.0000 |0.0000 | 0.0000

Table 2 Parameters used for the dynamic simulations of the planar four bar mechanism

Final time of simulation 50s Penalty—a 1 x 107
Integrator algorithm Euler Penalty—ao 10
Baumgarte—a, 5 Penalty—p 1
15
——————— SLM
@
=) —.— BSM
< 12 A1
c Se--PM
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>
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Fig. 2 Constraints violation (®”®) of the planar four bar mechanism for the different methods

parameters used in this work are extracted from Ref. [9]. In order to keep the
analysis simple, the crudest Euler integration method is considered.

Figure 2 shows the plots of the constraints violation (®’®) of the four bar
mechanism for different methods. It can be observed that when the standard
Lagrange method (SLM) is used, the violation of constraints grows indefinitely
with the time. This method can produce unacceptable results due to the numerical
integration errors. However, when the standard Lagrange method incorporates the
Baumgarte stabilization method (BSM), the response is slightly different. With the
Baumgarte approach, the violation does not growth with time, instead it tends to
stabilize or stay under control. The penalty method (PM) and augmented
Lagrangian formulation (ALF) exhibit better behavior when compared to BSM.
Finally, it can be observed that the coordinate partitioning method (CPM) and the
corrective approach (CA) completely eliminate the violation of constraints. In
general, the results plotted are in line with those published in [2, 9].
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Fig. 3 Computation time ratio for the different methods

The efficiency of the different methods used to solve the dynamic equations of
motion for the planar four bar mechanism are summarized in Fig. 3. In a broad
sense, it can be stated that the standard Lagrange method is more efficient than
Baumgarte stabilization approach. In turn, the penalty method exhibits better per-
formance when compared with the standard Lagrange method, while the penalty
method is about 22 % more efficient than the augmented Lagrangian formulation. It
must be noted that, however, the behavior of the system can be affected by the
values selected for the penalty parameters [9]. It should be mentioned that the
coordinate partitioning method and the corrective approach are the less efficient due
to the demand for the iterative solution for dependent generalized coordinates. This
is the price to pay for the better accuracy of these methods.

5 Conclusions

An alternative approach to eliminate the violation of the kinematic constraint
equations in the framework of multibody systems formulation was presented in this
work. The basic idea of the described approach is to add corrective terms to the
position and velocity vectors with the intent to satisfy the corresponding kinematic
constraint equations. These corrective terms are evaluated as function of the Moore-
Penrose generalized inverse of the Jacobian matrix and of the kinematic constraint
equations. The accuracy and efficiency of the presented method was demonstrated
through the modeling and analysis of a four bar mechanism. Furthermore, this
method is independent of the integration algorithm used and it does not depend on
the selection of any ambiguous penalty parameters.
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Vehicle Dynamic Simulation Using
Robotic Techniques and Taking
into Account a Tyre Model

B. Menkouz and M. Haddad

Abstract This work deals with the utilization of robotic inspired techniques in
order to simulate vehicle dynamic. These techniques are based on Khalil-Klein-
finger description for vehicle geometry and Newton-Euler formalism for movement
equation generation. The technique is applied to a four-wheel model taking into
account the suspension system. Obtained results are compared and validated with
those obtained by vehicle dynamic simulation software Pc-Crash. This one is
specialised on road accidents reconstruction.

Keywords Vehicle dynamic simulation - Multibody System - Modified Denavit
and Hartenberg - Newton-Euler

1 Introduction

In order to improve its performances, a vehicle is subjected to different study’s
types. A study could aim for example on traction elements design, on suspension
optimization or on fuel consumption.

Earlier a vehicle was made and subjected to experimental tests to be judged
about its behaviour and was made again with necessary modifications. To obtain the
final product, this step was repeated several times. This method is full of disad-
vantages because it presented essentially a lost of time and the product cost was
very high.

Nowadays, computer science development allow to researchers and engineers to
study, simulate and analyse the vehicle behaviour computationally. Indeed, this one
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is now virtually made and the passage to the physical prototype is performed if a
maximum of faults is eliminated and the functioning is optimised.

Analysing vehicle on machine is based on its variables calculation which are
expressed with models that describe exactly the system and its elements behaviour.
The most requested model is the dynamic behaviour one.

With engineering point of view, the study of vehicle dynamic is primordial for
design, identifications, control and simulation actions. These are omnipresent in
development, exploitation and modernisation different steps. Indeed, The major
care of an automotive manufacturer is how to get a less expensive final product. In
this case, a design software based on vehicle dynamic is indispensable. Moreover,
an accurate estimation of inertial and road geometry parameters need a valid vehicle
dynamic model (VDM). This one is also needed to control an unmanned ground
vehicle (UGV) or for board electronic system for driver assistance on modern
vehicle. A VDM is also useful for 3D simulation in order to reconstruct a road
accident scenario or for driving simulators.

A VDM could be defined as a set of laws (models) which describe the interaction
between the vehicle, the driver and the environment. These laws are usually pre-
sented as mathematical equations binding vehicle design parameters, driver orders
and environment external solicitations.

In this paper, we use robotic techniques (RT) in order to elaborate a VDM. The
approach used is explained within [1-3]. A vehicle could be considered as a tree
MultiBody System (MBS) where the chassis is the base and tyres are terminal links
[3]. Within [4-6] robotic techniques where used to establish a VDM but tyres were
supposed rigid. However, in this work we take into account a principal charac-
teristic of a deformable tyre, the slip angle, and use it as input to tyre contact model.

The application is performed on four wheels model with considering the sus-
pension system. Results of developed model are compared and validated with those
obtained by vehicle dynamic simulation software Pc-Crash [7]. This one is spec-
ialised on road accidents reconstruction.

2 Four-Wheeled Vehicle Modelled with Robotic
Techniques

The vehicle is composed of a chassis, two front steerable wheels and two rear
wheels. Every wheel is attached to the chassis via an independent suspension
system with k; spring stiffness and b; damper coefficient. If we consider that wheels
are in permanent contact relative to ground, then this and the vehicle form a tree
closed loop (Fig. 1).
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Suspension systemg

Front wh;él

/

Chassis

Fig. 1 Four wheel model as MBS

2.1 MDH Geometrical Description

In order to use the Modified Denavit and Hartenberg (MDH) method to describe
the geometry of this structure, we introduce a spatial carrier between the ground
(the reference link) and the chassis (the moving base). The carrier is defined as a
sequence of three consecutive Prismatic joints and three consecutive Revolute
joints. In addition, passive joints between ground and tyres are fictively cut and
replaced by constraints equations developed later. The equivalent obtained tree
structure is presented at (Fig. 2).

X1y z,

Fig. 2 MDH four-wheeled model geometric description
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Table 1 MDH four-wheeled model parameters

B. Menkouz and M. Haddad

J 4 g Y b; % d; 0; r
1 0 1 0 0 —n/2 0 —n/2 y
2 1 1 0 0 —7/2 0 —n/2 X
3 2 1 0 0 —2 0 0 z
4 3 0 0 0 0 0 ® 0
5 4 0 0 0 72 0 v+ @2 0
6 5 0 0 0 /2 0 0+ n/2 0
7 6 1 0 If /2 ld 72 2
8 7 0 0 0 0 0 B 0
9 6 1 0 If /2 —ld /2 2
10 9 0 0 0 0 0 B 0
11 6 1 0 =lIr 72 id 72 2
12 6 1 0 —lIr /2 —ld 72 24

MDH parameters are listed on Table 1.

Where x, y and z are respectively longitudinal, lateral and vertical position of G.
o, v and 6 are, respectively, yaw, pitch and roll angles. z; is the vertical dis-
placement of tyre i suspension system. f; and S, are front, right and left, steering

angles. g is the joint variables and defined as:

q= (y,x,Z7(,0,W707Z1,ﬂ1,22,ﬁ2,Z3,Z4)t

2.2 Constraints Equations

(1)

Thanks to suspension system, tyres are supposed on permanent contact with the
ground. Cutting joints between tyres and ground is expressed by tyre center (C;)

position and velocity constraints equations.

2.2.1 Tyre Center Position Constraint

Tire center position constraint is given by the following equation:

—
G,Ci'ZO =0

where

— —_—
G'C; = GG+ GC;

)

3)

GO, as seen on Fig. 1, is the vertical projection of G on the plane containing tyres

centers C;.
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2.2.2 Tyre Center Velocity Constraint

The vertical velocity of tyre center relative to the ground is supposed equal to zero
and is given by:

—
Vir"(Ci) - =0 4)

This equation is then developed and written under this form:
J(q)g =0 (5)

J(g) is the Jacobean matrix. If we suppose that G has no vertical velocity (z = 0)
and with the these notes: S- = sin(-), C- = cos("), f = [[CysS, g = [,CySO and
h= %Z,SI//, we obtain:

00 0 hef —1CO L, 1.0 0 0 0 0
|00 0 —hyf —co ~4i 0 0 1 0 00 ©)
“lo o0 o0 h-g LCO Ly 0000 10

000 —h—g LCO =L, 00 0 0 0 1

J can be reduced to J,, Eq. (7), by eliminating all nil column. Performing corre-
spondent changes on ¢ we obtain his first reduced form g,, Eq. (8).

h+f —1sCO %lt
—h+f —lfCH —%l,

SO O =
[=Nel )
O = O O
- o O O

=l h-g oo 1 (7)
—h—g LCO -1l
qu = (q)a l-pa 9321722723724)t (8)

Substituting J and ¢ by J, and g,, in Eq. (5), and performing derivation relative
to time, we obtain the equation Eq. (9).

Jr(9)d,, + P(q,q) =0 )
where
shA+ 4B —iD
= ;lziAlzf_‘ ZBlfB ;gD (i) (10)

~1LA-1B LD

and A = JyCy, B = 0CyCO — SO and D = —0CO.
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2.3 The Inverse Dynamic Model (IDM)

IDM is obtained if we write joint torques in terms of joints positions, velocities and
accelerations, and also in terms of external forces and moments (F, and M,) applied
on structure. If we suppose that all joints are passive, IDM is written then as:

I'=T,+J2A+kqgi+bigi=0 (11)

I, vector of joints torques of equivalent tree structure. It is given by NE
recursive algorithm Eq. (12). 1 vector of Lagrange multipliers. They correspond to
transmitted forces between cut joints. It can be easily demonstrated that 4; (1 ele-
ments) correspond to forces developed by suspension systems to maintain tyres on
ground.

Fl‘r :NE(qviI797F€7M6) (12)
In an other hand, 77, can also be written as:
I'n =A(q)q + H(q,9) (13)

A(g) is inertia matrix and et H(q,q) vector containing Coriolis, centrifugal and
gravity forces.

2.4 The Direct Dynamic Model (DDM)

The direct dynamic model gives joints accelerations expressed as function (fct) of
joints position, velocity and torques and also external applied forces and moments.
MDD is defined as:

q=fct(q.q,I', Fe, M,) (14)
We will use the MDD to calculate a second reduced form of g, it is given by:
dr, = (9%, 1, 0)' (15)

With this reduction adoption and using Eqgs. 11 and 13 we can easily prove this
equation:

él‘z = _A;l (Q)Hr(qa q) (16)
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Fig. 3 Front wheels steering angles

A, et H, are reduced forms of A and H which can be calculated using the IDM.
Indeed, we deduce from Eqgs. 12 and 13 that H = [, if ¢ = 0 and that the ith column
of Aisequalto [, if: g =u;, g =0,g=0, F,=0and M, =0 (g is the gravity and it
appears in NE recursive algorithm).

Where u; is the (n % 1) unit vector whose ith element is equal to 1, and the other
elements are zeros. Iterating the procedure for i = 1, ..., n leads to the construction
of the entire inertia matrix.

Note that 7; can be deduced from equation Eq. (9).

3 Simulation and Results

To validate the implemented model, we order to the vehicle to perform a lane
change manoeuvre at a speed V = 17 m/s. Correspondent wheels steering angles are
shown on Fig. 3.

On Table 2 are listed simulation parameters. Where m is the mass of the vehicle,
I, 1, I, are vehicle inertia, [, I,, [, h,, are as seen on Fig. 1, u is road-tyre friction
coefficient, and k;, b; are suspension parameters.

Linear tyre model parameters adjusting are o,,x = 10° for adherence coefficient
w=11[7].

On following figures are presented respectively normal and lateral forces applied
on front wheels, vehicle roll angle and suspension vertical displacements. Obtained
results are very satisfactory. However, we have to note that Pc-Crash doesn’t allow
visualizing suspension vertical displacements (Figs. 4, 5 and 6).
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Fig. 4 Forces applied on front wheels: a normal forces, b lateral forces

Fig. 5 Roll angle
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Fig. 6 Suspension systems vertical displacements
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4 Conclusions

In this paper we used robotic techniques to simulate vehicle dynamics. These
methods were applied on a four-wheeled model taking into account of suspension
system. Tyre contact model used is linear one. Obtained results, which were sat-
isfactory, were compared and validated with those of Pc-Crash software.

MBS based on robotic techniques developed models are open and extensible.
Indeed, they permit to pass from a model complexity level to another one with
minimum modifications.
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An Advanced 3D Multi-body System
Model for the Human Lumbar Spine

S. Sousa and J.C.P. Claro

Abstract A novel 3D multi-body system model of the human lumbar spine is
presented, allowing the dynamic study of the all set but also to access mechanical
demands, characteristics and performance under work of the individual interver-
tebral discs. An advanced FEM analysis was used for the most precise character-
ization of the disc 6 DOF mechanical behavior, in order to build up a tool capable
of predicting and assist in the design of disc recovery strategies—namely in the
development of replacement materials for the degenerated disc nucleus—as well as
in the analysis of variations in the mechanical properties (disorders) at disc level or
kinematic structure (e.g. interbody fusion, pedicle fixation, etc.), and its influence in
the overall spine dynamics and at motion segments individual level. Preliminary
results of the model, at different levels of its development, are presented.

Keywords Computer simulation - Multibody Systems - Biodynamics - Spine
column

1 Introduction

Low back pain affects about 80 % of world’s population, at some point of their life,
been lumbar disc diseases and, among them, the degeneration of the disc’s nucleus
pulposus (NP) and consequent loss of internal pressure, one of the main causes [1].
Current treatments, if not just palliative, present multiple and severe side effects,
which lead the research to look for reliable prosthetic solutions for partial or
complete substitution of the nucleus, not only as a viable alternative but also, and
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preferably, involving minimally invasive and lower traumatic techniques and
shorter recovery time and ambulatory periods for the patients.

It’s with this background that a ‘in silica’ study of the working conditions of the
intervertebral disc (IVD)—as part of a broader research project (NPMimetic.com)—
was developed. In a first stage as a way to characterize and quantify the mechanical
behavior of the IVD bio-system, through a Finite Elements Method (FEM) and, in a
second phase, to analyze the IVD performance ‘de per si’, as well as eventual
influences in the global dynamics of the spinal system, using a Multi-Body System
(MBS) analysis.

The option for the MBS model is justified by its considerably low computational
demand, when compared to FEM for instance, but also for its versatility in the
definition of complex dynamic loading conditions and ease of introducing eventual
variations on the characteristics of specific components, allowing stable and reliable
solutions in the dynamic analysis of a complex system, involving the IVD but also
the main ligaments and facets acting on the mechanical stabilization of the spine.
Other works can be referred in this field, such as Lengsfeld et al. [2] that used
ADAMS® software to study the lumbar spine, Esat and Acar [3] that presented a
multibody lumbar spine model implemented in Anybody Modeling System soft-
ware and Monteiro et al. [4] that developed a specific code coupling a multibody
system dynamic and a finite element model to study the cervical and lumbar spine.

With this model the objective is to provide data about IVD’s 3D loading state for
normal daily life activities, as well as in its full physiological range, allowing the
analysis, quantification and systematization of its ‘real’ performance conditions,
been in natural physiological situation or with a partial or total replacement of the
NP by a prosthetic material. Subsequently, these data will be used as a feedback to
the FEM model, allowing its detailed study at the nucleus/annulus level and the
verification and possible re-engineering of the prosthetic material.

Besides the prediction of the effect of alterations in the mechanical character-
istics of the NP due to an implant, this MBS tool is also able to predict the effects of
other local alterations—such as those induced by a motion segment fusion, by
chirurgical intervention, or due to degeneration/ageing phenomena, for instance—
allowing the quantification of the (clinical well known) change on the loading
pattern induced in the neighborhood levels of the spine.

Furthermore, it can also be useful in the design of mechanical devices for spine
stabilization, namely in the most recent and yet in development partially mobile,
mechanical driven, linkage systems.

2 Implementation

The MBS model, mainly intended for a forward analysis, implemented in a com-
mercial software (WM-VisualNastran), has six rigid bodies representing the five
lumbar vertebrae and the sacrum, interconnected through fifty non-linear Maxwell
elements (spring/damper parallel sets) emulating the twenty main ligaments [5] and
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five IVDs, besides the five bilateral posterior spinous processes (currently defined
as simple spatial constrains, with no specific surface contact law) in a complete
lumbar set, as shown in Fig. 1.

For the mechanical characteristics of the IVD, data generated by an in-house
advanced osmo-porous-hiper-viscoelastic FEM model, specifically developed
within the “NP Mimetic” project [6, 7], were used in the prediction of the
mechanical behavior in translation (Tx, Ty and Tz) and in rotation (Rx, Ry and Rz)
along the three coordinated axis of the medial plane of the IVD. For the ligaments,
published available data were used, giving a special attention to those that are more
relevant for the stability and performance of the spine—namely the longitudinal
anterior (ALL) and posterior (PLL), flavam (FL), interspinous (ISL) and suprasp-
nious (SSL) ligaments—after a careful curation and selection [8—10]. Currently,
Chazal results are implemented.

Figure 2 displays a left antero-posterior perspective detail of the kinematic
model scheme, where the central cube represents the IVD, with its 6 DOF, the
helical lines stand for the ligaments and the processes defined by direct contact
between adjacent bodies.

Subsequently, a throughout sensitivity study of the motion segment geometric
parameters (variation of average thickness, sagittal angle between end-plates and
transverse section of IVD and annulus/nucleus ratio) on IVD’s behavior was carried
out, and results parameterized and introduced in the force/torque versus elongation/
rotation equations of the Maxwell elements, according to their different levels on
the spine.

Fig. 1 Multi-body model of
the human lumbar spine
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Preliminary results are presented, showing the potentialities of the model in the
reproduction and quantification of different circumstances, in three different phases:

(a) validation of the answer of each one of the components ‘de per si’—as

illustrated in Figs. 3 and 4;
analysis of the correlation with others experimental

(b)

works [11]—Fig. 5—and

with the answer to daily-life, usual but complex composition of load cases and
applied ratios, using external published data (e.g. Rolhmann [12] and

Bergmann [13])
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Fig. 4 Comparison between experimental data [8] and Multibody model ligaments’ force-
displacement curves
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Fig. 5 Comparison between experimental data [11] and Multibody’s IVD response

(c) study on the influence of critical parameters (namely of the functional char-
acteristics of the IVD) and the virtualization of the ‘fusion’ of one motion
segment, in the static and dynamic response of the other levels and of the all
Iumbar section—Figs. 6 and 7.
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4 Conclusions

The model is in a phase of tuning-up, to suit the needs of broader project’s
objectives—implying a post-processing of output data, via a FEM analysis, aiming
the full mechanical design of the advanced prosthetic materials under developed for
NP regeneration.

However it is presently fully validated, already shown to be a feasible and
reliable, ‘light’ computer demanding tool, suitable for the study and analysis of
several complex problems involving various clinical problematic of the lumbar
spine, and the corresponding prediction and design of mechanical solutions.
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Energy-Consistent Integration Scheme
for Multi-body Systems with Dissipation

S. Conde Martin and J.C. Garcia Orden

Abstract This work is concerned with the numerical solution of the evolution
equations of thermo-mechanical systems, in such a way that the scheme itself
satisfies the laws of thermodynamics. Within this framework, we present a novel
integration scheme for the dynamics of viscoelastic continuum bodies in isothermal
conditions. The proposed scheme intrinsically satisfies the laws of thermodynamics
arising from the continuous. This approach enables us to address the inclusion of
dissipation in bodies which is typically present in multi-body applications of
interest. The resulting solutions are physically accurate since they preserve the
fundamental physical properties of the model. Furthermore, the method gives an
excellent performance with respect to robustness and stability. Proof for these
claims as well as numerical examples that illustrate the performance of the novel
scheme are provided.

Keywords Time integration - Structure preservation - Geometric integration -
Thermodynamics - Viscoelasticity

1 Introduction

Preserving structure integrators have widely been developed for conservative
(Hamiltonian) systems, being the most representative method the well-known
energy-momentum due to Simé and Tarnow [1]. Recently, after the works of
Romero [2], these ideas are being used in evolution system with irreversible pro-
cesses, i.e. non-conservative, such as those with internal dissipation mechanisms
(viscoelasticity, plasticity, damage). In this context, the structure meant to be pre-
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served is understood in the thermodynamical way, namely, the integrator must
intrinsically satisfy the laws of thermodynamics as in conservative problems this
one preserved the Hamiltonian.

Within this framework, we present a novel integration method for the dynamics
of an isothermal viscoelastic continuum body. This method exactly preserves the
continuum laws of thermodynamics intrinsically, plus equations symmetries. The
resulting solutions are physically accurate since they preserve fundamental physical
properties of the model. What is more, they show an excellent performance with
respect to the method’s robustness and stability.

The viscoelastic behaviour is modeled according to Holzapfel and Sim6 [3]
(regardless of temperature). Such model is able to simulate large-strain deforma-
tions although the viscoelastic evolution equations are linear. Our approach is based
on a double semidiscretisation, spatial (FE-based) and temporal, being on the latter
one where we do our main contribution.

2 Problem Definition

2.1 Kinematics

An arbitrary point X in the reference configuration %, can be described at time ¢ in
the current configuration %, by using the nonlinear mapping ¢, so that x = (X, ?).
The deformation of a continuum can be described with the deformation gradient F,
which is given by the derivative of the vector x with respect to the reference vector
X. Likewise, the linear momentum per unit reference volume p is derived by taking
temporal derivative of the mapping. Then, the deformation gradient, the right
Cauchy-Green strain tensor C and the linear momentum are defined by

0

Fo20 C:=F'F, Pi=pog, (1)

X’

The assumption of the dilatational-deviatoric multiplicative split of the defor-
mation gradient is considered. It is based on a modified deformation gradient tensor
F: %y x [0,T] — R, whose dilatational part vanishes, i.e. detF = 1. Conse-
quently, a modified Green-Lagrange tensor C: %, x [0, T] — R?*? is defined, that
is

F:=J3F, C:=J3:C with J:=detF = detC, 2)

As internal variables for isotropic material behaviour we choose symmetric
strain-like tensors T : % x [0,T] — R, where o € [1,m] is the number of
internal variables. These variables are responsible for mathematically modelling the
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dissipative effects which take place in viscoelastic materials. The internal variables
are history dependent but not measurable as the external variable F.

2.2 Material Model: Viscoelasticity

Based on the concept of internals variables Holzapfel and Simé [3] proposed a
material constitutive behavior governed by the Helmholtz free energy (regardless of
temperature) per unit reference volume function ¥: %, x [0, T] — R, as follows

—=0 - = =0 S50 a'{ﬂ E = -
Y(C,T) =)+ P+ > {uxf :T 4%1 + ¥ (0)],
a=1

3)

where ¥*°: %, x [0, T] — R represents an arbitrary smooth hyperelastic potential,
U, € R, is a non-negative parameter and ¥*: 4, x [0,7] — R is the hyperelastic
potential of the material which characterizes the dissipation processes which is
normally assumed to be a proportional part of ¥ [4],

2
P*(C) = B,¥¥(C) with ,Ba:El:j Vo=1,...m, (4)

E* being the Young modulus which defines Y.

Accordingly, constitutive laws are derived for the symmetric Piola-Kirchhof
stress tensor S : %o x [0,T] — R?*? and the internal stress or non-equilibrium
stress tensor associated to each a-dissipative process Q* : %o x [0, T] — R%*¢

=1 =1
S:QGW(C’F), Ga:_a'{’((_:;r)7 (5)
oC or

Finally, each a-dissipative process involves a long term viscoelastic evolution
which defines the irreversible mechanism by which the energy is dissipated in the
material. This process is characterized by the relaxation/retardation time 7, € R
and determined by the following dissipative evolution equations for the internal

strains, which are inspired by linear viscoelasticity and were proposed in [3]

o 1 —,
I =—Q" in %y x[0,T] with n, =2u,7,>0 VYa=1,...,m. (6)

o

(e) indicating time differentiation and 7, being a coefficient associated to the a-
dissipative process.
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2.3 Laws of Thermodynamics

This model is in accordance with the laws of thermodynamics. Thus, the Clausius-
Planck inequality, for viscoelasticity in isothermal conditions, states that the
internal rate of dissipation per reference volume must be non-negative for any
particle of the body for all instants, that is

. 1 . . m . m 1
@im:ES:C—‘P:ZQ“:F“:ZW—Q“:Q“EO. (7)
o=1 oa=1 1%

Note that use has been made of evolution equations in 6 in order to demonstrate
the non-negative rate of dissipation, proving the satisfaction of the laws of
thermodynamics.

3 Weak Form of Initial-Boundary Value Problem

The weak form of the viscoelastic problem is given by the principle of virtual works

. ow, _
(P Wo) g, + <Fs,a—§">% — (b0, Wp) 4, — (£, We)oy, =0, (8)

where w, € ¥, ¥ being the infinite dimensional space containing all the variations
of ¢ that fulfill the boundary conditions. The notation (e,e); = [(e)(e)d]
stands for the inner product. In addition, b, accounts for the external forces per unit
reference volume and t for tractions acting on the boundary.

The thermodynamic state of the viscoelastic body is fully described at a given
instant by ¢, the momentum per unit reference volume p and internal variables T
All of them constitute the state variables of the system which, in what follow, we

will collect in the vector z that defines the infinite dimensional configuration space
S as

S A{z=1[p,p, T : Bo — R? x R? x R det (2—)"2) > 0}. (9)

4 Discretization: Energy-Consistent Scheme

The formulation of the energy-consistent scheme is ground on the use of the
classical finite element method (FE) plus the use of discrete derivative operator [5],
which is the key to obtaining energy-consistency.
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4.1 Standard Galerkin FE Discretization

Consider a partition of the continuum % into a conforming, regular mesh of N,
finite elements, each denoted 4., connecting ./~ nodes, defining a discrete con-
figuration g’g. Then, the measurable variables are directly spatially discretized by
using standard Galerkin isoparametric approach, with shape functions of the form
N¢: QES — R,

o'(X,0) =Y NX)x‘(0), P'(X,1) =) NX)p(r), (10)

a=1 a=1

while the spatial discrete counterpart of the internal ones (non-measurable) is
achieved by performing the time integration of the spatial counterpart of the evo-
lution Egs. 6. That is,

= oh | —r I
I' =—Q" in%; x[0,T] Va=1,..,m. (11)

Ny

where hereafter the superscript / indicates spatial-approximated fields arising from
the discretization given by 10.

4.2 Temporal Discretization: Discrete Derivative Operator

For the temporal discretization consider a partition of the time integration interval
[0,T] into N, subintervals as %, = [fyi1,8] with 0 =12 < --- <y, =T and
At = | S 41| = constant, for the sake of simplicity, such that z;(X) ~ z(X, #,).

As said before, the key factor of the formulation proposed is the discrete
derivative operator [5] which has two important properties: directionality and
consistency

(Df (x,¥),x = y)y =f(x) = f(¥); (12)
Df(xy) = D () + e(lx — yIP). (13)

x and y being any pair of variables pertaining to an inner product space. Note also
that we have introduced the notation D for the discrete derivative operator while
D for the standard derivative.

The first one holds the key to preserve discretely the evolution structure that the
continuous system possesses while the second one ensures the second order
accuracy.
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4.3 Energy-Consistent Integration Scheme

Taking into account the above introduced discretizations, we proposed a monolithic
second-order accurate energy-consistent integration scheme which reads

(PﬁJrl_(pﬁ_iph —0
At po "
ho _ h ow"
pn pn " s
< +1Al 7WZ>%8 + < +IS X >j’” - <b0’wz>ﬂg —{t, W’;>a%3 =0,
Toc.h Tx,h 1 (14)
ntl — tn g
= ——Q =0 Va=1,...
At ;/’[x Q a ) 3 m7
> (g1 + (o)
a w¢ n+l n
in ,@ X S with w ;:1 NY( and (')n% = %

where by and t being second order approximations to the external forces per unit
volume acting in the body and the external forces acting on its boundary,
respectively.

In addition, S and Qa denote the discrete counterpart of the constitutive laws 5
which are obtained by the application of discrete derivative operator, that is

S—2D Y/Ch ,Ch och7fo¢.h 7 ]
> c?( n+1h hnH%h —)a,h in Bg X Inil- (15)
Q = —D—*lP(C,,JrlzC n+1’Fn )

For more details about its computation the reader is referred to [5].
Finally, it should be noted that this choice is the key ingredient for the scheme to
be energy-consistent as it will be seen next.

4.4 Discrete Form of the Laws of Thermodynamics
and Symmetries

By using the directionality property of the discrete derivative operator one may
write the energy balance in any time interval .#, as follows

h h h h
En+l n <DE( n+17 n)’Zn+1 Zn> <D(PE( n+1» n) @;1+1 ¢11>(p

h —oh —=a,h
+ <D E( n+17 n) pn+1 piz>p + Z<DF1E(Zz+17Zﬁ)5 FZ+1 - FZ >fﬂ

oa=1

(16)
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where Ef is the discrete total energy of the system, internal plus kinetic, expressed
in terms of the discrete state vector /. Further elaboration of the above expression,
by using 14 together with the definition and properties of the discrete derivative
operator, leads the energy balance to be
EZ+1 - E: =

<PZ+I -p;

(¢ JOP
P — O+ (FLLS, onss — 0u), ) AzZ Q" Q)

oX

= <Bo7(ﬂf§+1 - ﬁ”Z);ﬂg + (L‘PZ‘H o) oy Atz Q" Q //’
(17)

It can be easily concluded that the energy balance is unconditionally decreasing
in every time step in absence of external forces, by =t =0. As a result, the
proposed scheme is energy-consistent in the sense that it satisfies the laws of
thermodynamics by construction.

The full demonstration can be found in a recent work published by the authors
[6], as well as the proofs for the conservation of symmetries.

5 Numerical Example

Consider the maneuver of a satellite with flexible solar panels made of viscoelastic
material, depicted Fig. 1. The body is a 1 x 1x1 m cube with a mass of 500 kg, and
each panel is 4 m long, 1 m wide and 0.1 m thick. Each panel is hinged to the
satellite body by three smooth spherical joints and connected by four rigid ele-
ments, acting as stiffeners of the panels. The satellite body is equipped with two
rockets R; and R, that provide the necessary thrust 18 to perform the maneuver,
aimed to change of attitude of the satellite in 90.

Fig. 1 Satellite: mesh and
boundary condition definition
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Fig. 2 Evolution of the total energy of the system, kinetic plus internal, obtained with the
trapezoidal and consistent scheme. Only the consistent scheme provided a full solution which, in
addition, is in accordance with the laws of thermodynamics
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The satellite body are modeled with a homogeneous Saint Venant-Kirchhoff
material with density p,, = 500 kg/m?, a Young modulus E, = 1 GPa and Poisson
coefficient v, = 0.3. The panels are modeled by the viscoelastic material 3 based on
Neo-hookean hyperelasticity and only one internal variable, with v, = 0.4, E, =
0.01 MPa, 7, =20's, u, = 50.2 MPa and p,, = 100 kg/m’.

We integrate this example for a time interval [0,50] s with a time step size
At = 0.2 s using Trapezoidal, Midpoint and consistent methods.

Figure 2 depicts the evolution of the energy of the system obtained with each
scheme. It clearly shows that the Trapezoidal scheme provides a non-physical
evolution of the energy in the free-force phase of the motion, which eventually
cause this method to collapse. Instead, the consistent method successes in simu-
lating the whole time interval, enhancing the stability and robustness of the method
and allowing to calculate long term simulations with the same time step as the one
which makes Trapezoidal method explode.
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6 Conclusions

We have addressed the development and implementation of an energy-consistent
scheme for finite deformation viscoelasticity able to be employed in multi-body
system. Our approach departs from classical procedures, extending the concepts
involved in conserving integration schemes to the integration of dissipative prob-
lems. Essentially, it is only necessary to program different expressions for the
residual vector and the tangent matrix derived from the use of the discrete derivative
operator, which is the key to discretely satisfying the laws of thermodynamics and
the symmetries.

The consistent scheme not only conserves angular and linear momentum, and
the laws of thermodynamics, but considerably improves the stability and enables
the use of larger time steps.
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Multi-objective Optimization
of Mechanisms with Clearances
in Revolute Joints

Z. Zhang, L. Xu, Y.Y. Tay, P. Flores and H. Lankarani

Abstract Despite extensive work on the evaluation of the dynamic performances
of various mechanisms and multi-body mechanical systems with revolute joint
clearances, limited work has been conducted in optimizing the performances of
these systems. A multi-objective optimization technique is presented to examine
and to quantify the effect of combined objective functions with several design
variables on the response of the systems. In particular, a Kriging meta-model based
on the Design-of-Experiment method is utilized to optimize the systems’ perfor-
mance. The reason for implementing this meta-model is to replace the computa-
tional intensive simulations with a more efficient mathematical model. In this study,
a simple slider-crank mechanism with a revolute clearance joint at the slider pin is
modeled, and its dynamic response is analyzed using the multi-body dynamic
software, MSC ADAMS. The revolute joint clearance is modeled as a pin-in-hole
dry contact utilizing the Hertzian contact force model with hysteresis damping.
Response surfaces are generated on the prediction of the system’s performances for
three different objective functions and for different range of design variables. The
objective functions are combined to develop a single response surface character-
izing the dynamic responses of the system at different range of design variables in
order to optimize its performance.

Z. Zhang (X)) - L. Xu - Y.Y. Tay - H. Lankarani
Wichita State University, Wichita, USA
e-mail: zxzhangl @wichita.edu

L. Xu
e-mail: Ixxu3 @wichita.edu

Y.Y. Tay
e-mail: yxtayl@wichita.edu

H. Lankarani
e-mail: hamid.lankarani @wichita.edu

P. Flores
University of Minho, Braga, Portugal
e-mail: pflores@dem.uminho.pt

© Springer International Publishing Switzerland 2015 423
P. Flores and F. Viadero (eds.), New Trends in Mechanism and Machine Science,
Mechanisms and Machine Science 24, DOI 10.1007/978-3-319-09411-3_45



424 Z. Zhang et al.

Keywords Slider-crank mechanism - Revolute joint clearances - Multi-body
dynamics - Design-of-experiment - Kriging meta-model

1 Introduction

Over the last two decades, a number of researchers have proposed various meth-
odology on the influence of joint clearance in planar and spatial mechanical sys-
tems. It is known that joint clearance can degrade the performance of a system by
introducing vibration, noise and wear. Dubowsky et al. [1] presented a performance
study on joint clearance by developing a simple ring model to demonstrate the
dynamic force amplification caused by the presence of joint clearance. Dubowsky
and Moeing [2] extended the simple ring model by showing that excessive impact
force developed at the joint can cause mechanical failure. The influence of clear-
ance joint on the performance of a fourbar mechanism when subjected to various
combinations of clearance joints was also investigated by Bengisu et al. [3].

Lankarani et al. [4] extended the work on contact-impact force by modifying the
Hertz contact law to include a hystereses damping function to account for the
dissipation of impact energy. During the period of contact, the indentation depth,
relative penetration veloctiy and non-linear force are readily available and are
related to the contact force. Flores et al. [5] conducted extensive study using
experimental and computer models to predict the dynamic response of a mechanical
system with dry and lubricated revolute joints. In their study, the subjective mea-
surements determined to be of influential to the performance of a mechanical
system are clearance size, crank angular velocity and number of joints modeled as
clearance joints. A general approach in analyzing the kinematics and dynamics of a
mechanism with joint clearance using the continuous impact model assumption is
presented by Furuhashi et al. [6]. By using the Lagrangian function, they analyzed
the dynamic performance of the mechanism when subjected to multiple clearance
joints and a comparative study was performed. A equation of motion equation is
formulated by Wilson and Fawcett [7] by examining the influence of mechanisms
with joint clearances.

In the recent decade, many researches have experimented with various meth-
odology to optimize a mechanism in an attempt to obtain a optimal solution. With
the advancement of computational power, researchers are beginning to harvest the
benefits of computer models. In order to reduce computational complexity, the
neural network, proposed by Erkaya and Uzmay [8] can be used to investigate the
effects of joints with clearances and the kinematic transmission quality. Another
alternative method in analyzing path generation problem is the generic algorithm-
fuzzy logic method, which is proposed by Laribi et al. [9]. The genetic algorithm
method is excellent in generating solutions to optimization problems [10]. How-
ever, the genetic algorithm do not scale well with system complexity and compu-
tational cost increases dramatically for huge model functions. Feng et al. [11]
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proposed a method to control the distribution of inertia forces by optimizing the
mass distribution of a mechanism with joint clearance.

The primary objective of this study is to conduct a multi-objective optimization,
utilizing the Kriging meta-model, to demonstrate the influence of various design
variables on the dynamic response of a mechanism with joint clearance. Examples
of design variables that could be identified in this study are the clearance sizes,
material/stiffness coefficient, links length ratio, etc. Due to the wide range of design
variables, analyzing the effect of each variable using the simulation model or
experimental method could be quite inefficient and expensive. Therefore, a meth-
odology is presented to predict the dynamic performance of the mechanism at any
desirable combination of design variables. First, the classic slider-crank mechanism
is modeled using the design/analysis software, MSC ADAMS. Next, a Latin
Hypercube Sampling (LHS) method determines the number of sampling points
needed to form the basis for the Kriging model. Finally, a multi-objective analysis
is performed to combine all the objective functions into a single response surface.

2 Multi-objective Optimization

This study focuses on optimizing the performance of mechanisms with revolute
joint clearances with the more cost-effective Kriging meta-model. The multi-
objective optimization can be performed on mechanisms with revolute joint
clearances with different set of objective functions and design variables. For
example, the optimization of a mechanism with joint clearances can be described
as:

max?’ min{T}mam min{P}max

Objective functions : min{q,é],b],} , min{Fn}
- - - m

ax

De*wgn variables : Cylratim Myatio erijfa u

where ¢, g and ‘g could be some kinematic responses from the system; Fy is the
contact force generated at the clearance joints; T is the input torque requirement; P
is the input power required, calculated as the product of input torque 7, and the
angular operating speed w; c is the clearance size; /4, could be some geometric
length or length ratio for the different bodies in the system; m,,;, could be some
mass or mass ratio for different bodies in the system; K is the stiffness coefficient
of the bodies at the joint(s) where there is a clearance; and u is the coefficient of
friction at the clearance.

In computer simulation, such as the analysis of a slider-crank mechanism, the
space-filling design is particularly suitable for deterministic design because the
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Fig. 1 Flowchart for implementation of system optimization using Kriging model
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design points are generally spread out evenly and uniformly [12]. One of the space-
filling design is the Latin Hypercube Sampling. This method not only reduces the
number of simulation iterations, it also retains the proper orthoganility and pro-
portionality of the sample. The Kriging model is a method of interpolation for
integrating a given sample points to approximate the model parameters and to
determine any desirable response of a new design point without the need to conduct
simulation or experiment [13]. A detailed description and implementation of the
Kriging model in optimizing mechanisms with joint clearances is presented by
Zhang et al. [14].

Among many techniques used to capture the non-linearity of a mechanism are
the artificial neural network and Kriging meta-model. The precision in Kriging
model are usually far superior than the neural network method and the meta-model
performs as good or better in optimization involving a large number of independent
variables [15]. For a given set of design variables/parameters, a complete simulation
cycle might required thousands or more integration steps, which is computational
expensive and inefficient. This process of performing multiple simulations can be
eliminated by optimizing this process using the Kriging model. The first part of this
optimization work is to acquire initial design points using the LHS technique to
serve as a basis to construct the surrogate Kriging model. Once several design
points are obtained, the dynamic responses of the mechanism is evaluated using
MSC ADAMS. Subsequently, a prediction model can be developed to predict the
value of the objective functions over a range of design space. The implementation
of the method is shown systematically in Fig. 1. Based on the polynomial curve of
the Kriging model, the system can be optimized using a multi-objective optimi-
zation method.

3 Modeling Revolute Joints with Clearance

Joint clearance exists to allow some sort of tolerance due to imperfect in journals
and bearings. A revolute joint with clearance is illustrated in Fig. 2, with the radii
Rp and R; for the journal and bearing respectively. As observed in Fig. 2, the
indentation depth due to the contact/impact between the journal and bearing can be
defined as:
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Penetration or indentation

Bearing

Journal

Zoom

Fig. 2 Illustration of a revolute joint with clearance

d=e—c (1)

where e is the magnitude of eccentricity and c is the radial clearance.
The radial clearance can be defined as the difference between the radius of the
bearing and that of the journal:

c=Rp—Ry (2)

A contact-impact force is developed when the journal is in contacts with the
bearing’s surface and the indentation depth will be greater than zero. A Hertzian-
based contact force model with hysteresis damping, based on work by Lankarani
and Nikravesh [4, 16] can be defined as:

Fy =Ko |1+ (3)

3(1—c2)o
46

where the ¢, is the coefficient of restitution; d is the relative velocity at penetration
and 57 is the initial velocity at impact, and the exponent 7z is the material contact
coefficient. The material properties, and the contact surface of the journal and
bearing is utilized to define the stiffness coefficient, K as:

4 RgR; 1’ 1—2
K= BY | g ==Y (i=B,J) (4)
3(GB+G]) RB —R] Ek

where variables v, and E are the coefficient of Poisson and Young’s modulus for
the journal and bearing respectively.
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Clearance
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Fig. 3 Configuration of a simple slider-crank mechanism with joint clearance at the piston

Table 1 Geometric and mechanical properties of the slider-crank mechanism [17]

Link Length (m) Mass (kg) Moment of inertia (kg.mz)
2 0.05 0.30 0.00010
3 0.12 0.21 0.00025
4 0.06 0.14 0.00010

4 Illustrative Example of Modeling of a Slider-Crank
Mechanism with Joint Clearance

This section presents the work on computational modeling and multi-objective
optimization of a simple slider-crank mechanism with revolute clearance joint at the
piston pin. This mechanism is modeled using the design and analysis software,
MSC ADAMS and it comprises of four multi-body links that represent the crank
(link 2), coupler (link 3), slider (link 4) and ground (link 1). The configuration of
the mechanism clearing showing the clearance joint is illustrated in Fig. 3. Addi-
tionally, the mechanical and geometric properties are illustrated in Table 1 [17].

For the computer model, all links are modeled as rigid bodies. At initial simu-
lation time, the journal’s and bearing’s centers coincide and the initial crank angle is
set at zero degrees. In order to ensure accuracy in the modeling of the slider-crank
mechanism with clearance joint, the slider’s dynamic responses are validated with
the experimental and numerical results by Flores et al. [18] and Koshyet et al. [19],
and the results are found to be in good agreement. Therefore, the slider-crank
mechanism developed in this study is fairly accurate in simulating the dynamic
behavior of the system.

The dynamic response of the slider-crank mechanism with revolute joint
clearance is further studied for the multi-objective optimization. The Kriging meta-
model is developed in order to optimize and analyze the simulated results. The
implementation of the Kriging model is illustrated previously in Fig. 1. The genetic
algorithm technique is used to find the minimal contact force at the clearance,
power consumption and slider’s acceleration by controlling the appropriate values
of the design variables. The LHS method is used to create a set of sample points and
the validated slider-crank with joint clearance model is used to obtain the perfor-
mances acquire from the sample points. Once sampling is performed, the absolute
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Table 2 The design variables and objective function used for the development of the Kriging
model

Variables/functions Range of variables
Design variables 1. ¢, radial clearance size (mm) 0.05-0.5
2. Ky material/contact stiffness coefficient (N/ | 3.4E+009-1.7E
m') 4010
Objective 1. Xgjiger, slider acceleration (m/sz)
functions 2. Fy, contact force at joint clearance (N)
3. P, power consumption (W)

maximum value obtained from the simulated results for the slider’s acceleration,
contact force at joint clearance and power consumption is treated as the objective
functions to form a basis for building the surrage Kriging model. By using this
technique, the desirable quantitative values from the objective functions can be
predicted without the need for iterative simulations.

Table 2 shows the design variables, namely, the radial clearance size and
material/contact stiffness coefficient. Also illustrated in this table is the primary
objective functions investigated such as the slider’s acceleration, contact force at the
revolute joint clearance and power consumption of the system. The crank is Ky
given a constant angular velocity of 5,000 rpm or 523.6 rad/s. A high crank angular
velocity is defined to ensure that the effect of radial clearance size and contact
stiffness is sensitive and visible in the system. Due to the high stiffness coefficient, a
stiff integration method is utilized to increase the computational efficiency. A
backward difference numerical formulation used in this study is the GSTIFF inte-
gration method and a small time step of 107° s is chosen for the variable integration
time step. A generic radial clearance size of 0.05-0.5 mm is chosen to emulate a
non-ideal revolute joint. The stiffness coefficient ranging from 3.4E+009 N/m'~ to
1.7E+009 N/m'? is calculated based on the Young’s modulus of metal to be
between 113 and 210 GPa and a typical Poission coefficient in the region of 0.23
and 0.3. The exponent n is set at 1.5, which corresponds to metal-to-metal contact.

Table 3 represents the sample points acquired from the LHS, the design variables
inserted in the simulation model and the simulated objective functions. Using the
Kriging study, the response surfaces for each objective functions are plotted as
shown in Fig. 4. Following the development of the Kriging model, an 11th point is
constructed to evaluate its accuracy. The clearance size and stiffness coefficient of
the 11th point is 0.18 mm and 1.0E+010 N/m'~. Additionally, the absolute value
for the slider’s acceleration is obtained from the Kriging model and computer model
to quantify its accuracy. Based on the results sampled from the 11th point, the
predicted acceleration from the meta-model is within 6 % of the actual value. This
shows fairly reasonable prediction of the Kriging model.

Mlustrated in Fig. 4a is the clearance joint contact force as the functions of
clearance size and stiffness coefficient. In a similar manner, the slider’s acceleration
and power consumption of the system are evaluated as shown in Fig. 4b, c. It can be
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Table 3 Sample points acquire from LHS and the simulated results

Z. Zhang et al.

Sample Clearance size | Stiffness (N/ | Slider’s Contact Power
point (mm) m' '5) acceleration (m/ sz) force (N) W)
1 0.50 9.4E+09 1.1E+05 1.5E+04 1.2E+05
2 0.45 3.4E+09 1.0E+05 1.4E+04 0.9E+05
3 0.05 1.5E+10 2.0E+04 2.7E+03 1.9E+04
4 0.30 1.1E+10 8.5E+04 1.2E+04 8.2E+04
5 0.15 1.2E+10 2.7E+04 3.7E+03 2.5E+04
6 0.35 6.4E+09 9.3E+04 1.3E+04 9.1E+04
7 0.25 1.7E+10 6.8E+04 9.6E+03 6.2E+04
8 0.10 7.9E+09 2.0E+04 2.8E+03 1.8E+04
9 0.20 4.9E+09 4.5E+04 6.3E+03 4.3E+04
10 0.40 1.4E+10 9.1E+04 1.3E+04 9.3E+04
(@ (b)
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Fig. 4 Response surfaces acquired using the Kriging model for each objective functions: a joint
contact force; b slider’s acceleration; ¢ power consumption of the system

observed that the objective functions are more sensitive to the change in clearance
size than the stiffness coefficient in the range of parameters examined. The clear-
ance size, slider’s acceleration and power consumption grow monotically with
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Fig. 5 Response contour and surface plots of multi-objective analysis a contour plot b surface
plot

increasing clearance size. The rate of change in surface steepness gradually
becomes smooth at higher clearance size. The optimal point can be identified to
have a stiffness coefficient of 3.4E+009 N/m'- and joint clearance of 0.05 mm. The
response surfaces indicate that the lowest value in the range of design variables
yield optimal response. However, the absolute optimal point can be further deter-
mined by using a wider range of design variables. Further examination of the slider-
crank system with larger sample size on the design variables is produced in [14].

Once the Kriging model for each objective function has been determined, the
multi-objective synthesis is realized by combining the objective functions to
develop a multi-objective response surface. For the slider-crank mechanism
example, the three objective functions are the slider’s acceleration (Xy;gze,), joint
clearance force (Fy), and power consumption (P) of the mechanical system. The
weight factors are set at by assuming the contributions for all objective functions are
identical. Thus, the multi-objective function § is:

1 1 1
:_"vier —F ~P 5
& = 3 oiaer + 3 Fy + 3 (5)

Figure 5 represents the contour and response surface of multi-objective opti-
mization respective derived using Eq. (5). The multi-objective plots yield similar
results from the previous analysis, in which the response is highly sensitive to the
change in clearance size rather than the stiffness coefficient. Using the meta-model

and multi-objective analysis, it can be concluded that the performance of the slider-
crank mechanism can be optimized by reducing the clearance size.

5 Conclusions

This research work was focused on developing a multi-objective optimization
technique to examine and quantify the combined effect of various objective func-
tions with several design variables on the dynamic responses of mechanisms with
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joint clearances. This is accomplished by developing a surrogate Kriging meta-
model to optimize the system’s performance. This meta-model technique allows the
prediction of the system’s dynamic responses at various design points without the
need for iterative computer simulations.

The goal of this study was achieved by using an illustrative study of a simple
slider-crank mechanism with revolute joint clearance at the piston pin. The joint
clearance at the piston pin was formulated based on the Hertzian contact force
model and was modeled as a pin-in-hole dry contact. A Columb-type friction force
was chosen in this study. For the mechanism studied, the dynamic responses pre-
dicted using the meta-model were found to be in good agreement with the exper-
imental and simulated results reported in the literature. The global results obtained
from the meta-model indicated that the objective functions were quite sensitive to
the change in clearance size, but not to the stiffness coefficient, within the range
considered. Next, the multi-objective synthesis was performed by defining identical
weight factors for all the design functions and these objective functions were
optimized simultaneously to form a single response surface plot. The multi-
objective optimization indicated similar findings with the ones from the meta-model
analysis. After applying the genetic algorithm scheme, it was found that the system
can be optimized by using a small clearance size of 0.05 mm and a stiffness
coefficient of 10'°N/m!-, within the range of design variables considered. The
presented methodology can be utilized for the optimization of various mechanisms
with joint clearances. Further studies may include examining the accuracy of the
presented methodology with more complex mechanisms such as mechanisms with
multiple joint clearances or mechanisms with a large number of objective functions
and design variables.
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Biomechanical Experimental Data
Curation: An Example for Main Lumbar
Spine Ligaments Characterization

for a MBS Spine Model

C. Lourenco and J.C.P. Claro

Abstract This work overviews an extensive analysis in the context of mechanical
characterization of human biomaterials, carried out over a broad set of published
experimental data. Focused on main lumbar spine ligaments, several test procedures
are exhaustively analyzed, in order to identify possible causes for divergences that
have been found in some results. Moreover, guidelines are proposed for data fil-
tering and selection. The main objective of the task was to retrieve trustworthy
inputs to a hybrid Finite Element Analysis/Multibody System dynamic simulation
model of the human intervertebral disc, which can be used on the prediction of
nucleus prosthetics working performance.

Keywords Biomechanics - Data curation - Experimental data - Spine ligaments

1 Introduction

The knowledge on mechanical and geometrical properties of spine ligaments is a
key requirement to understand and model, with a minimum of fidelity, the normal
operation of the column [1]. One of the most relevant characteristics of ligaments
mechanical behavior is their force/elongation nonlinearity. Actually, ligaments are
expected to allow small movements around their neutral position, without signifi-
cant actuating or produced force and, simultaneously, to provide stability to the
column, by a progressive increase in stiffness as motion amplitude increases and
physiological limits are approached. This behavior was typified by Panjabi [2], who
formulated the concepts of ‘neutral’ and ‘elastic’ working zones.
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A considerable number of published experimental studies on the subject can be
found, but usually following different procedures, ranging from testing each liga-
ment per si or the entire ‘functional spinal unit’ (FSU). On the other hand, the
majority of the tests are performed in vitro, while in vivo tests are restricted to
ligaments laying near the skin surface, as the supraspinous and the interspinous
[3-8]. Besides, the majority of these works present force-displacement and/or
stress—strain curves that are linear extrapolations—based on very few points or just
on the final rupture conditions [7, 9-12]. As consequence, the crucial part of the
viscoelastic behavior is vanished.

In normal daily activities, ligaments” working condition fall in the zones where
the most noticeable stress-strain ratio changes occur. Therefore, it is indispensable
to rely upon experimental data, but also on a careful analysis of the experimental
test protocols that are followed, in order to assure some reliability to the model.

Here, some of the most relevant experimental works on mechanical character-
ization of the lumbar spinal ligaments are analyzed, in order to detect incoherencies,
point out possible explanations to these discrepancies, compare and find common
aspects among some authors’ results and emphasize the most relevant factors to
take into consideration during curation processes. These are the main guidelines for
collecting information on biomaterials mechanical properties, to be introduced in an
hybrid Finite Element Analysis/Multibody System (FEA/MBS) dynamic simulation
model of the intervertebral disc, which is used for in silico performance prediction
of nucleus pulposus prosthetic implants.

2 Analysis of Experimental Works and Criteria
for Data Selection

Each ligament is mechanically characterized by the combination of three factors:
force, elongation and stiffness, where the stiffness corresponds to the slope of the
force-displacement/stress—strain curve as shown in Fig. 1 [13].

Fig. 1 Typical load-
displacement curve of a
ligament. Adapted from [1] ‘ |

Physiologic range

Neutral zone Elastic zone

Force /Stress

Displacement /Strain
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In a curation process of published data, a huge spread of results for the properties
of the same ligament can be found (Fig. 2) [9, 14, 15]. This variability may be due
to factors such as: dissimilarity in the age of specimens’ donors, differences in test
protocols, degeneration of specimens, storing, conditioning handling, or simply by
test errors. These are just some of the possible factors, since the mechanical
characteristics of a ligament are dependent on several variables, such as age, sex,
weight, height, physical fitness and genetic influence [16].

2.1 Dumas et al. [6]

Tensile tests were carried out on 25 specimens with an average age of 66 years old,
collected from 14 human lumbar columns between levels T11 and L5, not later than
24 h after death. A method of progressive dissection was used, i.e. starting with the
motion segment (MS), the set without the disc was tested. Afterwards, each liga-
ment was removed and the remaining of the MS was tested again, which lead to
force-elongation curves for each one of the situations. During the tests the ligaments
were covered with a commercial jelly, in order to maintain hydration. For pre-
conditioning, the specimens were previously subjected to several loading cycles.
The results are shown in Fig. 3.

Despite of a rigorous methodology for conservation of the ligaments and of
having extensively characterized the samples, recording weight, sex, age and time
interval since the death, some procedures could compromise the performance of the
ligaments. For instance, the progressive dissection of the ligaments coupled to the
preconditioning, may induce permanent deformations, probably due to the presence
of micro ruptures in the fibers. Another disadvantage of the methodology is that,
only supraspinous ligament was tested individually.
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2.2 Pintar et al. [9]

In situ tests for determination of the biomechanical properties of the lumbar liga-
ment were performed using 132 bone-ligament-bone type samples taken from 38
cadavers. The average age of the tested specimens is 63 years old, and the tests were
performed up to 48 h after death. The geometric studies were performed using a
cryomicrotome technique. The force-elongation curves were obtained from nor-
malized force-time and displacement-time curves. In order to reduce the number of
curves, values were averaged for each tested ligament, according to their level in the
column. Results are shown in Fig. 4, whereas Table 1 summarizes the tested
parameters.

This paper presents a significant number of test samples, with different
approaches, when compared with most of available studies, namely in what con-
cerns to the relation established between each of the tested parameters and the
column level.

However, other studies, such as [14, 17], sustain that there is no significant
difference in the mechanical properties of the ligaments along the column’s level.

Besides, although the authors ensure a “match” between age, geometrical and
mechanical properties of the ligaments, the way results are presented avoids to
clearly establish this relationship. Since, two distinct groups of samples were
involved in this study, one to determinate geometrical characteristics of the liga-
ments and another to determinate de mechanical properties.

Moreover, as force-elongation curves were obtained by normalization of time
dependent curves, their usual sigmoid shape was vanished, which means that an
important part of the physiological behavior of the ligaments was lost. Finally, the
reconstruction of stress—strain curves, based on the tabulated data, lead to linear
graphs since only the values for the for the rupture point are provided.

These results may be suitable as an initial approach for simpler models, where
ligaments can be modeled as linear springs, but not to complex models.
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Fig. 4 Average biomechanical force-deformation curves, adapted from [9], derived for a Anterior
longitudinal ligament; b Supraspinous ligament

Table 1 Biomechanical parameters of human lumbar ligaments

Parameter Ligament |T12-L1 |L1-L2 |L2-L3 |L3-L4 |L4-L5 |L5-S1
Stifness (N mm ™) ALL 32.9 324 20.8 39.5 40.5 13.2
PLL 10.0 17.1 36.6 10.6 25.8 21.8
LF 24.2 23.0 25.1 34.5 272 20.2
ISL 12.1 10.0 9.6 18.1 8.7 16.3
SSL 15.1 23.0 24.8 34.8 18.0 17.8
Stress at failure (MPa) | ALL 9.1 13.4 16.1 12.8 15.8 8.2
PLL 7.2 11.5 28.4 12.2 20.6 19.7
LF 13.2 2.5 1.3 2.9 2.9 4.1
ISL 4.2 5.9 1.8 1.8 2.9 5.5
SSL 4.0 15.5 9.9 2.6 12.7 14.0
Strain at failure (%) ALL 31.9 44.0 49.0 32.8 44.7 28.1
PLL 16.2 15.7 11.3 15.8 12.7 15.0
LF 61.5 78.6 28.8 70.6 102.0 |83.1
ISL 59.4 119.7 | 51.5 96.5 87.4 52.9
SSL 75.0 83.4 70.6 109.4 106.3 115.1

3 Experimental Data, Suitable for Modeling Purposes

3.1 Chazal et al. [14]

This work reports the results of tensile tests performed on 43 human samples, taken
from 18 spines, 34 obtained from 12 fresh cadavers and tested within 24 h after
death, and the remaining 9 selected from living humans and withdrawn through of
surgical procedures. The average age of donors is 53 years. The samples were of the
bone-ligament-bone type, to avoid damage to the ligaments by the clamping system
of the test rig, and were tested immediately or within a few hours after dissection. In
the latter case, the ligaments were immersed in a solution of water, alcohol and
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(a) Posterior longitudinal ligament (b) Anterior longitudinal ligament
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Fig. 5 a Force-displacement curve for PLL (points A, B and C). b Force-displacement curves for
ALL (data retrieved from Table 2)

glycerin, to retain hydration [14, 18]. Specimens taken from living donors were
tested within one hour after excision and, meanwhile, placed in Ringer’s solution
[7, 14, 18].

Since ligaments are composed of long and short fibers, and mechanical prop-
erties are directly dependent on their anatomical integrity, they were tested intact.
Moreover, for the same reason, supra and interspinous ligaments were tested
together in order to prevent possible damage, as they share part of the fibers’
structure.

Test results, in spite of not providing the force-elongation curves record three
points (A, B and C) that allow their extrapolation (Table 2). Although it is not the
ideal solution, it provides a reasonable approximation, as shown in Fig. 5a for the
highlighted sample in Table 2 (dashed box). Results show consistency between
different samples for the same type of ligament (Fig. 5b), which is an indication of
the accuracy and reliability of the performed tests.

In this study, besides the results of the tensile tests, geometric characteristics and
other details of the samples are provided, such as age, gender of the donor and
column level of the sample, allowing to establish relations among all these data.
Thus, it becomes easier to analyze and compare results, as well as to gather possible
causes for discrepancies. Although the average age of donors is higher than
desirable, this is a problem common to most studies on spinal ligaments.

4 Conclusions

When collecting experimental data from literature, a thorough and careful analysis
is indispensable to ensure that the chosen data suit the model purposes.

As a matter of fact, there is a reasonable number of published papers on
experimental tests, retrieving mechanical properties of biomaterials. However,
when examined closely, it turns out that some studies have information gaps,
failures in procedures, or data inconsistencies that make much arguable their use in



442 C. Lourenco and J.C.P. Claro

a model that is expected to reproduce the in vivo behavior of a given bio-structure.
Thus, when selecting this kind of data, there is a certain number of factors that must
always be considered, such as, age, possible pathologies of the donors, handling
and storage procedures of the samples (for instance, hydration status), and testing
protocols.

Besides, when the objective is to use those experimental (real) data in compu-
tational models, namely in the case of the spinal ligaments, it is desirable to seek
and choose results obtained from samples of the same or adjacent levels. Specifi-
cally, in the case of the lumbar spine, samples of the lowest levels (L3-L4, L4-L5)
should be selected whenever possible, due to their working conditions of higher
loads and greater mobility [19].

The major drawbacks of most of the studies are related to the high average age of
the source specimens, but also to the fact that several works do not supply force-
elongation curves, which is essential for the understanding, analysis and charac-
terization of ligaments’ behavior. Filling these gaps could be the starting point for
investing in new experimental trials, taking advantage of the acquired knowledge
and the technological advances to the development of rigorous test equipment,
since the majority of the performed studies are from more than 20 years ago.
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A Three-Dimensional Multibody Model
of the Human Ankle-Foot Complex

T.M. Malaquias, S.B. Gon¢alves and M. Tavares da Silva

Abstract In this work, a three-dimensional foot and leg model is proposed, which
combines six rigid bodies and five kinematic pairs to produce an articulated system
of four segments (toes, mid-forefoot, rearfoot and leg) with thirteen independent
degrees-of-freedom. The model is described using a multibody dynamics formu-
lation with natural coordinates and estimated anthropometric parameters. A mass-
less link is used to model the anatomical offset between the talocrural and
talocalcaneal joints, avoiding the inclusion of a specific rigid body to model the
talus bone. The reliability of the model was tested through its application to the
study of the kinematic and dynamic patterns of the human gait. A male subject was
analyzed and his data compared with literature, enabling to attest the consistency
and realism of the proposed model.

Keywords Multi-segment foot model - Multibody dynamics - Kinematics -
Kinetics - Gait analysis

1 Introduction

One of the major issues in the analysis of human movement is modelling the
ankle—foot complex. It can be described as a multi-joint structure, which is
responsible for supporting and propelling the body during locomotion. Therefore, a
proper modeling of this apparatus is essential to understand its kinematics and
dynamics, enabling also the study of possible dysfunctions that occur at this level.
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Several foot models, with a variable number of rigid bodies and degrees of freedom
(DOF), have been proposed whose topological complexity varies essentially with
the goal of the study [7]. Mono and two-segmental foot models are recurrent in
literature [1-3], presenting high computational efficiency, however they are inef-
ficient to analyze all the singularities that occur at ankle—foot and tarsus level. More
complex models, such as the three-segmental foot model purposed by Delp et al. [6]
enable the understanding, with more reliability, of the dynamics of the normal and
pathological foot. Other foot models with a higher number of segments have also
been applied only in the kinematic analysis of the foot [7]. Despite allowing the
perception of other DOFs, they are overly complex, restricting their application in
full-body models and in dynamics simulations, which is one of the goals of the
present model.

A novel approach to a three-dimensional (3D) three-segment foot model is
presented in this work to simulate the ankle—foot complex. This model aims to be
integrated in a broader whole-body biomechanical model for inverse and forward
dynamics simulations of non-pathological and pathological human movements,
with particular focus to clinical and academic gait studies.

2 Methods
2.1 Model

A 3D leg and foot model is proposed in which the four major anatomical segments
of the targeted biological structure (leg, rearfoot, mid-forefoot and toes) are
described with six rigid bodies whose relative motion is constrained by five kine-
matic pairs to produce an articulated mechanical system with thirteen DOFs. The
model is described using a multibody dynamics formulation with natural coordi-
nates implemented in the built-in software—Apollo, developed over the last years in
IDMEC/IST [13]. Two rigid bodies are used to model the leg segment (tibia and
fibula) and the remaining four to model the foot. The foot is divided in three distinct
anatomical segments: (a) the rearfoot (RF) comprising the calcaneus bone and
described by one rigid body; (b) the mid-forefoot (MFF) comprising the cuboid,
navicular, cuneiforms and metatarsals bones and described by two rigid bodies; and
(c) the toes (TO) comprising the phalangeal bones and described by one rigid body.
As represented in Fig. 1, the four segments are interconnected by three revolute and
two universal joints. The revolute joints are used to model the flexion-extension of
the toes at the metatarsophalangeal joint, the internal rotation of the foot at the
metatarsal level and the medial-lateral rotation of the leg. The universal joints are
used to model the two rotations about the midtarsal joint and the two rotations about
the talocalcaneal and talocrural joint (see Table 1).

The three segment structure adopted in this work steamed from laboratory
practice of different daily movements, suggesting the idea that the motion of the
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Fig. 1 a Schematic representation of the axes of rotation (v;) and the DOFs of the model and the
corresponding multibody formulation (left). b Position of the centers of mass (C;) relative to joint
coordinates (s;) (cyan) (right)

Table 1 Foot model segments and joints and their respective description

Anatomic segment Rigid body Osteology

I Toes 1 Phalanges -V

I Mid-forefoot 2 and 3 Navicular, cuboid, cuneiforms and metatarsus

I Rearfoot 4 Calcaneus

v Leg 5 and 6 Tibia and Fibula

Arthrology Joint type DOF

Jy Metatarsophalangeal | Revolute Plantarflexion/Dorsiflexion

1> Midtarsal Universal Plantarflexion/Dorsiflexion
(Chopart’s joint) Aduction/Abduction

J3 Revolute Internal rotation

Jan Talocalcaneal Universal (w/ Inversion/Eversion

J4» | Talocrural massless link) | plantarflexion/Dorsiflexion

Js Knee Revolute Medial/Lateral rotation

metatarsals due to movements at both midtarsal and tarsometatarsal joints should
not be neglected. It follows that the insertion of a third segment between the toes
and the rearfoot would increase the reliability of the model, since its inclusion
enables the study of motions that happen at these joints, as well as it allows the
analysis of the variations of the foot longitudinal arch.

It is important to note that the midtarsal and tarsometatarsal joints are responsible
for different motions [14]. However, in this work the model will consider that the
different degrees of freedom of each joint are concentrated in only one joint between
the talus and the navicular and cuboid (the midtarsal joint). The choice of the
midtarsal joint as opposed to the tarsometatarsal joint was based on a set of
experimental trials, which showed that motions at this level are more significant.
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Table 2 Vector coordinates on the local reference frame of the joint rotation axes for the right
foot (v,_,r see Fig. 1a) (note that for the left foot: vy ;s = —v, 9

Va_if Vy_if Verf Va_if Vy_if Verf
vy |—sin 18° |—cos 18° |0 vs |cos 35.3° - cos 35.3° - sin 19.8° | sin 35.3°
cos 19.8°
vy, |1 0 0 Ve | —sin 6° - cos 8° | —cos 6° - cos 8° —sin 8°
vy [0 -1 0 vy |0 0 1
vy |0 0 1

Another important aspect of the model is the inclusion of non-intersecting axes
for the talocrural and the talocalcaneal joints, which respectively define the ankle
plantar/dorsiflexion and the inversion/eversion rotation axes (see Fig. 1) [9]. The
modelling of this joint complex is achieved by considering the talus as a massless
link, i.e., as a virtual segment with no mass that is introduced to assure that the
physiological distance existing between the two referred joints is preserved. This
solution presents the advantage of solving the kinematic problem without
increasing the dynamic complexity of the model, since both joints are defined using
exclusively the following kinematic constraints: (a) a fixed length between the
talocalcaneal (P,) and talocrural (Pg) joints; (b) a fixed angle between the two non-
intersecting axes of the talocalcaneal (vs) and talocrural (vg) joints; and (c) fixed
angles between the massless link virtual segment (rp; = Pg — P;) and the talo-
calcaneal (vs) and talocrural (v¢) rotation axes.

In forward dynamics simulations, the introduction of a massless link instead of a
rigid body to model the talus bone avoids the increase of the integration time due to
the inclusion of a small mass as reported by Anderson and Pandy [3]. Regarding the
definition of the rotation axes of these joints, and for inverse dynamics analysis,
Hicks [8] suggested the use of two anatomical landmarks for each joint as reference
base to define these vectors. This suggestion is the one adopted in the acquisition
protocol presented in Sect. 2.3. For forward dynamics simulations, the direction of
these vectors as well as their application points is defined using tabled anthropo-
metric data [3]. However, due to the differences between the local reference frames
of both works, the vector coordinates of both axes (vs5 and v¢) had to be recalculated
for the values presented in Table 2.

2.2 Anthropometry

The computation of the global mass matrix of the system requires the specification
of a set of anthropometric parameters (mass, inertia, length and center of mass
location) for each segment included in the model. Despite the diversity of three
segment foot models reported in the literature, the corresponding anthropometric
data is scarce or non-existent.
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Table 3 Anthropometric data: length (I, = l/ly), height (h, ;= h/ls h, g = hi/hy) mass (m;) and
radius of gyration (r;)

Segment |1, (%) [h (%) |hp B [m (%) [r @ [, |r.(%)
I 27 - - 0.289 30.29 30.29 42.84
II 33 - - 0.676 39.81 41.18 43.70
m 40 28 - 1.014 21.94 34.21 34.28
v - - 24 4.943 27.11 25.31 8.6

Table 4 Center of mass location relative to the proximal joint (s;) and the relevant vectors defined
to compute it (r;) (see Fig. 1)

Py Pk Sy Sy Sz Py Pk Sy Sy S,
s; | CM; | Py 17.04 1000 |-685 |36 CM; | Pg —24.60 0.00 |—13.69
s, |CM; |P, 996 | 000 |—-685 |87 CM; | P, mix — 120 | rmy | Twe, + 1431
S3 CM, Ps 18.15 0.00 —7.04 ML Pg P, Experimental Vector
s |CMs [Py |—1a85 |000 | 704 |5 |Ps CM; | 1.20 000 | —1431
ss. |CMs | Ps 1540 | 0.00 | —4.69

Hence, the two segment foot model presented by Anderson and Pandy [3] was
used as a reference to compute the anthropometric parameters required by the
present model. Accordingly, the values of the mass, length and center of mass
location of the toes (segment I) and hindfoot (segment II) of the reference model
were normalized as a percentage of the total body mass (1), height (I3) and foot
length (Iy).

The hindfoot was split into rearfoot (segment III) and mid-forefoot (segment II)
with the relative motion between the two newly created segments occurring at the
level of the midtarsal joint, which is simulated as a combined action of a universal
joint (J,) and a revolute joint (J3) (see Table 1). The segment corresponding to the
toes was kept unchanged.

The calculation of the relevant anthropometric parameters required the intro-
duction of some assumptions: (i) the center of mass location of segment II (CMy;)
relative to the proximal joint (J, and J3) was assumed to be 45 % of the distance
between J; and J,; (ii) the masses of segments II and III (my; and myy) relative to the
mass of segment I (m,) are respectively 40 and 60 % (see Table 3); (iii) the inertia
of segment III was estimated from the inertia of segment II (see Eq. 1); and (iv) the
mass and inertial characteristics of both models are equivalent when both are in the
anatomical reference position. Having these assumptions in mind, the center of
mass location of segment III (CMyy) is calculated in such a way that assumption (iv)
is fulfilled. In Table 4, the centers of mass location (s;) with respect to joints Jy, J,
and J, is presented. The computation of v; requires the definition of the massless
link vector (ry;;, = Pg — P). Its definition can be obtained by estimating the location
of the talocalcaneal (P,) and talocrural (Pg) joints (see Sect. 2.3). Currently, the



450 T.M. Malaquias et al.

authors are developing a new approach to compute this vector, based in anthro-
pometric measurements and functional methods to be applied in forward dynamics
analysis.

It is important to note that in an inverse dynamics analysis the length of each
segment can be computed using the experimental data. However, if the goal is a
forward dynamics simulation, the length of each segment has to be given as input.
These values can be computed using the relative lengths presented in Table 3 and
the value of the total foot length. In the present work the values: (a) male: 26.96 cm;
(b) female: 24.38 cm were adopted (based on [12]).

The values of the inertia for all the segments were calculated from the data
presented by Anderson and Pandy [3]. The vector of principal moments of inertia of
segment III (I7;;) was calculated from the product of the principal inertia of segment
II (I,) by an inertia scaling factor (¢), as:

12
Ly =Lé=1L"" (ﬂ) (1)

my \ b

The correction factor formulation arrives from the general expression of the
moment of inertia, which states that the moment of inertia is proportional to the
product of the mass and the square of the length (Iarn.%). The principal inertia of
segment II (I,;) was then computed using the Huygens—Steiner theorem and in such
a way that assumption (iv) is fulfilled. Since the local reference frames of the
proposed model and the one presented in [3] differ from a given angle around the
vertical axis, the final inertia of each segment was adjusted to the new local ref-
erence frame recurring to Mohr’s circle. The products of inertia resulting from this
adjustment are very small and, therefore, were neglected in this work. Finally, the
inertia for each segment was expressed as a percentage of the radius of gyration of
the segment normalized by its length (see Table 3).

A more detailed explanation of the methodology used to compute all the relevant
anthropometric parameters can be obtained in [10].

2.3 Acquisition Protocol

An inverse dynamics analysis of the major kinematic and dynamic foot gait patterns
was performed to attest the proposed model. The assessment of the model was
achieved by acquiring the gait patterns of a male subject (23 years old, 87.0 kg and
1.87 m) with no history of gait disorders. The kinematic and dynamic data required
for the validation of the model was experimentally acquired recurring to a Mocap
system (14 IR Cameras Qualisys ProReflex MC1000 and 3 Force Plates AMTI OR
6-7-1000) in the Lisbon Biomechanics Lab. The acquisition frequencies were
respectively settled at 100 Hz to the IR cameras and 1,000 Hz to the force plates.
The volunteer was asked to walk continuously in his natural cadence. Ten valid
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M Medial aspect of the hallux

M Top head of the phalange 11

M3 Medial aspect of the head of metatarsal I

Ma Medial aspect of the head of metatarsal V

M;s Medial apex of the tuberosity of the navicular
Me Lateral apex of the tuberosity of the cuboid
Mo Apex of the medial malleolus

Mss Apex of the medial malleolus

Moy Posterior aspect of the calcaneus
Mios  Super-medial aspect of the talus
Miis  Posterior-lateral “corner” of the heel

Mis  Medial apex of the head of the tibia
Miss  Lateral apex of the head of the fibula
M M; My, Cia Front shank Cluster (4 markers)

Fig. 2 Marker set protocol description (s refers to calibration markers)

trials were acquired for each foot, being chosen the best five to perform the intra-
subject statistical analysis.

The differences on the proposed model require the definition of a new marker set
protocol. Hence, the Milwaukee Foot Model protocol [11] was adapted to consider
the specifications of the model addressed in this work (see Fig. 2). The marker set
protocol considers seventeen markers (7 tracking/calibration, 4 tracking and 6
calibration markers), located in palpable anatomical landmarks. The markers M
and M, are used only as calibration markers and define the location (the midpoint
of Mos and M| i) and rotation axis of the talocalcaneal joint as suggested by Hicks
[8]. The midpoints of the markers M3 and My, M5 and Mg, M7 and Mg and M5
and M3, define respectively the metatarsophalangeal, midtarsal, talocrural and
knee joints. The anterior location of the toes are computed using the x and z com-
ponents of the marker M; and the y component of the marker M.

The suggested protocol was applied in the acquisition of the experimental data
presented in this work. The kinematic and dynamic analysis was performed using a
three-dimensional multibody dynamics analysis software—Apollo [13]. The sta-
tistical analysis was performed using software developed in Matlab.

3 Results and Discussion

The kinematic formulation presented in this work successfully allowed the defini-
tion of a three segment foot model, contemplating a fourth virtual segment to assist
in the modelling of the talocrural and talocalcaneal joints. The results obtained for
the angular displacement of these joints as well as for the metatarsophalangeal joint
presented a set of patterns consistent with the ones observed in the literature. The
same was observed for the dynamic results. Only a few works address the patterns
of the midtarsal joint. Bruening et al. [4, 5] presented recently an analogous model
obtaining results that are similar to the ones obtained in this work. In particular, the
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(a) Dorsillexion & Plantarflexion (b)
Metatarsophalangeal, Midtarsal and Talocrural Joint Angle Metatarsophalangeal, Midtarsal and Taloorural Joint Moment
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Fig. 3 a Joint angular displacement (left). b Moment of force (right)

analysis of the plantar/dorsiflexion enables the study of the spring like behavior of
the longitudinal arch of the foot, which could be of particular interest in the study of
neuropathologies and in the design of orthopaedic solutions. In this article, the
results focused on the study of sagittal motions, however the model can also
analyze all the DOFs presented in Table 1. The kinematic and dynamic patterns of
all the DOFs can be consulted in [10] (Fig. 3).

4 Conclusions

The comparison of the outcome of the kinematic and dynamic analysis with other
models in literature allowed the validation of the applicability and reliability of the
model. Besides the study of the motion at the talocrural, talocalcaneal and meta-
tarsophalangeal joints, the model allowed also the analysis of the variations in the
longitudinal foot arch and the kinematics and dynamics of the midtarsal joint. This
additional information could be of particular interest in the study of ankle—foot
disorders. Moreover, the suggested acquisition protocol successfully enabled the
computation of all the drivers required to guide the model, validating their appli-
cability in both clinical and academic studies.
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Inverse Dynamics of 2-DOF Parallel
Mechanism Used for Orientation

T. Itul, B. Gherman, D. Cocorean and D. Pisla

Abstract The paper presents the dynamic model of a 2-DOF orientation mecha-
nism, where the Euler’s second law has been used. The kinematics, workspace and
singularities of the mechanism are also presented. The dynamic model is developed
using the motion equations of the mobile platform. Simulations results using the
mentioned model as well as a commercial simulation software are shown.

Keywords 2-DOF parallel mechanism - Orientation angles - Kinematics « Inverse
dynamics

1 Introduction

Orientation mechanisms have found utility in the fields like medical robotics or
where the use of radio antennas, satellite TV antennas, telescopes, cameras, solar
panels, etc., are a necessity, providing not only a good precision, but also a high
rigidity.

In [5], the authors present the dynamics of a 3-DOF parallel mechanism by using
the Newton-Euler formalisms in two steps. First, the relations between the spherical
joint reactions forces and the kinematic parameters of the mobile platform are
determined, followed secondly by the determination of the generalized active tor-
ques. In [9], the dynamic model of a 3-DOF (degrees of freedom) parallel mech-
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anism used for orientation is presented. The dynamic model with and without
friction is developed. Staicu in [11] and [12] developed the inverse kinematic and
dynamic model of an orienting gear train mechanism using recursive matrix rela-
tions. The fundamental principle of virtual work has been used and it establishes a
direct recursive determination of the variation in real-time of torques and powers of
the actuators. The dynamic model of a 3-DOF serial-parallel mechanism is pre-
sented in [14]. The Newton-Euler approach has been used to calculate the actuation
and reaction forces of the mechanism in [3] as well. The dynamic analysis of a
macro—micro parallel manipulator has been studied in [13]. The manipulator
architecture is a simplified planar version adopted from the structure of the Large
Adaptive Reflector (LAR), the Canadian design of next-generation giant radio
telescopes. The dynamic equation of motion of such a structure is obtained using
the Newton—Euler formulation. Although the Lagrangian formalism has been
reputed of being inefficient for closed-loop mechanisms, including parallel robots,
Abdellatif decided to prove otherwise [1]. He considered open-loop subchains of
the manipulator and derived their dynamics by the Lagrangian formalism and with
respect to an own set of generalized coordinates and velocities. Miller and Clavel
present the dynamic model of the world wide known parallel DELTA robot based
on Lagrange equations, [8]. Itul and Pisla present a comparative study between
different dynamical methods for 3-DOF parallel robots regarding certain parameters
[4, 7]. In [2], Filho and Cabral developed the inverse dynamics for a Hexa archi-
tecture by using the Newton-Euler’s formulation and calculating forces and
moments during its operation. The paper also presents a general method to calculate
the Jacobian matrix for parallel robots and to search for the singular positions for
both direct and inverse kinematic.

The current paper presents the dynamic model of a 2-DOF orientation mecha-
nism, being organized as follows: Sect. 2 presents the kinematics and workspace of
the parallel mechanism, Sect. 3 presents the inverse dynamics and some numerical
results. A few conclusions are drawn at the end of the paper.

2 Kinematics and Workspace

The kinematic scheme of the parallel mechanism, named 2SPS-Uy is shown in
Fig. 1 [6], the U-joint having the vertical axis fixed. The mechanism consist in a
fixed base OBB, and a mobile platform OA A, connected through a main universal
joint in O and two telescopic legs B1A|, B,A, ended with spherical joints. The fixed
axis of the universal joint O is vertical. The mechanism’s generalized coordinates
are the telescopic legs lengths g, ¢, and operational coordinates are the azimuth
angle ¢ and elevation angle # corresponding to the two axes of U joint.
In this case, the rotation matrix has the form:
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Fig. 1 The kinematic scheme
of the 2SPS-Uy, parallel
mechanism

cos(0) 0 sin(0)
[Ru(p)y0)] = | sin(¢) sin(0) cos(p) —sin(¢@)cos(0) (1)
—cos(p)sin(f) sin(p) cos(g)cos(6)

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

Pi=[R -pi i=1,2 2)

where [R] is the rotation matrix according to (1). Using the (2) and (3), in both
cases, the generalized coordinates g, and g, of the mechanisms, represented by the
lengths of the legs B;A; (i = 1, 2), can be computed in (4).

Xl Xi
Pi=|Yi|;pi=|yi|; i=1L,2xi=xsy=—ysza=2=0 (3)
Z; %

qi = \/(Pi - PBi)z = \/(Xi — X)) (Y — Y+ (Z — Zg) i=1,2  (4)

The kinematic model is obtained by deriving the square of Eq. (4) with respect to
the time:

X =g (5)

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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e¢1and e, are the legs unit vectors; iy and j are the OX and Oy axes unit vectors.
Scalar components of angular velocity are:

_ —
[J]—[El'%% él'a@%] :[6_31'<i0XP1) e (jx P
- (i

wy=p-cos(0); @, =0, w,=¢-sin(0) (7)

In the ideal case the shape of workspace is a rectangle located in the @8 plane
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.

For the actuated joints and for transmission angles are imposed the conditions:

Gmin < gi < Gmax; l/’izzoo; i=1,2 (8>

In order to avoid singularities, the reachable workspace can be determined
imposing the condition:

DetlJ] ' <0 (9)

Following an optimization process concerning the workspace maximization, the
following values for the geometric parameters of the mechanism have been estab-
lished: X1 =X = 0.20 m; y; = —y) = 0.25 m; ZBl = ZBZ =-0.75 m; YBl =
—Ypr =0.05m; Xp; = Xpr = —0.9m; gmin = 1.0 m; gmax = 1.5 m. The constraints
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(8) and (9) lead to the maximal workspace shown in Fig. 2. The reachable workspace
area is 4.58 rad”.

3 Inverse Dynamics and Numerical Results

The target is to evaluate the generalized actuation forces Q; and Q,, using the
hypothesis that friction forces are neglected, when the motion equations of the
platform ¢ = ¢(¢), 6 = 6(¢) and the mass distribution of the mechanism compo-
nents are known (Fig. 3).

For this reason, the mobile platform is separated from the rest and Euler’s second
law (principle of angular momentum) with respect to the fixed point O is used:

T
I

o 0

Hy=[I]-24®x [I] - @; (10)
M,=P  xQj e +P,x05 e

+7c X Mpg"_?c X mpg"_Mu

where [/] represents the inertia moments matrix; ¢ is the angular acceleration; @ is
the angular velocity, Q7 and Q7 are the forces with which the telescopic legs act
upon the mobile platform; M, is the mass of the manipulated homogenous panel,
having the dimensions L X [; m,, is the mass of the triangular homogenous mobile
platform having the form of a isosceles triangle with the base 2y, and the height x;;
Fc =[xc 0 zc]is the position vector of the mass center of the panel in the Oxyz
reference system; 7. = [x, 0 0] is the position vector of the mobile platform in
the same reference system; M,, is the torque taken by the U-joint.

After achieving the scalar product with the unit vectors i, and j of the universal
joint axes, using (10), the forces QT and Q;‘ are evaluated:

Fig. 3 The forces that act
upon the 2SPS-Uy, parallel
mechanism
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The actuation joints take upon both the weight (m, - g) and the inertia of the

superior parts of the telescopic legs. The expressions of the generalized actuation
forces are:

Q1:QT+m,«éj1—m,-
Oy =05 +my -Gy, —my -

oQl
o

(12)

oQl
(o
)

For the mechanism, besides the constructive data coming from the optimization
process, the following have also been considered: M, = 40kg, L=2m, [ = I m,
m, =2kg, m; = 2kg, xc = 0.10m, zc = 0.05m, x. = 0.07 m.

Two types of motions have been imposed to the mobile platform, in the plane of
the operational coordinates: a linear (13a) and an elliptic motion (13b).

— .4 noA_5.m. 341
{g_n TP +5- 24 —5.Z.1 +5, (13a)
— 4
@ =%-sin(m-1) 13b
{02% %5 -cos(m - 1) (13b)

In Fig. 4, the variation diagrams of the generalized forces obtained using the
motion equations (Q; and ;) and in static conditions (Q;s; and Q,s;) are pre-
sented, for 7 € [0, 2s]. The motions being symmetric, the diagonals of the two forces
Q, and Q, are mirrored.

A trajectory similar to the one on (13a) has been simulated using the simulation
package from Siemens NX, namely the RecurDYN solver [10]. In Fig. 5, simu-
lations using the RecurDYN and the developed inverse dynamic model are pre-
sented, showing a very good correlation between the two and practically validating
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Fig. 5 Validation of the inverse dynamic model using the RecurDYN solver

Table 1 The 4 and n ratios (s) 1 n
2 3.05 2.49
4 1.456 0.623
8 1.086 0.156
16 1.014 0.039

the work presented in the paper. In Table 1, the following are computed: the ratio
= SSL, between the total generalized maximum force and the static maximum

0s
forces, for the same trajectory and different motion periods T = 2,4, 8, 165.

force and the maximum ratio m = max (M), between the dynamic and static

4 Conclusions

The paper presents the inverse dynamic model for a mechanism used for orientation.
The Euler’s second law has been used, considering as main application the orientation
of a panel whose dimensions and weight are known. Considering different motion
periods for the same trajectory, the ratio Qmax/OSmax decreases, clearly indicating
that in the case of manipulating large objects, for which the inertia moments become
important, for a correct dimensioning of the actuation motors, a dynamic computation
is necessary. The inverse dynamic model developed in the paper, has been validated
using a commercial multi-body system simulation software.
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Wear Prediction of Ceramic-on-Ceramic
Artificial Hip Joints

E. Askari, P. Flores, D. Dabirrahmani and R. Appleyard

Abstract Wear can influence the lifetime and performance of implants and has
been found to be a key factor in primary failure of artificial hip joints. The present
study aims to present a spatial multibody dynamic model to predict wear in cera-
mic-on-ceramic hip implants. The problem was formulated by developing a spatial
multibody dynamic model of a hip prosthesis taking three-dimensional physio-
logical loading and motion of the human body into account. Then, the Archard wear
model was integrated into the dynamic calculation of the hip implant to predict
wear. Additionally, geometries of the cup and head were updated throughout the
simulation to generate a more realistic wear simulation. The results were validated
against current literature. Finally it was illustrated that friction-induced vibration
caused excessive wear of hip implant components.

Keywords Wear simulation - Ceramic-on-ceramic hip joint - Multibody systems

1 Introduction

Friction-induced vibration is an undesirable oscillation in artificial hip joints due to
tribological interactions between the head and cup. These tribological interactions
during the human daily activities can cause articulating surfaces of hip implants to
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undergo wear. Moreover, vibration induced by friction can lead to excessive wear
of the head and cup of hip implants [11]. Wear can influence the lifetime and
performance of implants and has been found to be a key factor in primary failure of
artificial hip joints [22].

The most commonly used artificial hip joint combination is a metal head within a
plastic cup which is referred to a soft-on-hard couple. This combination is known to
suffer from cup wear with the resultant plastic debris reported to induce osteolysis.
Computing the wear profile of soft-on-hard bearing couples has been the subject of
a number of studies [12, 15]. In an effort to reduce wear, hard-on-hard material
combinations have been developed namely metal-on-metal (MoM) and ceramic-on-
ceramic (CoC). However with hard-on-hard couples, wear occurs across both the
head and cup surface [15]. Ceramic-on-Ceramic hip implants have been used
increasingly since their introduction in the 1970s [6]. Ceramic bearings have the
potential advantage of lower wear rates in total hip arthroplasty compared with
metal-on-metal hip implants and soft-on-hard bearings [13]. Despite very low wear
rates of ceramic bearings, it continues to be an important research topic because
wear of artificial hip joints is a key issue leading to their primary failure even in
CoC hip arthroplasties.

To evaluate implant wear computationally, Archard’s wear model is the most
commonly utilised method [15]. This wear model requires knowledge of the contact
pressure, sliding distance of the contact point and tribological data such as the wear
coefficient of the bearing materials. Implant head-cup contact properties can be
numerically determined by means of the finite element method [9], boundary ele-
ment method [22] and Hertz contact model [8].

The contact point between the head and cup follows a certain characteristic track
during normal human gait, and this ‘contact point track’ is an important parameter
to determine wear since any variation in the track shape can cause a huge variation
in the wear rate [3]. Mattei et al. [17] used a theoretical contact point track, where
the contact point was assumed to be located at the interface of the head and cup and
along the line joining both the centres of the head and cup. Another study assumed
that the centre of the femoral head was fixed and the motion of the femur was
simulated by applying physiological rotations [12]. Furthermore, Saikko and
Calonius [20] developed a computational method based on Euler angles to compute
the slide tracks for the three-axis motion of the hip joint in walking and for two hip
simulators.

Recently it was reported that, on top of the normal gross motion, the femoral head
vibrates inside the cup with micron amplitude due to friction-induced vibration
[4, 5]. This results in a change in the contact point trajectory in both micro and macro
scales, which can affect the final wear profile. Mattei and Di Puccio [16] recently
determined the changes of contact point trajectory due to friction and calculated its
effect on wear prediction. However, their model did not include the vibration of the
femoral head inside the cup and they reported that wear decreased as friction
increased which cannot be justified physically. To the best of our knowledge, no one
has investigated the effect of friction-induced vibration on both wear prediction and
the corresponding wear map of artificial hip joints.
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Thus, the influence of friction-induced vibration on wear simulation of ceramic-
on-ceramic artificial hip joints is modelled and studied in the present investigation.
Moreover, it is hypothesised that this undesirable oscillation can lead to excessive
wear in artificial hip joints. For this purpose, a spatial multibody dynamic model is
developed, which allows for the evaluation of both sliding distance and contact
pressure in order to calculate the wear of hip implants. The friction-induced
vibration and contact-impact events occurring between the head and cup surfaces
are taken into consideration as external generalised forces in the governing equation
of the motion. A friction-velocity relation and a Hertz contact model are employed
to formulate tangential and normal contact forces, respectively. Three-dimensional
physiological loading and motion of the human body are also taken into account.
Nonlinear governing motion equations are solved, using adaptive Runge-Kutta-
Fehlberg method and the geometry of worn bearing surfaces is updated during the
wear simulation. Finally, the methodology is validated by comparing the wear
prediction to current literature. Moreover, the influence of friction on wear pre-
dictions and the corresponding wear maps are studied.

2 Governing Motion Equations of Multibody Systems

It is well known that the equations of motion for a multibody dynamic system with
holonomic constraints can be written as [19],

Mj=g+g" (1)
®(q,7) =0 (2)

in which M is the system mass matrix, q generalized coordinates of the system, q
the acceleration vector, and g the generalized force vector containing all external
forces and moments. The bodies in the multibody system are interconnected by
joints imposing constraints on the bodies’ relative motion. Expressing these con-
ditions as algebraic equations in terms of a generalised coordinate and time, f,
holonomic kinematic constraints defined in Eq. (2) are introduced. Moreover, g(f) is
the vector of constraint reaction equations, which can be rewritten by means of the
Jacobian matrix of the constraint equations (@) and the vector of Lagrange mul-

tipliers (A) as [19]
g = -l 3)
Substituting Eq. (3) in Eq. (1) yields,

Mg + @)L =g (4)
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Furthermore, differentiating Eq. (2) twice with respect to time, the constraint
equation can be written as follows

®q = _((qu)qq —20yq - P, =7 (5)

where 7y is a vector function of velocity and position of the system as well as time.
As a consequence, both Egs. (4) and (5) yield a system of differential algebraic
equations to be solved for q and A, given by

T ( -
BRI ©
o, 0 A Y

The Eq. (6) can be solved only if the coefficient matrix of Eq. (6) is non-singular.
This can be achieved by having a positive definite mass matrix and the Jacobian

matrix (I)q full row rank [5].
Normal contact force and tangential friction force in the articulation surface
between the femoral head and cup play important roles in multibody dynamics
formulations. The contact between the femoral head and cup which are a sphere and

a hemisphere can be modelled by a modified Hertz contact law proposed by
Lankarani and Nikravesh [14], which is given by

ol a0-a) b

where § and ') are the relative penetration velocity and the initial contact
velocity, respectively, and c, is the coefficient of restitution. The generalised
stiffness parameter K depends on the geometry and physical properties of the
contacting surfaces [10].

The tangential contact force can be evaluated as friction force from the modified
Coulomb friction law

F' = —p(v) [F"]| ¢ (8)

where v; represent the tangential velocity and p denotes the friction coefficient that
depends on the relative velocity between the head and cup.

3 Numerical Wear Models

Wear is the progressive loss of substance as a result of relative motion between
surfaces. Although some typical features of the wear process are demonstrated
experimentally and there are some simple models to compute wear, such as the
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well-known Archard’s wear methodology, no laws of wear exist. The Archard wear
equation can be written as follow

=== )

where the dimensionless constant K denotes the wear coefficient, V is volumetric
wear, s sliding distance, P contact pressure and H is material hardness. Moreover, it
is more preferable for engineering applications to utilise the ratio K/H, termed wear
coefficient (k), dimensionally expressed as mm*/Nm™". In addition to the volumetric
wear model of Archard defined in Eq. (9), the Archard’s depth wear equation as the
linear wear rate can be written as follows

dh KP
—=— 10
ds H (10)
in which P is contact pressure and / is depth wear.

A numerical solution for the wear depth, using Archard’s wear model Eq. (10),
may be obtained by the forward Euler integration algorithm to yield the following
updating formula for wear depth

h; = hi_1 + kP;As; (11)

in which A; refers to the wear depth at the ith step while h;—; represents the wear
depth at the previous step. The last term in Eq. (11) is the incremental wear depth
which is a function of the contact pressure and the incremental sliding distance at
the corresponding cycle.

4 Results and Discussion

The main objective of this study is to investigate the wear of CoC artificial hip
joints with the following geometric properties: the femoral head radius equal to
14 mm and radial clearance of 50 um. Material parameters of the bearing couples
were defined according to Uddin and Zhang [23]. Al,O3 ceramic had a Young’s
modulus and Poisson ratio of 375 GPa and 0.3, respectively. The wear factor for
CoC couples was assumed to be 0.2 x 1078 [23]. In vivo three dimensional
physiological loads and rotations were applied to the femoral head centre and
nonlinear dynamic equations were solved numerically.

Table 1 lists the results from the current study and compares them with the
available literature. It can be seen that linear and volumetric wear results obtained
from the present work compare well with hip simulator and computational studies
as well as clinical studies.
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Table 1 Comparison of results with the available literature

Method Linear wear (um) Volumetric

wear (mm3 )
Present study (very low friction) Computation 2.18 0.16
Present study (friction) Computation 0.10 mm (cup) 6.84

0.19 mm (head)
Dorlot [7], Mitelmeier and Heisel [18] | Clinical tests 2-5 -

Stewart et al. [21], Affatato et al. [2] Hip simulator | — 0.10-1.02
Uddin and Zhang [23] Computation 1.32 0.17
Affatato et al. [1] Clinical tests 0.01-1.40 mm (head) |0.34-695

Trajectory and linear wear computation of the cup and femoral head for CoC hip
implants are depicted in Fig. 1. The trajectories of the contact point between the cup
and head conform to the worn path both in terms of location and shape. Moreover,
the present study determined that wear increases as bearing surface friction
increases. This conclusion is depicted in Fig. 1 where linear and volumetric wear of
the friction model were around 50 times greater than the case with very low friction.
This wear phenomenon can be justified by considering two physical reasons; (i)
friction induced an increase in the overall trajectory of the contact point track and
(ii) friction induced microscopic vibration of the femoral head within the cup (see
Fig. 1). Consequently, the sliding distance increased significantly, which increased
linear and volumetric wear.

5 Conclusions

A multibody dynamic approach was proposed to integrate the Archard’s wear
model into our spatial multibody dynamic formulation in order to predict linear and
volumetric wear of CoC artificial hip joints. The gross movement and vibration of
the femoral head inside the cup for both frictionless and frictional contact was
modelled and wear determined. The alteration of hip implant couple geometries was
also taken into account by updating the corresponding surface geometries as the
simulation progressed. The present procedure for very low friction showed very
promising results in comparison with the available literature. While previous hip
simulators and computational studies have generally underestimated wear rates of
artificial hip joints when compared to clinical results, the present article illustrated
that friction-induced vibration increased the wear rate significantly. The increase in
wear prediction of our model was a result of friction increasing the sliding distance
of the femoral head across the cup in both the micro and macro sense, with a wide
vibration band and greater overall range of movement of the contact point. The
trajectory of the contact point conformed to the wear map on the cup and head
surfaces.
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Fig. 1 Ceramic-on-ceramic (CoC) hip implant with three-dimensional physiological loading and
motion of the human body assuming frictionless where volumetric wear = 0.163 mm® (top row)
and frictional contact where volumetric wear = 6.975 mm® and cf/cd = 0.1/0.065 (bottom row):
a and d Contact point trajectory on the head and cup, illustrated as 7-Head and T-Cup,
respectively; b and e Linear wear depth on the cup; ¢ and f Linear wear depth on the head

Additionally, this study confirmed our hypothesis that friction-induced vibration
is the cause of high wear rates observed clinically.
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