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Aim:
The main objective of the second 1ISMMS-2017 is to attract scholars, researchers, teachers, students,

professionals and other groups interested in the promotion of science of mechanisms and machines, to
submit their scientific work in our Symposium.

ISMMS is well-known and the number of scientific works in the field of MMS grows in the world
every year. Potential speakers are affered to submit offers on oral, poster or the vidio-presentations
which offer new researchers and theoretical contributions of field of science about mechanisms and
machines. All adopted articles will be published in the scientific journal Machine Science (ISSN 2227-
6912), and also in scientific proceeding of the Symposium with ISBN, and also with the modified
version the selected papers will be published in scientific journals IFToMM.
Topics:

Computational kinematics and synthesis of mechanisms; gear driver and transmissions; dynamic of
machines; realiability of machines; tribology; mechatronics; manipulators and robots; oil-field
machines and mechanisms; technological machines; transport vehicles.
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Foreword

IFToMM was found in 1969 in Poland at the second World congress as the International
Federation for the Development of the Theory of Mechanisms and Machines. The main goal of the
World Federation is the development of international cooperation in the field of Theory of
Mechanisms and Machines - TMM.

Initially, IFToMM included scientific organizations from 13 countries. In 1995, the General
Assembly of the Ninth World Congress of the International Federation of the Theory of Mechanisms
and Machines - IFToMM (Italy, Milan) approved the Azerbaijan Committee of the International
Federation of the Theory of Mechanisms and Machine (AzC IFToMM). The scientific organization
was approved Azerbaijan Technical University and the Chair of AzC IFToMM was appointed Doctor
of Technical Science, Professor Rasim Alizade.

AzC IFToMM has performed first International Symposium of Mechanism and Machine Science
ISMMS-2010 in Izmir Institute of Technology, Izmir Turkey, on 5-8 October 2010. The Symposium
ISMMS-2010 was organized by Azerbaijan National Aviation Academy (Rector, Academician, Dr.
Sc., Professor Arif Pashayev), Izmir Institute of Technology (Rector, Dr., Professor Zafer llken) and
the Azerbaijan Committee of International Federation Theory of Mechanism and Machine (Dr. Sc.
Professor Rasim Alizade). The programs of the ISMMS-2010 covered following sections of relevance
to MMS, Mechanism and Machine Science: Structural Synthesis and Kinematic Architecture;
Linkages, Cams, Gearing and Transmissions; Control Systems; Mechanisms of Flying and Space
Machinery; Mechatronics; Robotics; Dynamics and Vibrations of Machinery; Computational
Kinematic Synthesis and Analysis; Nanotechnology and Micro: Manipulators, Robots, Mechanisms.

In 2011 year, at the 13-th World Congress of IFToMM noted that 48 countries of the world are
members of the International Federation for promotion of development the Machine and Mechanism
Science (MMS) with the keyboard IFToMM. The science of mechanisms and machines (MMS)
consider the theory of geometry, motion, dynamics and control of machines and mechanisms with the
transformation and transmission of energy and information using in industry, biomechanics, in space
and the environment.

AzC IFToMM 2017 International Symposium of Mechanism and Machine Science ISMMS-
2017 has taken place in Azerbaijan Technical University, Baku, Azerbaijan, on 11-14 September 2017.

The programs of ISMMS-2017 cover sections of relevant to Mechanism and Machine Science:

e Manipulators and Robots.

¢ Kinematics and Synthesis of Mechanisms.

e Dynamic of Machines.

e Transport Vehicles.
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ENGINEERING
Robotic Laboratory, Department of Computer Science,
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Oussama Khatib received his PhD from Sup’Aero,
Toulouse, France, in 1980. He is Professor of Computer
Science and Director of the Robotics Laboratory at
Stanford  University. His research focuses on
methodologies and technologies in human-centered
robotics including humanoid control architectures,
human motion synthesis, interactive dynamic simulation,
haptics, and human-friendly robot design. He is a Fellow
of IEEE. He is Co-Editor of the Springer Tracts in
Advanced Robotics (STAR) series and the Springer
Handbook of Robotics, which received the PROSE
Award for Excellence in Physical Sciences &
Mathematics. Professor Khatib is the President of the
International Foundation of Robotics Research (IFRR).
He has been the recipient of numerous awards, including
the IEEE RAS Pioneer Award in Robotics and
Automation, the IEEE RAS George Saridis Leadership
Award in Robotics and Automation, the IEEE RAS
Distinguished Service Award, the Japan Robot
Association  (JARA) Award in Research and
Development, and the IEEE Technical Field Award.

Ocean One: A Robotic Avatar for Oceanic Discovery
Oussama Khatib
Robotics Laboratory, Department of Computer Science
Stanford University, Stanford, California, USA
E-mail: ok@cs.stanford.edu

Abstract

The promise of oceanic discovery has intrigued scientists
and explorers for centuries, whether to study underwater
ecology and climate change, or to uncover natural
resources and historic secrets buried deep at
archaeological sites. The quest to explore the ocean
requires skilled human access. Reaching these depth is
imperative since factors such as pollution and deep-sea
trawling  increasingly  threaten  ecology and
archaeological sites. These needs demand a system
deploying human-level expertise at the depths, and yet
remotely operated vehicles (ROVs) are inadequate for
the task. A robotic avatar could go where humans cannot,
while embodying human intelligence and intentions
through immersive interfaces. To meet the challenge of
dexterous operation at oceanic depths, in collaboration
with KAUST’s Red Sea Research Center and MEKA
Robotics, we developed Ocean One, a bimanual force-
controlled humanoid robot that brings immediate and
intuitive haptic interaction to oceanic environments.
Teaming with the French Ministry of Culture’s
Underwater Archaeology Research Department, we
deployed Ocean One in an expedition in the

Mediterranean to Louis XIV’s flagship Lune, lying off
the coast of Toulon at ninety-one meters. In the spring of
2016, Ocean One became the first robotic avatar to
embody a human’s presence at the seabed. This
expedition demonstrated  synergistic  collaboration
between a robot and a human operating over challenging
manipulation tasks in an inhospitable environment. Tasks
such as coralreef monitoring, underwater pipeline
maintenance, and offshore and marine operations will
greatly benefit from such robot capabilities. Ocean One’s
journey in the Mediterranean marks a new level of
marine exploration: Much as past technological
innovations have impacted society, Ocean One’s ability
to distance humans physically from dangerous and
unreachable work spaces while connecting their skills,
intuition, and experience to the task promises to
fundamentally alter remote work. We foresee that robotic
avatars will search for and acquire materials in hazardous
and inhospitable settings, support equipment at remote
sites, build infrastructure for monitoring  the
environment, and perform disaster prevention and
recovery operations- be it deep in oceans and mines, at
mountain tops, or in space.
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USA.
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of Design at Stanford (the d.school) and is active in its
development: currently, he serves as Academic Director.
His design interests include organizing and presenting
workshops on creativity, group interactions, and the
problem solving process. Formerly he researched the
kinematics, dynamics, control, and design of computer
controlled mechanical devices. In kinematics, he studied
the mathematical theory of rigid body motions and its
application to the design of machines. All publications —
2016: Books and book Chapters-26; Journal articles-113;
Conference Procceding-77.

Teaching Courses in 2016-2017 academic years:
Advanced Kinematics; Mechanical Engineering Design;
The Designer in Society; Transformative Design.

Design Process as an Educational Tool
Bernard ROTH
Stanford, CA 94305, USA
E-mail: broth@stanford.edu

Abstract

The design thinking methodology is different in
basic ways from traditional educational methodologies.
It is learning by doing, i.e., problem based learning. The
students learn by working on real-world problems. Our
philosophy is that a lot of good learning can be obtained
by doing something real while you are in still not "fully
prepared.” We put a lot of emphasis into problem
definition. Getting a deep understanding of who the
solution is for is a very important part of our process.
We call this user a user centered approach. For the past
thirteen years, we have been providing design thinking
classes to graduate and undergraduate students, and been
running workshops for professionals and organizations.
This paper will present some examples that reveal the
power of our methods to solve difficult problems in the
university and in industry and to change people’s lives.
Keywords: Design Thinking, Projects,
User-centered, Auto-inject, Six-bar.

Introduction

Traditionally education is in the main content
centric. Students are expected to learn a specific set of
predetermined material using a predetermined
curriculum and schedule. Most of this education is done
in the framework of logical thinking that deals with
predefined objectives that are realized using deductive
or inductive thinking. The emphasis is on rationally
defined approaches to obtain specific predetermined
goals. The path to the goal may be difficult and my even
lead to dead ends, yet the desired goal is always in mind
and it is clear when the objective is obtained.

In contrast, in a true design thinking approach, the
problem gets defined as part of the solution process. In
other words, the problem definition is not clear in the
beginning. Part of any true design thinking process is to
define the design opportunity. In a true design thinking
approach both the problem and the solution are not
clearly defined in the beginning. Polynesian explorers
refer to such a voyage as a cone of possibility, rather
than a voyage with a specific predefined destination.
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Design Thinking Mindsets

The design thinking methodologies we have
developed at the Stanford d.school are different in basic
ways from traditional educational methodologies. They
fall under the heading of learning by doing, i.e., problem
based learning. The students learn by working on real-
world problems. Such ideas are not new to education.
The modern roots of the learning-by-doing methodology
go back to John Dewey, Maria Montessori and hosts of
other educational innovators. It is obvious that giving
students the opportunity to do something real can be
inspirational and often more effective than abstract and
seemingly useless learning. Design thinking has the
potential to empower students. It can move students
from being passive learners to powerful creators.

Many surveys of practicing professionals have
shown that skills such as making presentations,
cooperating with people from different backgrounds,
expressing one’s ideas, as well as being able to organize
and meet deadlines, are far more widely used than the
specific technical content of their expertise. Design
thinking projects enhance these needed interpersonal
skills. For students, such projects also have the positive
effect of fostering creative confidence and empowering
people to live more fully committed lives.

Traditionally education is about preparing students
to do things after they graduate. The d.school philosophy
is that a lot of good learning can be obtained by doing
something real while you are school and still not “fully
prepared.” We call this: having a bias toward action.
The bias toward action manifests itself in many ways.
For example, in our Launchpad class students start
businesses within a very short time. They need to have
launched their business by the fifth week of a ten-week
class, or drop the class. The idea is not to worry things to
death. Nothing will ever be perfect. Often the best way
to learn is from mistakes.

Alongside a bias toward action is the mindset to
learn from failure. Nobody likes to fail. Our students
have generally been very successful, and so failure is
hard for them to accept. Yet, failure can be a great gift.
If you learn from failure you often can move ahead to
better result than is you succeeded. One important way
to learn is to test out ideas in their early stages. So, we
have a strong bias to show rather than tell (that is doing
rather than talking about it) and to try out our ideas by
making quick prototypes. We call this embracing
experimentation.

Our methodology is heavily weighted to team based
learning and team based teaching. Moreover, we depend
heavily on diversity in both the teaching and student
teams. We call our form of team teaching and team
learning radical collaboration.

We put a lot of emphasis into problem definition.
Getting a deep understanding of how to embody human
values is a very important part of our process. We call
this user centered approach empathy. This is one of the
most crucial mindsets. In the past engineers and other
professional problem solvers, tended to deal only with
other professionals and ignored the end users and the
human centered aspects of their work. The idea of co-
design, where the users were directly involved in the
design process seemed very radical, as was also the idea
of being user centered. Fortunately, nowadays there is a
trend toward involving users on many levels of the
solution process.

Since our methods involve gather a lot of
information it is important to have a mindset for creating
clarity from confusion

Also, it is important for people to know where they
are in the design process, what comes next and what
specifically they are striving for. We call this being
mindful of process. Professionals tend to do this
subconsciously. For students and other inexperienced
design thinkers, it is very useful to have in mind a step
by step process that gives a default answer to the
question of: what do | do next?

Design Thinking Process

The two most common design thinking processes we use
involves involve five or six different steps. The five-step
process is usually given as: empathize, define, ideate,
prototype and test. The six-step process is usually given
as: understand, observe, point-of-view, ideate, prototype
and test. These are virtually the same, since understand
and observe are part of the process of empathizing, and
point-of-view is simply one form of defining a problem.
Some people use these two forms interchangeably and
others prefer one or the other. In both cases, it is
important to realize that nobody is talking about a linear
ordered set of steps. In practice, steps may come in any
order and be repeated several times during any pert of
the process. The process is best taken as a nominal
guide, and a fallback position as to what to do when it is
not clear what the best next step is.

For beginning students, the idea of a step-by-step
process forms a good guide in how to approach a
problem and move from problem definition through to a
final solution. It is also a good pedagogical device to
break the solution process into discrete steps. In that
way, each step can be learned and practiced without the
need to go through the entire design process. This is
very useful in building student’s skills. It is also useful
for professionals seeking to develop special skills and in
depth expertise in specific aspects of the process

We have found that the design thinking learning-by--
doing teaching methodology is very appealing to
students. It changes the classroom from a low energy,
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passive, learning environment into a highly charged
fully participatory situation.

In traditional education, a professor “teaches” the
students. The students “learn” the material. The goal is
that after graduation the students will be able to apply
their learned knowledge to real-world problems.
Whereas in a design thinking educational setting the
goal is for students to get engaged and confident in their
innovation process at the current time. This goal is
accomplished by project based learning, in which the
students go through a design thinking process while
practice radical collaboration in a culture of prototyping.
The faculty’s main role is to act as coaches that create
situations where the students are the experts. The
students get exposed to different faculty points of view
due to the diversity of backgrounds within each teaching
team.

Our learning by doing culture involves relatively little
formal lecturing. We move students quickly to complete
immersion in a problem by insisting that they incorporate
a human centered viewpoint. After taking as much time as
is necessary to make sure we have a good problem
statement (we call it point-of-view), we move rapidly into
the ideation phase by use of sketches, lists and prototypes.
Human Centered Design-Empathy

One of the strongest aspects of design thinking is that it
is human centered. A human centered designer needs to
be truly empathetic to the people being designed for.
Most professionals are basically not empathic to the
people they are supposed to be providing for. This may
seem strange, yet it is frequently the case. For example,
most professors believe they know better than students
what the students need. Doctors feel they know better
than patients what the patients’ needs are. And so on in
virtually every profession. In general professionals talk
to their peers, who are other professionals. On those
occasions when consumer interest is explicitly
considered, it is done on a macro scale by using
anonymous surveys or focus groups. In human centered
design thinking, the emphasis is on finding implicit
human needs by carefully observation and in depth
engagement with individual people. Often instead of
looking for “average” people, we are looking for the
outliers, the so-called extreme users. These are the
people that lead to insights that can yield truly new and
amazing solutions.

A good example of human centered design is given
by the development of an automatic injection
mechanical system for people that take periodic
injections of a given dose size. Such regular dose size
treatments are often used by Rheumatoid Arthritis and
Multiple Sclerosis patients. By doing extensive
interviews and watching people’s actual behaviors
designers deduced several valuable guidelines for the
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mechanism synthesis phases of their designs. For
example, they learned that people have lengthy routines
as they target an injection and work up the resolve to
insert the needle. A person with Rheumatoid Arthritis
used the needle tip to probe around and identify an
injection target. After she chose the spot, she took a
couple practice swings for courage, then missed and
inserted the needle close by. She would like to be able to
aim better and to be able to compose herself before
starting the injection, confident that the needle will go
where she expects it to go.

A person with Multiple Sclerosis made a paper “clock”
to help rotate through injection sites on her thigh. She
lined the clock up with a freckle and then worked her
way around the clock, targeting a different “hour” for
each day’s injection. She tried to build up her courage
(sometimes with wine), took practice swings, closed her
eyes, and then inserted the needle knowing that she
would inevitably miss her target. She had built up a
ritual around control and targeting, even though it was
not achievable with the tools she was using.

The design team built prototypes to test the
hypothesis that a stable base with site visibility and a
needle that is retracted prior to injection would help
people feel more confident. The prototypes began as
syringe accessories, with the first being a two-part tool:
literally a puck-like “site” or guide piece that interfaced
with a separate “inject” piece.

The team observed the benefits of being able to

move the prototype around freely, to then hold it stably
in place while still having the option of changing your
mind, and to then start the injection without disturbing
the device from its targeted position. For people with
compromised or unsteady hands, this design offers
ergonomic advantages. For everyone, the anxiety that
comes with inserting the needle can be deferred, as the
stakes feel low while the injection part is being
positioned and repositioned.
This approach works best when the act of placing the
device on the skin is not what either unlocks or triggers
the injector. From this the concept arose that auto injectors
have clear bases to help target the injection. This allows
for the auto injector to be repositioned on the skin and
then held stably on an injection site while a user gets
ready to trigger the injection.

The designers chose to work on populations that
require injections on a weekly up to a monthly basis of
fixed drug volumes from 0.2mL to 3mL delivered
subcutaneously about 6mm deep. Furthermore, given the
drug’s refrigeration requirements, they restricted
themselves to full dose injections.

The actual mechanism for automatic injection and needle
retraction is quite complicated, as seen in the patent
application figure bellow It turned out that only engineers
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are interested in seeing it. So, the final design had the
mechanism covered by labels with product information.

Fig. 1. Patent drawing of automatic injection device The
patients are mainly interested in seeing the drug flow out
and being assured it has all been injected. In the photo
below, the auto-injector on the left shows the
mechanism. It is purposely covered first as shown in the
center and ultimately as shown on the right. So, that only
the bottom part of the auto-injector is left transparent
and the patient can see the piston pushing the drug out of
the syringe

Learnings from watching patients deal with
prototypes led to making it so the patient does not see
the needle and does not need to apply force to actuate.
The injections activate automatically after a short delay
once the patient has rotated the top form the lock to the
unlocked position. Since patients were concerned about
wasting very expensive drugs, the bottom is left
transparent so the patient can visual confirm that the
actuation entirely empties all the medicine.

A classic example of both how a lack of empathy can
lead to troublesome results, and how incorporating
empathy can lead to amazing results comes from Doug
Dietz, a senior designer at GE Medical. Doug’s group
designed an MRI machine to be used to examine children.
The group worked in the usual professional way. They
talked to other design engineers and scientists. They
talked to customer engineers, and to doctors and hospital
administrators. They talked to everyone but the patients!

They completed a very professional looking machine,
and it was successfully marketed to hospitals and clinics.
After some time, Doug decided to visit a local clinic and
see the machine in operation. When he identified himself
to the nurses they heaped praise on him about how well
the machine worked. He felt elated. Then a child was
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dragged in screaming by his mother, and the nurse asked
Doug to leave since they had to sedate the child to get him
into the MRI machine. Doug soon learned that to use his
machine approximately 85% of the children had to be
sedated. It made him feel terrible.
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Fig. 2. The injection mechanism fully visible, and
partially and fully covered

Ultimately Doug realized he had not been practicing
human centered design. Acting on his realization he
formed an advisory group of children that were chronic
patients. He also consulted children’s museums, child
psychologists and parents. The result was a reframing of
the experience. Instead of a medical procedure he made
the MRI machine the center of an adventure. He made
comic books showing the idea of seeing inside your skin
and sent them to the children in a knapsack two days
before their examination. Mainly though he had the room
and MRI machine repainted. One adventure had the room
painted so that the machine was part of a pirate ship, and
the child had to hold still lying on her back so the prates
would not find her. Another adventure involved holding
still looking up at the stars.

With the adventure series, the sedation rate dropped
to less than 2%. Some children were heard saying:
“mommy, can we come back tomorrow?” When you
look at the original MRI machines with the eyes of a
child, it becomes clear how getting into the machine
could seem like crawling into the mouth of a metallic
monster. Empathy for his users allowed Doug to see his
design with the eyes of a child.
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Culture of Prototyping

A useful way to check if you have a good POV is
make small tests. Think of these tests as prototypes.
People often use the term “mock-up” to indicate a quick
prototype. | prefer the term “crap-up” to indicate an even
simpler and quicker form of prototype. The noun
“prototype” implies a formal model of some complete
object. So, for our purposes, it is best to think in terms of
the verb “to prototype.”
Useful simple prototypes quickly give you some
important information. A classic example is the surgical
tool configuration put together for doctors by IDEO. It is
made from a clothes pin, a film container, a marker and
some scotch tape.

Fig. 3. Prototype of surgical tool

Two less traditional prototype that were created by
Stanford students are a simulated bicycle accident, used
to get information about bike safety design, and the
game of musical chairs, used to test ideas for the design
of the airline Jet Blue's customer callback system. These
are shown here:

Fig. 4. Prototype of bicycle accident

Courses and Workshops

The scale of our activity has grown each year. This
year at the Hasso Plattner Institute of Design at Stanford
we offered over 70 interdisciplinary courses of which
half were regular 10 week long classes and half were
shorter length “popup” courses. Over 1,000 Stanford
students attended these classes, and over 900 Executives
and Educators participated in special short term
workshops and trainings.
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Fig. 5. Prototype of call-waiting experience

Our classes are all project based. A few courses have
been offered regularly. While many others tend to only
be offered for several years. All our courses tend to
change each time they are offered. Our longest standing
class is the two-quarter sequence now called Design for
Extreme Affordability. The class generally has forty
students that are divided into 10 teams of four. As of
2017, the class has been offered for 13 years. There have
been 120 projects for 21 Countries, of these 33 are still
in the market. Two of the early projects have received a
lot of publicity due to the social good they have bought.
They the d.light and Embrace projects, described below.

d.light is a for profit company that makes affordable
solar powered LED task lights. Since Kkerosene and
candle lighting are dangerous, toxic and relatively
expensive, the students felt there was a strong need to
replace them with solar powered lighting in areas that do
not have electricity. The success of their concept can be
seen by the following cumulative results, as of May 31,
2017: 75 million lives empowered; 5.8 billion dollars
US saved in consumer energy costs; 19 million school
aged children serviced; 26 million tons of CO2 offset;
40 billion productive hours created from darkness.

Embrace is a not for profit company that
manufactures and markets a lifesaving baby warmer.
Premature and other low body weight babies need to be
kept warm or they will die. The students realized that in
rural areas the traditional hospital incubators are
basically ineffective. Firstly, they are too expensive and
require a dependable supply of electricity. Secondly, the
incubators that do exist in poor countries are in cities
and are too far for mother in rural areas to get their
babies to the lifesaving incubators in time. The students
invented an inexpensive sleeping-bag like device that
relies on a removable bladder containing a wax like
substances that melts under heat and maintains body
temperature for at least 4 hours. The heat can be
supplied from boiling water and does not rely on
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electricity. At this writing, over 250,000 babies in 22
countries have been kept warm by Embrace.

One Stanford student was so inspired by Embrace,
that when he learned that babies die or have lifelong
disabilities due the lack of a blue-light therapy for
jaundice, he stopped out of school for a year to develop
a blue-light LED based inexpensive device, he named
Brilliance, which has now been sold to over 20 countries
and been used to treat over 250, 000 babies.

This year there was a project that led to the
development of a linkage for use in manually tamping
dirt floors in Rwanda. The students found that
homeowners who aspire for a more dignified, healthier
living space need an accessible, affordable way to build
a floor. Currently, the skilled labor required for the
compacting process makes the installation price
unaffordable and serves as a deterrent do-it-yourself
construction. The floors are built by adding a top layer
of sand and sealant to a gravel base that is compacted
into a rigid subsurface by a hand-held ram that needs to
be repeatedly smashed into each small section until the
subsurface is rigid enough to support a thin layer of
cement. This preparatory work is very labor intensive,
and the most expensive part of the entire floor building
process.

To accommodate the need to reduce the cost of the
tamping process, the students developed a planar 6-bar
linkage composed of a slightly offset slider-crank 4-bar
and a dyad that drives the slider crank’s coupler. The
device is meant to be powered by the operator’s foot,
although hand operation is also possible. and Fig. 6.
shows a skeleton diagram of the kinematic structure, and
Fig. 7. shows a Solid Works sketch of the device. The
crank for the slider crank is link EC. It is connected to
the device’s base with a turning joint at E. The slider-
crank’s coupler link is BC, which is extended to include
point D. The slider is link BA. A is the impact part of
the slider which drives an 8 inch by 8-inch square base
(0.2m x 0.2m) into the dirt to create the compacting.

It has been shown that the resulting compacted floors
are of high quality and can be produced by reasonable
expenditures of time and effort. This device a viable
alternative to hand compacting in the Rwandan
environment. It is currently undergoing final
development in the local area where it will be fabricated
and brought to market as a $50, bicycle transportable,
do-it-yourself compactor. It is estimated that over a
million floors will be installed in the next few using the
principles embodied in this device.

Creative Confidence

Looking at such results it is easy to understand how this
type of experience can deeply affect students. For many
their introduction to design thinking project based
learning has been life changing.
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With design thinking, there is a big addition to the
universe of problem solving: Now people are center
stage. So, in addition to artifacts we have experiences, in
addition to physical prototypes we have stories.

Fig. 6. Skeleton diagram of the kinematic structure
action. The linkage could be hand driven by pushing on
the coupler at point D. However, since foot power is
more powerful than hand-cranking, the dyad composed
of links DF and FG is attached to the coupler through a
turning joint at D. The input torque is them obtained
from stepping on a foot peddle rigidly attached to link
FG next

Fig. 7. Solid Works sketch of tamping device

We say that students empowered by design thinking
mindsets have increased their personal efficacy, to the
point where they have creative confidence. They are
imbued with a feeling of confidence that they can problem
solve in a meaningful way that will improve the world
around them. Traditional education, with its reliance on
teachers and other experts, tends to give students a sense
of inadequacy, regardless of how well they do
academically. Whereas design thinking’s project based
experiences, with its reliance on coaches that assist
students to find their own way, tend to empower students
both in their outlook and their own estimation of their
abilities. In this sense design thinking is a
transformational educational reform.
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Introduction

In oil-producing countries the sucker-rod pumps
is one of the major aggregates for the mechanized
way of an oil recovery on land.

The application of the method of oil pumping
begins on the Baku oil fields since 1923. The history
of development of pumping units is well recognized
in stages to improve their standards. Without
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considering the first samples, which had a wooden
rocker and outdoor gear, it can be said that their
development as a serious engineering products, began
with the creation of the design, the parameters of
which were regulated by the standard of "pumping
unit" (GOST 5866). Worldwide the parameters of
pumping units are regulated by the standard of the
American Petroleum Institute Specification for
Pumping Units Spec HE API. At present in
Azerbaijan is valid the last edition of Interstate
Standard developed by the Azerbaijan Scientific-
Research and Design Institute of petroleum
engineering (AzZINMASH) in 1998 and harmonized
with Spec HE API.

But in split of almost 90-year history of
pumping unit is a fairly conservative set of
equipment, the basic design elements of which are
not changed for the past many ten years.

As in the time of the Nobel Brothers activity in
Azerbaijan, which despite resistance from the
conservative oil companies and dealers have
implemented many of his revolutionary ideas such as
pipeline transportation of oil, oil storage in steel tanks
and many others, without modern oil industry is
impossible and now has to contend with the still
ongoing conservatism of oil companies who do not
want to change anything in the equipment for the oil
extraction.

Now issue of standard sucker-rod pumps makes
several ten thousand a year and provides security of
maintenance of all funds of oil wells. However the
low efficiency, the big expenditure of the electric
power, an incomplete construction of driving gear
and reformative mechanisms, impossibility of use in
existing aggregates of electric motors with a rotation
high frequency lead to research of more perfect
construction of a mechanical drive of sucker-rod
pumps-MDSRP [1, 2].

One of essential deficiencies of known MDSRP
(beam pumping unit) is that at the big traverse stroke,
except increase in a dimension of the machine tool;
raise as well the sizes of a beam head. At the usual
beam with application of an arc beam head the span
arrow in any position of the mechanism is organized.

Operation of the deep pump at each movement
plunger up and downwards is accompanied by
change of a direction of movement of pump rods and
transition through some positions (dead points) with
zero speed that should vary during one cycle of
operation of machine on magnitude and a direction.
As a result the "bifurcation™ - an exit of the linkwork
from a dead point has important value at start-up and
machine stopping. At that dynamic loads on rods
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depend on magnitude of speed and acceleration
which are drastic shown at descent of pumps to the
big depths. As rods are set in motion by sucker-rod
pump, operation of the deep pump essentially
depends on the law of movement of a suspension
bracket polished rod. Thus laws of movement of a
suspension point of rods for an ideal case are simple
harmonic functions accordingly for a path - a
cosinusoid, speeds - a sinusoid, accelerations - a
cosinusoid with amplitudes r, ro, ra?. However, in
an existing construction of the sucker-rod pump the
real law of change of a path, speed and acceleration
of suspension point of rods considerably differs from
the simple harmonic.

Execution of a driving gear of an existing
MDSRP with use of a double-reduction gear unit of
classical execution demands application of electric
motors of the big power with the lowest rotational
speed and efficiency. It essentially augments its
overall dimensions, reduces reliability and efficiency.
Method of solution

Department of «Machine parts» of Azerbaijan
Technical University is developed, made and tested
essentially new constructive decision of a mechanical
drive for sucker-rod pumps (fig.1). Thus execution of
the reformative mechanism as slide-crank mechanism
with the embedded planetary gear, which has the
changing laws of a path, speed and acceleration of
suspension point of rods closest to theoretical laws
and a bifurcation, allows reducing of the beam in this
mechanical  system having rather  difficult
construction, [3].

Fig. 1. The kinematic diagram of new constructive
decision of a mechanical drive for sucker-rod pumps

It has been investigated the analytical
kinematics of the geared linkage mechanism
transforming a rotational motion of rod’s suspension
center of the new constructive decision of a
mechanical drive for rod pumps into reciprocal , Fig.
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2. It is made the estimation of deviation of the real
maximum speeds and accelerations from the
maximum speeds and accelerations of ideal harmonic
motion of suspension center of rods of a mechanical
drive for sucker-rod pumps.

By the kinematic calculation is determined a
connection between displacement of an initial link -
crank with the displacement, speed and acceleration
of a driven link — suspension bracket of a rod of
MDSRP [4, 5]. Here s =s,/I, A=r/l - are

parameters of the transforming mechanism on which
variable kinematic parameters of the given
mechanical system depend. As an independent
variable is set the rotation angle of the crank ¢.

In the construction of modern beam-pumping
units (fig. 2, a) the crank and the connecting rod on
the both extreme positions lie on the straight line, that
passes through the rotation center of the crank.
However, the real displacement of the plunger of the
deep-pump performed by the common pumping
units, as a rule, does not correspond to the made
demands. As a main cause for this are considered
elastic deformations of the bars and rods, that are
formed as a result of impose of variable in magnitude
loads, influence of the inertial forces of flowing
liquid masses and pumping bars, which substantially
depend also on significant difference between laws of
variations of way, velocity and acceleration of rod’s
suspension point in common beam-pumping units
and simple harmonic laws.

Fig. 2. Kinematics of the normal pumping unit a)
and of the new constructive decision of a mechanical
drive for sucker-rod pumps b)

And the execution of the transforming
mechanism as a slide-crank mechanism in new
constructive design of sucker-rod pumps (fig. 2, b)
with the embedded planetary gear possessing the
laws that are particularly close to the theoretic laws
of variation of way, velocity and acceleration of rod’s
suspension point, and bifurcation enables to eliminate
the beam in the present mechanical system, that has a
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relatively compound construction and leads to
increase of the overall dimensions of the system. This
way friction losses in kinematic pairs decrease, and
stroke of wellhead rod’s bracket by oil extraction
takes place in a wide range due to theoretically
derived laws of motion of rod’s suspension point
respectively co sinusoid - for way, sinusoid - for
velocity and co sinusoid - for acceleration with the
amplitudes r, ro and r«? of mechanical drive of well
pumps.

Compared with beam-pumping units the
developed beamless pumping unit has more
reliability and infallibility, because it lacks such weak
links as swivel beam head and its supporting nodes.
The pumping unit equipped with the developed
transforming geared linkage mechanism has better
dynamic behavior because the crank rotates
uniformly, there are not significant unbalanced
masses and acting on the base horizontally directed
alternating forces that are characteristic for beam-
pumping units. Since the beam head with the beam is
replaced by the fixed base with the positioned guide
gear wheel, better centering with the wellhead is
ensured.

It is established, that dynamic loads in rods
depend not only on value and the variation law of
acceleration, but also on motion speed of suspension
center of rods at the moment of motion of plunger up.
Therefore it is necessary to find deviation of the
kinematic parameters characterizing qualities of the
new constructive decision of a MDSRP. In this
connection as qualitative parameters of state of this
mechanical system are accepted the deviations of the
real maximum speeds and accelerations from the
maximum speeds and accelerations at ideal harmonic
motion [4]:

(Vo) _ SiN(@+y) | )
(v,), sinpcosy

@) _ 1 [cos(p+y)  cos’p] (2
(a.), cosp| cosy cos®y
here(v,),, (a,), - are accordingly the maximum

X =

Xa =

speed and the maximum acceleration at ideal
harmonic motion of rod’s suspension center of the
given mechanical system.

For definition of rotation angle of the crank
corresponding to the maximum values of speed and
acceleration of a suspension center of rod the
derivative of the expressions (1) and (2) is equated to
zero. The change pattern of speed and acceleration of
suspension center of rod of sucker-rod pumps
depending on rotation angle of crank is presented in
the Fig. 3 [4].
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It is established, that by using of the new
constructive decision of a MDSRP the deviation of
the real maximum speeds and accelerations from the
maximum speeds and accelerations at ideal harmonic
motion depending on a parameter value 4 makes 2-7
%. That testifies expediency of use of the new
constructive decision of a mechanical drive (sucker-
rod pumps) at an oil recovery.

Thereby, comparing with the proposed
construction of the new construction decision of
mechanical drive for sucker rod pumps, plunger of
the deep-well pump of common pumping units is
staying at the lower and upper dead points longer for
the time t*, that can lead to the anticipatory
deterioration of pump’s plunger because of the
ingress of big amount of sand into the cavity of
pump’s cylinder or incomplete use of whole capacity
of the cylinder because of the ingress of condensate
gases and oil displacement [5].
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Fig. 3. Change pattern of speed (a) and acceleration
(b) of suspension center of rod of sucker-rod pumps
depending on ¢ : 1, 2, 3 — respectively for ideal
harmonic motion, for new constructive decision, for
existing construction
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Approaching of the laws of variation of way,
velocity and acceleration of rod’s suspension point of
new constructive decision of MDSRP to the
harmonic laws decreases additional dynamic load
caused by rods’ vibrations and also inertial loads on
the rods, which undoubtedly will increase their
durability [6].

Use in the new constructive decision of a
mechanical drive for sucker-rod pumps as a driving
gear of AN-reducer diminishes its overall
dimensions, friction losses in kinematic pairs, and
allows receiving practically any quantity motion of a
suspension bracket of a rod at an oil recovery [7].

During the full cycle of operation of the deep
pump, the rod suspension point is loaded unevenly,
which is accompanied by uneven energy
consumption during each cycle. When the plunger
moves upwards, work is done to raise the bars and
liquid, and when the plunger moves down the bars
are lowered by their own weight and, thus, the engine
is unloaded. Such a load fluctuation requires the use
of high power engines in the drives of sucker-rod
pumps with extremely low efficiency.

One of the basic requirements that the kinematic
scheme of the sucker-rod pumps must satisfy is to
maintain the same average speed when the rod
suspension point moves up and down. In other words,
the time taken to move up and down should be the
same. For this purpose, a normal crank-slider
mechanism is used as the transforming mechanism in
the new design solution of the beamless sucker-rod
pump. Obviously, in this case, the rate of change of
speed is equal to one, that is, it is ensured that the
average velocity is maintained when the rod
suspension point moves up and down. At the same
time, the kinematic height - the distance from the
center of the crank's rotation to the lower boom
suspension point of the new design of the mechanical
drive of rod pumps, is equal to the sum of the lengths
of the crank and connecting rod, which depend on the
stroke length S and A.

In the sucker-rod pumps for oil production,
applying an additional load of dynamic nature to the
static load associated with the beginning of the
movement of the liquid column and the lower end of
the rod string at the end of the deformation period
during the upward motion leads to the appearance of
elastic oscillations in the rod string. In this case, the
additional dynamic loads arising in each of the
sections of the rod column vary with time according
to a certain periodic law, and, owing to the
resistances, the amplitude of these oscillations
gradually decreases. The lower end of the rods is
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driven by the finite speed of the rod suspension point
with the end of the unloading period at the end of the
deformation at the last downward stroke. There are
elastic oscillations of the rod string. It is obvious that
for a certain diameter of the pump and the depth of its
descent, the maximum dynamic load depends on the
speed and acceleration of the rod suspension point at
the end of the initial rod deformation period for a
certain pumping regime (stroke length and number of
oscillations) dimensions of the crank and connecting
rod.

The study and evaluation of the real values of
the dynamic loads that take place under various
operating conditions of a deep-well pump are of
practical interest. A comparative evaluation of the
output parameters of the SKD-7 rocking machine and
the new design of the MDSRP is given in Table 1. In
Fig. 4 shows the nomogram for determining the
maximum dynamic load on the rods of borehole
pumps, depending on the dimensionless parameters
characterizing the ratio of the diameter of the plunger
and the pipe to the diameter of the rod.

Table 1.
Name of the Name of the equment.
parameters Sucker-rod New design
pump SKD-7 of MDFSP
S, m 3 3
H, m 1345 1345
dy, mm 56 56
Fer, N 62000 62000
n, min! 12/9 12/9
Ve, M/s 1.81/1.355 1.45/1.088
ac, m/s? 1.12/0.628 0.9116/0.5128
F.' N 136,00 110,00
Fuin, N 1680,00 1085,00
Fg, N 1816,00 1195,00
Frmax, N 8016,00 7395,00
Fg/ Frmax 0.227 0.1616

Currently the authors have designed sucker-rod

pumps with transforming slide-crank mechanism
with the embedded planetary gear (fig. 4), proposed
various designs of beamless pumping units with
toothed slide-crank transforming mechanism, carried
out the industrial test of package gear in the oil fields
of island “Pirallahy” near Baku (fig. 5).
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Fig. 4. Nomogram of determination of the maximum
dynamic load on the rods of borehole pumps

Gear execution multistage, placed on two shafts
practically with an unrestricted reduction ratio, gives
the chance to diminish amount of belts, and also a
reduction ratio of V-belt drive and by that overall
dimensions, and consequently also  metal

consumption of plant at preservation of functionality
of a mechanical drive rod pumps.

Fig. 4. A prototype of new constructive decision of a
MDSRP with three stage package gear (Us=64)
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Fig. 5. Industrial test of sucker-rod pumps SKD 3-
1.5-710 with three stage package gear (Us=64) in the
oil fields of island “Pirallahy” near Baku

Prominent feature of the last is that is ensured
energy supply at the expense of use of electric motors
of low power with the big rotational speed, the
amount of constructive elements is diminished and by
that reliability of the this mechanical system is
augmented.

Comparing with classical multistage gears the
AN-reducers have following specific advantages:

e possibility to getting very high gear-ratio;
o small dimensions;

higher efficiency;

high reliability and higher technical level,
absence of countershafts;

saving of energy supply.

As a basic kinematical schema of AN-reducer
was chosen three- and fife-stage schemas where
influence of rotation direction of double gear blocks
are favorable for the loss of enhancements and
increasing of efficiency of it [8].

Due to exclusion of countershafts on frictionless
bearings the reliability level of AN-reducer in
comparison with classical gears is higher up to 7.5 %.

Thanks to exclusion of pair of frictionless
bearings the efficiency of AN-reducer increased up to
4.5 % [9].

Based on derived results was established, that
the technical level of engineered AN-reducer is
comply with the modern world gears models [10].
Conclusions and results

It is established, that by using of new design of
beamless mechanical drive for sucker-rod pumps the
deviation of the real maximum speeds and
accelerations from the maximum speeds and
accelerations at ideal harmonic motion makes 2-7 %.
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With the use of a new design of beamless
mechanical drive for sucker-rod pumps, the relative
magnitude of the dynamic load (on average by
28.8%) and the maximum load at the suspension
point of the rods are significantly reduced in
comparison with the common beam-pumping units.
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Abstract

This paper focuses on the systematic type synthesis of
parallel robot manipulators by using new structural
formulas based on the screw theory. New structural
formulas as a total number of screw in kinematic pairs
($), number of screws with variable pitch ($), total
number of screws that represent the contact geometry of
lower and higher joint elements (t), mobility equation for
robot manipulators (M), dimension of the closed loop (1),
motion of end effector of parallel manipulator (m),
number degree of freedom of kinematic pairs (f), refers to
find the kinematic structure of robot manipulators
realizing a specified motion requirement. Twenty
kinematic pairs with structural parameters ($,$,f,t) are
introduced. History of six structural formulas using for
structural synthesis of parallel robot manipulators from
space and different subspaces are presented as a table with
equations, authors, years and some commentaries. The
structural synthesis approach is based on the elementary
notions of screw theory. Using the proposed of structural
formulas approach, families of platform manipulators are
constructed from a set of structural units. This paper is
appropriate for engineers with interest in robotics, rovers,
space docking parallel manipulators and screw theory.
Keywords: Kinematic pair screws; Motion of end
effector; Screws with variable pitch; Dimension of
closed loop.

Introduction
Structural synthesis of robot manipulators is the

fundamental concept in robot design. The mobility of
robotic mechanical system indicates the number of
independent input parameters to solve the configuration of
robots. If mobility of the kinematic chain is equal to zero
(M =0) and can not be split into several structural
groups, we will get a simple structural group. Combining
the simple platform (with n > 2 kinematic pairs) type
structural groups with given actuators, we can get parallel
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platform type robot manipulators needed to define the
location (position and orientation) of end effectors. Serial
platform manipulators control the motion of the platform,
which are connected each others by hinges, branches, legs
and other kinematic chains going from the platforms
toward the frame. Complex robot manipulators consist of
independent branches and legs loops with variable general
constraints {4,}5. Many platform type robot manipulators
use legs with variable general constraints. Therefore
structural formulas are used by engineers for design the
parallel and serial platform Euclidean robot manipulators
with variable general constraints. Structural synthesis of
parallel Cartesian platform robot manipulators consists
from connecting the simple structural groups constructed
in the orthogonal planes to actuators and moving platform.

The history of formulas for structural analysis and
synthesis of mechanisms and robotic mechanical systems
during the second half of the 19™ century, the first and
second half of the 20" century and the beginning of 21
century had been investigated and illustrated in the Table
by 38 equations, authors, years and commentaries in the
fundamental investigations[1] and in a critical review [2].
Several investigations are described a systematic approach
of structural synthesis and analysis of mechanisms by
using screw theory. First investigation was given by
Mueller [3] , where in equations for simple structural
group and for kinematic chains were used the number of
screw in kinematic pairs. Voinea and Atanasiu [4] and
Waldron [5] introduced mobility equation of mechanisms
with rank parameter equivalent to screw system of the
closed loops. The scientific investigations of structural
synthesis and analysis of robot manipulators by using
screw theory were more dedicated in the beginning of 21%
century. Huang and Li [6] proposed a type synthesis of
parallel manipulators with mobility {M;}3 by using screw
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theory. Fang and Tsai [7] developed a problem of
structural synthesis and analysis by applying screw theory.
They enumerated limb structures for parallel manipulators
according to reciprocity of limb twist system and wrench
system. Jin et.al. [8] are proposed the structural synthesis
and analysis of parallel manipulators by using screw
algebra. The design of parallel manipulators based on
Pliicker coordinates is examined by Gao etal. [9]. An
analytical method of using equivalent screw groups for
structural  synthesis of over constrained parallel
manipulators is described in the study of Zhoo et.al. [10].
Kong and Gosselin [11 — 14] proposed a new way for the
type synthesis of parallel manipulators with different type
of end effector motions by using screw theory and virtual
chain approach.

History of formulas for structural synthesis and
analysis of robot manipulators given by author at.al. are
presented as 6 several equations (formulas 1-6 in Table 1)

with the unique key controlling parameters. In
investigation [15] the mobility number, A, is a
characteristic of an independent loop of robot

manipulator. In Table 1 (formulas # 1) we have been
considered mobility equation which contain mixed
independent loops with variable general constraint. The
history of new formula [16] about the number of
independent loops was done in Table 1(formulas # 2).
The number of independent loops in platform
manipulators is described by the number of mobile
platforms (B), the total number of joints on the mobile
platforms (j,) and the total number of branches between
mobile platforms (c;). In the paper [17] and in the Table
1.1 (formulas # 3) the number of independent loops is
described as L = C — B, where C = ¢; + ¢, is sum of legs
and branches. A classification of parallel manipulators
based on the number of mobile platforms, number of
joints on the mobile platforms, number of legs and
branches, and types of kinematic pairs are also presented.
A new structural formulas for robots (formulas # 4 in the
Table 1), working in Cartesian space, having three legs in
orthogonal planes, introducing simple structural groups in
space A =6 and in subspaces {1}3, and connected to
actuators and to the end effector are introduced. Simple
serial platform type structural groups in A =3 and 1 =6
are presented also in [1]. In the study [18] new structural
formulas (formulas # 5 in the Tablel) for parallel and
serial platform Euclidean robot manipulators with variable
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general constraints of branch loops and legs were
presented. Selecting the legs of the robot manipulators as
moving dyads on Euclidean planes the direct and inverse
task will become easier to solve. The new proposed
Euclidean manipulators have several legs, which create
Euclidean motions on their own Euclidean planes. The
motion of the platform is defined by three independent
curves of three platform points moving on three Euclidean
reference planes. The general formula for motion of
platforms is given also. To create new robot manipulators,
simple platform structural groups with variable general
constraints were considered.

This study enunciates screw system with variable
pitch for the prismatic and cylindrical joints. Applying
concepts the number of independent screw, number of
screw with variable pitch, number of screws and motions
for lower and higher kinematic pairs (Table 1.6.1) become
possible to provide the structural characteristics of 20
kinematic pairs (Table 2). Two new general mobility
equations for robot manipulator with mixed and the same
dimension of closed loop are presented in the work
(Tablel.6.2 and 1.6.3).

Applying above mobility equations for structural
synthesis problem the new wheeled robot that are called
as “Rover” had been designed. This rover consists from
moving platform and two suspensions with six wheels
connected to the platform. Each suspension consist from
paired two Chebyshev lambda mechanisms called bogie
and one dyad called rocker. Two parallel suspensions are
connected by a differential gear mechanism (Fig.2).

The problem of structural synthesis of parallel wheeled
rover was solved by using structural formulas 3 and 5
from Table 1.6. In current study, new structural formulas
are introduced for parallel Euclidean plaform robot
manipulators (Tablel.6) with variable and fixed general
constraints. Structural synthesis task of four new design
Eucilidean docking parallel manipulators with three, four,
five and six legs were solved for spacecraft (Table 3).
Furthermore, new 6DoF Euclidean docking manipulators
of Spacecraft and their structural classification with the
same general constraints of each legs are presented. Also,
in the Table 3 were depicted the structural parameters,
kinematic structures, motion of platform, number of legs
and 3D drawing of new docking parallel manipulator of
Spacecraft. It is clear that the 6DoF Euclidean parallel
manipulator with different number of legs will better
generate the given position and orientation of moving
platform.
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Table 1. Structural formulas for synthesis and analysis of robot manipulators
Ne Equations Authors Commentary
1 2 3 4
J L F. Freudenstain and | 1. Mobility equation for
1. M= Z fi— Z Ak R.I.Alizade [15] mechanisms which contain
i=1 k=1 1975 mixed independent loops
J with variable general
2. M= Zfi —AL constraint.
=1 2. Mobility equation of
3.d=6-14 . ] o ] mechanisms with the same
1. | {d}& - general constraint for motion of rigid body in space; number of independent,
L — the number of independent loops; scalar loop closure equations
A —the loop motion parameters; in each independent loop.
fi — the DoF of kinematic pairs; M is the mobility of
j — the number of joints. mechanisms.
Ay is the dimension of the
active motion space.
1. L=j,—B—Cs R.I.Alizade [16] 1. L is the number of
J 1988 independent loops.
2.M=Zfi—/1(jB—B—CB)+q—jp 2. M is mobility of
= mechanisms and platform
) manipulators.
2 | 3. Z fi=A(Ug —B —Cp) 3. Equation for simple
i=1 6
B — the number of mobile platforms; str_uctural groups Wk, .
] o . g is excessive over closing
Jjg — the total number of joints on the mobile platforms; constraints,
C, — the total number of branches between mobile platforms. j, is number of passive DoF
in kinematic pairs.
1.L=C—-B R.1.Alizade and 1. New formula for the
J C.Bayram [17] number of independent
2. M= Z f,—A(C - B) 2003 loops.
i=1 2. Mobility equation of
3 platform robot manipulators.

3. Zj:fi=/1(C—B)

C = C; + Cp, parameter C is the sum of legs and branches.
G =Jjp —2Cy
C, — the total number of legs.

3. Equation for simple
structural groups.

23




Proceedings of the International Symposium of Mechanism and Machine Science, 2017

m AzC IFToMM-Azerbaijan Technical University
m 11-14 September 2017, Baku, Azerbaijan
Table 1. Continue
2 3 4
j R.1.Alizade, 1. Mobility equation for robotic

1.M=(B—C)/1+Zﬁ+q—jp
i=1
G G

2. M=(/1+3)+Z(dl—D)+Z(fl—/11)+q—jp
=1 =1

C=C+Cy,+C,

Cy, — the number of hinges;

A=6-—d,

A —the number of independent location parameters of rigid
body in the independent loop;

d; — the number of dimensions of vectors in subspaces of
legs.

f; — DoF of the kinetic pairs on the leg.

C.Bayramand E.
Gezgin [1] 2007

systems.

2. A structural formula of
mobility loop—legs equation for
parallel Cartesian platform
manipulators.

d is the constraint parameter of
independent loop.

D is the number of dimensions
of vectors in Cartesian space.

G
1 M= A+1h+Z<fL—AL)+Z(fl 20 +4—Jy
G
2.m= A+cl+1h+Z(dl D) +Z(fL—/1L)
Jjn — the number of hlnges between platforms

f1. — DoF of kinematic pair on the branch-loop.
A, — the motion of rigid body in branch-loop.

Rasim Alizade,
Fatih Cemal Can,
Erkin Gezgin [18]
2008

1. The general structural formula
of serial-parallel Euclidean robot
manipulators with variable
general constraints.

2. The general formula for
motion of platforms.

D — dimensions of vectors

(D = 3 for space R?,

d = 2 for plane R?)

1.$=f1_—§+t )
2.M=prf—z,1k+q

3. M= ZfPf—/l(C B)+q
f=

4M= ,1+Zl: prf A |+ (
b A
5.m = /1+cl+]h+2(dl D) + Z(Z N

=1
A-1 -

f=1

=1
A-1
D=2 L
=1

t — represents the number of screws that describe the contact
geometry of joint elements.

t = 2 — contact elements on surface;

t = 3 — contact elements on line;

t = 4 — contact elements on points;

Pr—2p | +jn
1

7.m=/’{+cl+jh+(dl_D)Cl+

Rasim Alizade
2017

1. Total screws in kinematic
pair.

2. Mobility equation for robot
manipulators with variable loop
motion parameters.

3. Mobility equation with the
same dimension in each
independent loop.

4. Structural formula for
Euclidean platform type robot
manipulators with variable
general constraints.

5. Structural formula that
describe the motions of end
effector on the parallel robot
manipulators.

6. Mobility equation for
Euclidean manipulators with
constant general constraint.

7. Motion of end effector of
Euclidean manipulator with
constant general constraint.
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Introduction to screw with variable pitch

The structural and kinematic analysis and synthesis
problem have been studying with the goal of identified
new methods for composing robot manipulators capable
of performing various prescribed positions and
orientations of the end effectors. Screw with variable pitch
can represent the prismatic joint, P, with the variable pitch
parameter pp = oo, and also the cylindrical joint C(RP)
with variable pitch u. = (%; 0) that describe a rotation
motion (uz = 0) and translation motion up = .

As shown in Fig. 1, the location of a rigid body (RB)
of the cylindrical joint can be described by the three
parameters for position (x,y,z) and three independent
parameters (d, a, 8) for orientation. Let coordinate system
A and was then translated parallel to the point B, (Fig.
la). The position of point B; is described by vector
7(x,y,z). Next, the system B, that is initially aligned with
system B; is rotated by the twist angle a about the xp,
axis. Following this the coordinate system B, of rigid
body is translated along the zp, axis by a distance d.
Lastly the coordinate system B that was firstly aligned
with the system B, is rotated by the angle 6 around zg, so
we will get orientation of the coordinate system Bxgypzg.

Transformation of one coordinate system B to a
reference coordinate system A correspond to the
transformation of screw $, when the relative position and
orientation of the pair of screws are known (Fig. 1a). By
using homogeneous coordinates the transformation of the
system will be represented by 4x4 matrix as:

1 0 0 x]J[1 O 0 0o]fr 0 0 0
ar — 0 1 0 y[|0 ca —sa O[]0 1 0 O
B 0 01 z[|0 sa ca Of[0 0 1 d
0 0 0 110 O 0 1110 0 0 1
cd —s6 0 0 cd —-s6 0 x
s6 cd 0 0|_|sfca chca —sa y-—dsa )
0 0 10 sfsa 0 ca z+dca
0 0 01 0 0 0 1

where: S8 and C6 represent the sine and cosine of 8, and
Sa and Ca represent the sine and cosine of a.

Knowledge of these six parameters (x,y,z, a,d,6)
completely defines the position and orientation of the B
coordinate system attached to the rigid body of the
cylindrical joint and measured with respect to the A
coordinate system as shown in Eq.(1). The location of
rigid body reduce a single vector $//Zz and a couple
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moment U//ZB1 at point B; with a twist angle « (Fig. 1b).
The couple moment U = ¥xS may be resolved into two
components: one U, collinear with joint vector S in the
direction by twist angle a. The perpendicular component
U, will rotate rigid body around cylindrical joint vector S
by rotation angle 6, s0 6 = 6S.

The twist angel « was defined between vectors S and
U (Fig. 1b) mesured in a right-hand sense about % . The
rotation angle 6 was defined between xz, and Xg
measured in a right hand sense about S (Fig. 1a). It is
known that, there are two distinct angles between 0 and
2m that will have the same cosine value. So, the expressed
for the cosine and sine of @ and 6 can be expressed by
Egs. (2):

cosa = E ' §
{sin a = (UXS) - %,
cos 6 = Xp * Xp,

{sin@ = (kpxxg,)  Zp @
As show in Fig. 1, the axes of the cylindrical joint S and a
couple moment U,, has the same line. Thus the

combination of a collinear vector S and a couple moment
U,, is called a screw or wrench.

Fig. 1. Kinematic model of cylindrical joint

So, the screw with variable pitch has both a
translation d and rotation 8 about the axis S described by
twist angle a. Parameters d, 6 and a are independent
parameters of rigid body motion respect to screw $ with
variable pitch.

Two collinear vectors S and U// uniqually determine
the position and orientation of the screw with variable
pitch. S is an axis vector and U// is moment of screw S,

where S defines the direction of motion of screw $ and
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moment U// determines the rotation around the axis. Unit
vector S and moment U 4, €an be introduced as dual vector
that is called a screw with variable pitch:
§=S+¢(U,+is)

where €2 = 0 is operator of Clifford.
The ratio of joint position d and joint rotation 6 in

cylindrical joint reduce to the following variable pitch:
d

a= ] 4)

As shown in Fig. 1b the rotation moment in
cylindrical joint reduce to expression as follow:

Uy =U-cosa = (fxS)cosa (5)

Hence, using Egs. (3 +5) the vectors § and

resultant couple moment U describing location of a rigid

body with cylindrical joint can be descried as a screw with

variable pitch:

3)

P S
§= (Fx8) cosa + fiS (6)
So, as shown in Eq. (6), six independent
components (x,y, z, a, d, 8) describe the location of screw
with variable pitch. As shown in Eq. (7) the couple
moment U of the screw with variable pitch is:
U= (¥xS)cosa + jiS (7
Since the screw axis and its moment are in
orthogonal planes and unit of screw with variable pitch
$] = 1, s0
S-(rxS)=0 and S:S=1 (8)
Multiplying both side of Eq.(7) to the vector § we
get the following equation:
_ o o S-U
S-U=(rxS)-Scosa+ S-S or ﬁ=ﬁ 9
For revolute, prismatic, screw and cylindrical joints
the parameters of pitch to Eq.(8) can be described as
follows:

Ur = 0, Hs = 7 ﬁp = 0, .aC = {0' OO}

d
6
Structural formulas for robot manipulators by using
screw theory.

The design problem of robot manipulators are a
valuable task for structural synthesis. It is known that over
constraint robot manipulator must satisfy the geometry of
angular and linear constraints that correspond to the
geometry of kinematic pairs moving in subspaces. The
goal of structural synthesis by using screw theory are
identified new methods for composing robot manipulators
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capable of performing various prescribed functions,
position and orientations of end effectors. It is required to
form a new structural formula for robot manipulators by
using screw theory allows to solve the structural synthesis
with variable general constraints including platforms,
hinges, legs and branch loops with different ranks, that is
introduced from different subspaces and spaces.

It is known that two rigid bodies attached to each
other by surfaces are formed lower kinematic pairs,
otherwise if contact geometry of two rigid bodies is line or
a point are formed higher kinematic pairs. Due to the fact
that the unconstraint space has dimension A =6 with
independent motions 3R3P, but dimension of over
constraint subspaces is A = 2 = 5 with different angular
and linear or just angular conditions in the loops of robot
manipulators. Usually kinematic pairs need constraints
c=1-+5 in order to be defined properly degree of
freedom f = A —c. Each kinematic pair has input and
output link screws and joint independent screws $ with
constant pitch u, however some joints with translation
motions has additional variable screws $ with variable
pitch .

The simple planar surface can be represented by two
parallel screws $,;$, or two orthogonal screws $1$,, so

for lower kinematic pairs number of screws t = 2. The
intersection of two planar surfaces $;$, and $,$; will be

result in a line represented by $,$,$5 or as $+$4$ so for
higher kinematic pair with line contact of elements the
number of screws t = 3. The intersection of three planar
surfaces that will be result in a point can be represented by
four screws $,$,$; — $2$, or as $:$2$<$,, so for higher
kinematic pair with point contact of elements the number
of screws t = 4. Elements of the structural bonds can be
illustrated as "__ " describe the parallel of screws and “ L
" describe the perpendicular of screws.
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Table 2. Joints kinematic parameters
Kinematic parameters .
Ne Name Symbol _ Diagram
t f $ $
1 2 3 4 5 6 7 8
1 Revolute R 2 1 0 3
2 Prismatic P 3 1 1 3
3 Screw H 2 1 0 3 _‘
4 Cylindrical C 2 2 1 3 ‘
'~
5 Sphere with finger S¢ 2 2 0 4
6 Spherical S 2 3 0 5 f()
7 | Sphere in cylinder slot Ses 3 4 1 6 M
8 Sphere in s,. 3 4 0 7
torus slot
9 Plane to slope line F 4 4 1 7 \ /
10 Plane to perpendicular F, 4 3 1 6 /
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Table 2. Continue

1 2 3 4 5 6 7 8

11 | Plane to parallel lines Frp 3 4 2 5 —ﬁ
12 Line to Sphere Lg 4 4 1 7 i ;

13 Cylinder to plane Cr 3 4 2 5 ( )

14 Cylinder to torus C; 4 4 1 7 \%
15 Sphere to plane Sp 4 5 2 7 @

16 | Hyperboloid to Sphere Hg 4 5 2 7 J%
17 | Sphere to Torus S; 4 5 2 7 N ;%

18 Torus to plane Tr 4 5 2 7 \%
19 Torus to torus T, 4 5 2 7 \%\
20 Sphere to sphere S 4 5 2 7 E ;
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The usage of recurrent screws in the study of
kinematic pairs can clarify the motion concept easily.
From this point of view the number of independent screws
in kinematic pairs can be introduced as follow:

$=f—-%$+¢ 9)
where:

$ = number of screws with variable pitch;

t = number of screws of lower (t = 2) or higher
kinematic pairs (t = 3 for line and t = 4 for point contact
of elements);

f = degrees of freedom of relative motion permitted
at joint.

The twenty kinematic pairs of robot manipulators in
all types, symbols, kinematic parameters and their
diagrams are shown in Table 2. Using Eq.(9) and (1.1)
from Table 1 we can introduce a new general mobility
equation for mechanisms with mixed dimensions of
closed loops as:

A-1 L
= k=1

where A, — number of independent, scalar, loop closure
equations associated with k-th independent loop;

Py is the number of £ mobility joints. f =$+$ —¢
is DoF at joint;

q = number of depended constraint equations.

As show in Table 1, the number of independent
loops L = ¢ — B, so mobility Eq. (10) can be introduced
as mobility equation for robot manipulators with the same
number of independent, scalar loop closure equation in
each independent loop:

A-1

M=ZfPf—/1(C—B)+q
=1

(10)

(1D

where € = ¢; + ¢;, is the sum of legs and branches; B =
number of mobile platforms.

The overall performance of robots and rovers are
usually constructed from the multiple platforms, hinges
leg and branch loops with variable general constraint
parameters, describing the location of rigid body. These
robots and rovers can be affected by the topology of their
possible mechanical structures. The motions (rotation and
translation) of rigid links and platforms of the
manipulators could be described in space R® and in plane
R? with dimensions of vectors D=3 and D =2 in
reference frame respectively. The location of rigid body in
the three dimensional space R3 can be obtain by
Euclidean motions of the two dimensional subspaces RZ2.
It is known that the location of rigid body in space R3 can
be determined minimum by three independent curves of
the three points of moving rigid body. Let there are dyads
kinematic chains on each Euclidean “3 < planes < 6.
If these kinematic chains of Euclidean planes are joined to
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the moving rigid body by spherical or spherical-torus
kinematic pairs, so we will attain location of the rigid
body in the three dimensional space R3.

The general structural formula for parallel-serial
Euclidean platform type manipulators with variable
general constraints [18] including hinges (j), leg (1) and
branch (L,) loops can be also formulated in the form as
(Table 1):

a1 /a-1 Lp [2-1
=1 \f=1 b=1 \ f=1

(12)
where A is the dimension parameter of moving platform;
A; and A, are dimension parameters of leg and branch
loops; jj, is the number of hinges between platforms.

The structural formula for motion [18] of platforms
that are created by mechanical system from different
Euclidean planes can be introduced in the following form
(table 1):

c L A-1
1=1 b=1 \ f=1

(13)
where d; is the number of dimensions of vectors of the
legs in Euclidean planes;

D is the number of dimensions of vectors in the
reference frame.

If the number of independent scalar leg-closure
equations identical in each Euclidean planes and identical
in each branch loops, the general structural formula (12)

for Euclidian manipulators can be defined as
A-1 A-1

M=24( D fr =2 et ) (FBr = ) Ly +jun (19)
f=1 f=1

The general formula for motion of end effector of
manipulator (13) with the same dimensions of Euclidean
manipulator legs and branch-loops can be given in the

following from:
-1

m=2A+c +jn+(d —D)e, + prf—/lb L, (15)
=1

Structural Synthesis of 6DoF Parallel
Manipulator of Spacecraft.
In space flights the orbital docking system is used.

The use of an orbital station with two docking units
ensures a rigid connection with the formation of a
hermetically sealed tunnel. A large number of interacting
mechanisms are concentrated in the docking aggregates.
The multi-functionality of the working bodies requires the
solution of the problem of the structural synthesis of
spatial manipulators of coupling aggregates. Since the

Docking
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mechanisms operate in open space, it is therefore
necessary to develop new manipulators, nodes and
elements of kinematic pairs. Structural parameters,
kinematic structure, motion of platform and 3D drawing
of the spaces docking manipulators 6RRS, is depicted in
Table 3. Controllable space vehicles are brought to a
touch with a certain speed and position, after which the
process of docking with a spatial manipulator of a parallel
structure begins, which ends with a rigid connection of
two docking units. After the end of the flight, an
undocking takes place by releasing the mechanical
connections of the docking device of the platform
manipulator from the orbital station (Table 3.1).

When docking it is required that the coaxial position
of the docking assemblies and the zero linear and angular
velocities be maintained. The possible values of the
relative coordinates and their first derivatives in the case
of mechanical contact are called the initial conditions of
the docking. Deviations from the co-axial position (Table
3.2) are determined by the linear coordinates &, §, and
planar angles &y, 8,, 8g. The total deviations of the
docking units from the co-axial position are added from
the errors: unit settings, measurements and control
dynamics. Electromechanical docking devices have been
created to reduce errors based on electromechanical
dampers. With the damping, the brake robot can
accelerate in a unit of millisecond to a speed of several
thousand revolutions per minute.

The new four proposed Euclidean docking
manipulators have identical legs as plane dyads RR as
shown in Table 3.3a. Each end of dyads connect to the
moving platform by spherical-tours pairs. Kinematic pair
with 4DoF is introduced as sphere in torus slot pair S
that perform three rotations and one circular translation
(Table 3.3 b). Note that, end points of each dyads respect
to the fixed reference frame (Table 3.3 c) define the curve
of one point of the platform in the reference Euclidean
plane. Three legs RRS,; of the moving platform defines
the three reference Euclidean planes (Table 3.3 c) that are
located under an angle of 120°. It is known that the
location of the moving rigid body in space can be defined
by minimum three independent curves of three rigid body
points moving on three Euclidean reference planes.

Since the Euclidean parallel docking manipulator
consist of a movable platform and legs, then the number
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of branch-loops L, = 0, hinges j, = 0 and A; = const, so
Eq. (14) takes the form:
A-1

M=+ prf—zl o (16)
f=1

In the same way when L, =0, j, =0 and d; =
const, then the formula (15) for motion of platform of
Euclidean docking manipulator can be written in the form

m=A+(1+d,—D)g 17)
Example 1.

Design a parallel Euclidean docking robot
manipulator with A = 6, 4, = 6, ¢; = 6, M = 6. Find both
the number and kind of kinematic pairs on each leg. Also,
find the motion of docking platform.

By using Eq.(16) total DoF and kind of kinematic
pairs of the legs can be calculated as

5
M=+ 2, = prf or
=1

6=P, +4P, or P,=2and P,=1

so that, in the designed docking manipulator, each leg will
consist of two kinematic pairs with one degrees of
freedom (revolute pairs RR) and one kinematic pair with
four degrees of freedom (sphere in torus slot pair S;). By
using Eq.(17), the motion of the docking platform will be
m = 6, it means motion of platform will R,, Ry, R,, P,,
P, P,

Kinematic structure with different structural
parameters of Euclidean docking robot manipulator with
six legs is shown in Table 3.1.

The above procedure can be used for Euclidean
docking robot manipulators with three, four and five legs.

The result of the new Euclidean docking robot
manipulators are shown in Table 4. Elements of the
structural bonds can be illustrated as: Restangle (0):
describes moving platform with spherical-torus pairs S,.

Platform leg (—, L): connection of the spherical-
torus pairs on the moving platform with pairs of the legs.

R. input joint on fixed frame.
R: input joint on moving frame.
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Table 3. Parallel Euclidean Platform Spacecraft Docking Manipulator
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Table 4. New 6DoF Parallel Docking Manipulators of Spacecraft
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Structural Synthesis of Wheeled Robots.

It is obvious that wheeled robot have been developed
for Mars and Moon surface. First we consider the
definition of wheeled robot: “A wheeled robot is an
autonomous system capable of traveling a terrain with
natural or artificial obstacles”. As shown in Fig. 2.1
kinematic structure of wheeled robot has six wheels with
symmetric structure for both sides. Each side has three
wheels which are connected to each other by the main
linkage and two loops kinematic chain. Main linkage
called rocker that has two joints, where first joint
connected to back wheel and second joint assembled to
platform. The rocker is kinematic chain where the second
path of link connected rigidly to another linkage system
with two wheels. The second linkage system is called
bogie (Fig. 2.2). So, rocker-bogie kinematic chain is
called suspension system. Wheeled rough terrain mobile
robots are called as “Rover”. Rovers can carry more
weight with high-speed, easy novigation and more
precisely can be calculated position and orientation. First
rover was “Lunakhod” and second rover was six wheeled
syspension system, which connects the wheels to the
platform. This connection are linkage mechanisms,
damping and complex spring.

The new bogie mechanism consists of two
Chebyshev lambda mechanisms which are connected
symmetrically. Paired two lambda mechanisms are used
as motion generation mechanisms, where couplers are
input links. To move the coupler points M; and M, along
a line sufficiently and necessary to fulfil the design
relation: 3d — a = 2b. The length of parametre d can be
changed according to relation 1,55a < d < 3a (Fig. 2.1).
The same second suspension kinematic chains are
assembled in opposite side of moving platform. Right and
left suspensions are connected to each other by a
differential gear mechanism (Fig. 2). When one side
climbing over obstacle, this mechanism rotates the
platform around the rocker joints by average angle of two
sides (Fig. 2.1). So, the wheeled robot is equipped with six
wheels and possibly a manipulator setup mounted on the
platform for handling of work pieces, tools or special
devices. On inclined surface the moving rover can hold
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the main plarform horizontal. Navigation gets easier by
this feature of rover. Rovers are driven by commands
which are sent from ground operators after tested in 30
computer simulation. Some of the critical motions such as
climbing high slope, new rover designs are needed to
more flexible duaring field operation.
Example 2.
Design a parallel wheeld rover with six legs ¢; = 6, three
branch c, = 3 and one moving platform B = 1 (Fig. 2.1).
The dimension parameter of each independent loops on
the left and right suspensions {,}® = 3 (Fig. 2.2). The
number of kinematic pairs with one DoF in the left and
right suspensions P; = 30. Two suspensions Kkinematic
chains are connected by differential gear mechanism. Find
the number of motors for parallel whelled rover. Also,
find the motion of the rover’s platform.

First, we define the number of independent loops
(Table 1.3):

L=C-B=¢g+¢—-B=6+3-1=8.

Using Eqg. (11) total DoF of parallel wheeled rover

can be calculated as

5
M:prf—x(C—B) =P, —A(c; + ¢, — B) =
f=1
=30-3(6+3—-1)=6.

By using Eq.(17), the motion of the moving rover’s
platform can be defined as

m=A+1+d -D)qg=6+(1+2-3)=6.

Thus, the problem of the structural synthesis of the
wheeled rocker-bogie mechanism is solved and it is
introduced in Fig.2. Spring and damper application to
double lambda bogie good solution for high-speed off-
road vehicles.

Rocker-Bogie suspensions can be used also for
vehicles with a larger number of wheels. An example of a
layout for an 8-wheeler each suspension will consist from
four motion generation Chebyshev lamda mechanisms
with the four given wheels. In this case the vehicle may be
summetrical and it can run in both direction without any
difference.
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Conclusion [8]. Y.Jin, I. M.Chen, G.Yang, Structure synthesis and

The problem of structural synthesis of the robot
manipulators with variable general constraint of the legs
and closed loops can be difficult and complex task
depends on the DoF and motion of an end-effector
concept. It is described a new structural formula of
kinematic pairs for robot manipulators by using screw
with variable pitch. From this point the twenty kinematic
pairs are shown with types, simbols, kinematic screw
parameters and their diagrams. It were introduced two
new general mobility equations for mechanisms with
mixed or fixed dimensions of close loops. The general
structural formula for Euclidean manipulators with
variable or identical general constraints are introduced.
The new structural formula for motion of end effector of
robot with legs from different Euclidean planes were
considered. Four new Euclidean 6DoF parallel docking
manipulators of Spacecraft were reviewed and
synthesized. Funally, by using sistematic process of
structural synthesis by using for mobility of robot and
motion of moving platform were developed to create new
structure of wheeled robot-rover for Mars and Moon
surface.
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Abstract

Parallel to the rapidly developing technology, robot
manipulators, whose areas of usage have continuously
been expanded from the last periods of past century, have
been took part in many different successful applications.
Thanks to its increasing significance, nowadays medical
science is one of the primary areas of those applications.
Thus, this study targets mainly the field of medical
science. Within the scope of this paper, six degrees of
freedom hybrid robot manipulator with large workspace
and adequate precision was introduced and equipped with
dual actuators in its two Cartesian axes for possible haptic
integration for the future. Target hybrid manipulator was
designed in such a way that it can be used in various
related medical applications such as teleoperations in
robotic surgery, surgical navigation, dental and
laparoscopic simulations. After the structural design part
was completed, direct and inverse kinematic analysis
procedures were carried out and by using rapid
prototyping  techniques  the  manipulator  was
manufactured.

Keywords: Hybrid Robot Manipulators,
Teleoperation, Kinematic Analysis.

1. Introduction

By the help of robot manipulators, wide ranges of
robotic applications that are capable of haptic feedback
from virtual or distant environments are continuously
increasing in many areas for various user profiles. While
utilizing novel algorithms in haptic control provide life
like feedbacks, new manipulator designs offer larger
workspaces and increased manipulation precision.
Although related studies in the literature are mostly
focused on control parts of the issue, design of a capable
robot manipulator with sufficient degrees of freedom for
predefined workspaces with respect to the given tasks and
constraints should not be left unattended as it constitutes
the most important part in this research area.

Wayne et al. [1] surveyed three different control
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algorithms that are related to the haptic manipulators in
terms of interactions between humans and robotic devices
and introduced their comparisons with each other. In their
study authors created a bridge between the old and current
developing control algorithms to emphasize the rapid
development in the related literature. Hyung et al. [2]
started their study by considering the negative effects of
singularities in parallel manipulators on the haptic
systems. In the light of their research, they proposed four
task based and redundant control algorithms for the
singularity problems of six degrees of freedom parallel
haptic manipulator with four sub chains that was also
designed by them. Also they compared the results of their
algorithms in a simulation environment. Erwin et al. [3]
designed force controlled haptic planar manipulator for
the movement control analysis of human arm. In their
study they reduced the contact instability problem by
using servo based control system on the lightweight but
stiff manipulator. Their manipulator and the controller
design were tried on a subject that performs a position
based task and the results were introduced. Schouten et al.
[4] designed a torque controlled manipulator with haptic
controller to specify the dynamics of human wrist joint. In
their study the dynamics of the human wrist joint and
effects due to neurological dysfunctions were measured
under virtual conditions. Dede et al. [5] designed six
degrees of freedom haptic hybrid robot manipulator that is
capable of displaying point type contact. Authors
reconfigured the R-Cube manipulator for the translational
part of the system in terms of dimensions and orientations
in order to comply with the requirements of the haptic
system design criteria. The most important merits of the
system are introduced as its compactness and high
stiffness. In their study authors also presented the
integration of the hybrid manipulator mechanism with
control interface. Ryu et al. [6] designed six degrees of
freedom modular manipulator in order to control a mobile
system by means of teleoperation. Their introduced design
has dual parallel manipulators with individual three
degrees of freedom that are attached each other to form
six degrees of freedom modular manipulator system. The
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system is capable to be used in the control of both planar
and spatial tasks in various applications by utilizing only
the necessary actuators and the manipulator section to
reduce the CPU loads during calculations. Pinskier et al.
[7] proposed a flexure based haptic enabled modular
manipulator for micromanipulation tasks. In their study
they investigated and verified the performance of an
experimental 2 degrees of freedom configuration. Tian et
al. [8] introduced the design of six degrees of freedom
precision positioning system that was formed by the
assembly of dual three degrees of freedom individual
systems operated by piezoelectric actuators. In their study
motion with high precision capability was obtained.

After the investigation of brief literature survey, it can
be easily seen that, usage of robot manipulators for
various fields are increasing. Throughout the literature,
each study has tried to overcome the mechanical and
software constraints by proposing new manipulator
designs along with new control schemes to achieve
precise, comfortable and efficient manipulation.
Considering the advances in the field, this study tries to
introduce six degrees of freedom new hybrid manipulator
design that is formed by the assembly of three degrees of
freedom serial spherical and three degrees of freedom
parallel Cartesian manipulators for the medical
applications. Cartesian part of the manipulator is modified
by considering R-Cube [9] Cartesian parallel manipulator
design in order to decrease the total number of dyads to
achieve small footprint and comfortable manipulation in
its workspace. While the semi-decoupled nature of the
manipulator renders kinematic analysis problems to be
solved easier, it also provides easy solutions to control
problems. Although the study does not cover haptic
feedback control, the manipulator is equipped with two
actuators for future haptic integration. Throughout the
study, structural design of the manipulator was introduced
along with its direct and inverse kinematic analysis tasks.
Also the manufacturing steps were shown along with the
first manipulator prototype.

2. Structural Design and Synthesis
As mentioned in previous section the main aim of this

study is to design a robot manipulator that will be used for
the teleoperation tasks in medical applications such as
robotic surgery, surgical navigation, dental and
laparoscopic simulations. In the light of this aim, prior to
the structural synthesis, design constraints of the task were
specified as below.

e The end effector of the robot manipulator should be
capable of mimicking all of the rigid body motions in
space to ensure adequate teleoperation control.

e In order to utilize the robot manipulator for various
different tasks, its overall workspace should be large
and singularity free.
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e Kinematic structure of the robot manipulator should
be able to adapt various different applications without
any modifications.

e Structure of the manipulator should be as simple as
possible to render the kinematic analysis and control
tasks easier.

e As the manipulator will be utilized for medical
applications, it should have a structure that provides
an adequate precision.

Considering the criterions above, structure of the
manipulator was determined to be hybrid. The overall
system was decided to be designed in a way that three
degrees of freedom Cartesian parallel manipulator section
is responsible for translations while its three degrees of
freedom serial spherical manipulator section is responsible
for orientations. Thus the overall degrees of freedom
become six. In order to fulfil the design constraints in
Cartesian space, structure of the R-Cube parallel
manipulator was modified so that Cartesian part of the
final manipulator has two dyads instead of three.
Although removing the dyad that is responsible for the z
translation from the manipulator cancelled its decoupled
motion in z axis, the hybrid manipulator gained a larger
workspace and a smaller footprint (Figure 1-2). In
accordance with the possible haptic integration for future,
the manipulator was equipped with dual actuators that are
responsible for decoupled x and y translations. Moreover
to be able to inspect z translation, single encoder was
attached to one of the dyads.

While it is clear that, the serial part of the hybrid
manipulator is three degrees of freedom, the mobility of
the Cartesian section can be calculated by using the
formulation [10] introduced below for the Cartesian
manipulators.

M =(/1+3)+i(di —D)+i(fi -A)+q- jp (1)

Where in equation 1, _ is the space or subspace
number, D is the dimension of the vectors in Cartesian

space, di represents the dimensions of the vectors on the



Proceedings of the International Symposium of Mechanism and Machine Science, 2017
AzC IFToMM - Azerbaijan Technical University
11-14 September 2017, Baku, Azerbaijan

subspaces of the structural groups on the related leg, fi is
the total degrees of freedom of all joints in related leg, q is
the number of excessive links, jpis the number of passive

degrees of freedoms, and C, is the total number of legs. If

the variables of this mobility equation are evaluated with
respect to the designed manipulators Cartesian section, the
mobility will be calculated as three.

= ([

Q 1:

Fig. 1. a) Three Degrees of Freedom Serial Spherical
Manipulator Responsible for Orientations, b) Three
Degrees of Freedom Cartesian Manipulator Responsible
for Orientations

Fig. 2. Designed Six Degrees of Freedom Hybrid Robot
Manipulator

M=(4+3)+(2-3)+(2-3)+(7-5+(7-5)+0-6=3

When the overall hybrid manipulator is considered, it
can easily be seen that the kinematic structure of the
manipulator consists of three closed loops, 17 revolute
joints, and 15 links including the ground (Figure 3).

Fig. 3. Simple Kinematic Structure of Designed Hybrid
Manipulator
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3. Kinematic Analysis

This section is devoted to the direct and inverse
kinematic analysis of the proposed hybrid manipulator. As
the kinematic analysis of serial spherical section is straight
forward and known, only Cartesian part of the
manipulator will be considered.

3.1. Direct Task

Section view of the Cartesian part of the hybrid
manipulator from the x-z plane is shown in figure 4 by
revealing all its construction parameters and variables.
Point P on the platform is taken so that it locates at the
intersection of the three revolute axis of the serial
spherical manipulator section.

4

Fig. 4. Section View of the Cartesian Part of The Hybrid
Manipulator from the x-z Plane

As the translations on x and y axes are decoupled, the
x and y coordinates of the P point on the platform can be
easily calculated by the equations below.
P =1+1 cos@ —I,
P =1,-1,cos6,-I, @
It can be easily seen from the equation 2 that x and y
coordinates of the point P on the platform depends only

the variable angles 491 and 92 respectively. However,

due to the modified Cartesian part, z coordinate of point P
should be calculated in a more complex manner.

P=I—(sing, +I, +lsing +1sind, -d) (3)
As seen in equation 3, z coordinate of the point P on
the platform depends on four individual variable angles (

91, 92, 93, 94), yet as the Cartesian section of the

manipulator has three degrees of freedom, one of the
dependent variables should be eliminated from the
equation. From this point of view in order to eliminate the

selected parameter 94 from the equation 3, x coordinate of
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the point P will be written in another form.

P =1 cosd, +l cosd, +1, (4)

When the x coordinates of point P in equation 2 and 4 are
equalized,
I +1 cosg —1 —1 cosé, —1
cosd, =K, K1=(2 E—— IB ; 0056, ~,) (5)

6

equation 5 will be obtained. Also by using equation 3,

P
Siﬂ@AZA—KZ, Al:_l_z’

6
_ (I, +1,sing, +1, +1,sing, —d)
I

6

(6)

2

equation 6 can be written as above. If the squares of the
equation 5 and 6 are taken and added together side by
side,

A'-2KA+K, =0,K, =K' +K’ -1 (7)

equation 7 without the dependent variable 94 will be
obtained. If the quadratic equation is solved for the

2K, & /4K F — 4K

ALA, = " @)

two solutions will be found. Using these solutions, two
distinct solutions for the z coordinate of point P can be
calculated.

parameter A

Pu = _Is Au

P I ©)
2 T GALZ

At this point it should be noted that, if the system is
being used in the upper section of the workspace, the z
coordinate of point P should be taken from the solutions
that has the larger value and if the system is being used in
the lower section of the workspace, the z coordinate of
point P should be taken from the solution that has the
smaller value.

3.2. Inverse Task

Similar to the direct task as the translations on x and y

axes are decoupled, variable angles &, and ¢, can be

easily calculated by using the given values of x and y
coordinates of point P.
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(11)

In order to find the variable angle 93 by using the given

value of z coordinate of point P, 945hould be eliminated by
utilizing the equations 3 and 4.

l,sind, =R ~Lsind, R =l +d-1sing, -1 -P (12

|, cosd, =R, —I_cosd, R, =P -, (13)

When the squares of equation 12 and 13 are taken and

added side by side, a single equation is obtained that is

dependent on the variable,.
R*+R, +I.—1° 14)
21,

If COS®, is replaced with L/1—sin® 0, in equation 14,
equation below will be formed.

(R’ +R)sin"0,—2RR;sing, + (R’ -R)=0 (15)

Rsin@,+R,cosd, =R, R =

Utilizing equation 15, value of SiNd,can be calculated
easily.

2RR \/4R12R32 —4(R"+R")(R -R))

(sind,),, = — (16)
2(R"+R))
Finally using equation 16, 93 can be calculated.
_ ,2RR % \/4Rij ~4R*+R’)R'-R")
(@,),, =sin (17)

2(R*+R")
4. Prototype Manufacturing

After the completion of the kinematic analysis and
simulation runs, manufacturing of the hybrid robot
manipulator was carried out. All of the links of the
designed manipulator was printed by using rapid
prototyper that utilizes ABS-Plus material. Also the
manipulator frame was constructed by aluminum profiles
to reduce the overall weight of the system (Figure 6).
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Prototyper and the Aluminum Manipulator Frame

As mentioned before due to possible haptic feedback
integration to the manipulator for future, two of its
translation axes were equipped with brushless maxon
actuators with hall effect sensors and encoders (Figure 7).

Fig. 7. Brushless Maxon Actuators and the Detail of the
Passive Revolute Joint
In order to be able to inspect the z translation of the
system single Maxon HEDL-5540 encoder was attached
to a joint located on one of the dyads of the manipulator

(Figure 8) to measure the variable 93 (Figure 4).

|

’l _~

Fig. 8. Maxon HEDL-5540 encoder
Overall prototyped hybrid manipulator can be seen in
Figure 9 with its Cartesian Part and the attached serial part
on the platform.

Fig. 9. Prototype of the Hybrid Manipulator

5. Conclusions

Throughout this paper six degrees of freedom hybrid
manipulator with large workspace and low footprint was
proposed and manufactured for medical applications.
Hybrid structure was formed by using three degrees of
freedom modified R-Cube Cartesian manipulator for
translations and attached on its platform, three degrees of
freedom serial spherical manipulator for orientations. The
direct and inverse tasks of the Cartesian part of the
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proposed manipulator were introduced along with the
equations. As the manipulator was equipped with dual
brushless actuators in its Cartesian part, possible haptic
integration will be considered in future studies.
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Abstract

The paper describes conceptual design, control strategies
and partial simulation for a new fully autonomous lower
limb wearable exoskeleton system for human motion
enhancement that can support its weight and increase
strength and endurance. During the last decade,
researchers have focused on the development of lower
limb exoskeletons for power augmentation for military or
medical assistance. Various problems remain to be solved
where the most important is the creation of a power and
cost efficient system that will allow an exoskeleton to
operate for extended periods without being frequently
recharged. The designed exoskeleton is enabling to
decouple the weight/mass carrying function of the system
from the forward motion function which reduces the
power and size of propulsion motors and thus the overall
weight, cost of the system. The decoupling takes place by
blocking the motion at knee joint by placing passive air
cylinder across the joint. The cylinder is actuated when
the knee angle has reached the minimum allowed value to
bend. The value of the minimum bending angle depends
on usual walk style of the subject. The mechanism of the
exoskeleton features a seat to rest the subject’s body
weight at the moment of blocking the knee joint motion.
The mechanical structure of each leg has six degrees of
freedom: four at the hip, one at the knee and one at the
ankle. Exoskeleton legs are attached to subject legs using
flexible cuffs. The operation of all actuators depends on
the amount of pressure felt by the feet pressure sensors
and knee angle sensor. The sensor readings depend on
actual posture of the subject and can be classified in three
distinct cases: subject stands on one leg, subject stands
still on both legs and subject stands on both legs but
transit its weight from one leg to other. This exoskeleton
is power efficient because electrical motors are smaller in
size and did not participate in supporting the weight like
in all other existing exoskeleton designs.

Keywords: Energy efficient system, exoskeleton,
motion enhancement, robotics.

1. Introduction

EXOSKELETON for human performance enhancement
are wearable devices that can support and assist the user
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besides increasing their strength and endurance. The lower
limb exoskeletons are now applied to several fields,
including power augmentation for the military [1] or
medical assistance [2], and rehabilitation [3-5]. In such
devices human provides control signals while the
exoskeleton actuators provide required power for
performing the task. A distinctive characteristic of
exoskeletons compared to other robotic interfaces with
haptic feedback is their close physical and cognitive
coupling between the robot and the user [6]. In such
design, the physical human-robot interfaces were
developed, i.e. the mechanical and sensory components
that mediate the transfer of physical interaction between
the user and the exoskeleton [7].

On lower extremity exoskeletons, most previous
researchers paid their attention in developing walking aid
systems for gait disorder persons or aged people [8, 9].
One of those systems is HAL (Hybrid Assistive Leg)
developed by Yoshiyuki Sankai of University of
Tsukuba was aimed at assisting human leg muscles during
walking [10].The system was based on electromyography
(EMG) sensing of human muscles as the primary drive
signals. The development resulted in several versions of
HAL with the latest HAL-5 in 2009 [11]. The exoskeleton
was motor powered on the hip and knee joints, leaving
other joints free. The significance of their design is the
implementation of EMG sensing which detects muscle
activities before actual limb movement. Motor driven
joints approach was taken by other researches as well
[12]. The developed Berkeley Lower Extremity
Exoskeleton (BLEEX) was aimed at enhancing human
strength and endurance for payload transport [13,14]. The
exoskeleton incorporates hydraulic actuation on all three
sagittal joints and two coronal joints on the hip with all
others joints free. The overall control design of BLEEX
was to minimize interface between human and machine.
Therefore, there was no sensor in direct measurement of
human leg but includes all required sensors for
determining the dynamics of the exoskeleton. The control
system monitors the dynamics of the exoskeleton to
determine operator’s intention of motion. The significance
of BLEEX is of the complex control network distributed
throughout the exoskeleton and a custom designed
onboard engine to power the hydraulic actuation system.
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Hydraulic actuation was implemented by various
researchers. The ECUST Leg Exoskeleton Robot
(ELEBOT) designed at East China University of Science
and Technology (ECUST) shares the similar design goal
as BLEEX but with a simplified system [15]. ELEBOT
has the same approach of using hydraulic system as joint
actuation. However, it was identified that only the knee
joints would require substantial actuation support and
therefore leaving all other joints free. The control of
ELEBOT also came close to that of BLEEX by only
monitoring stance phase and torque generated on the
hydraulic actuators.

While the above exoskeleton designs requires
substantial power for operation on low efficiency, an
exoskeleton design at Massachusetts Institute of
Technology (MIT) attempted to lower the power
requirement for load carrying [16]. The exoskeleton has
only series elastic actuation at hip sagittal joints, variable
damper at the knee joints and spring at ankle sagittal
joints. The control is based on a state machine and
monitors forces and orientation of the exoskeleton to
determine the states. The Walking Assist Device designed
at Honda Research and Development aims at increasing
the lower extremity endurance of the elderly and those
with weak legs [17]. By partially supporting the upper
body weight, the user bears less weight on the lower limbs
and requires less energy for motion. The device was a pair
of non-anthropomorphic mechanical limbs attached to a
seat. The whole device was fixed between the user’s legs
during operation. The walking assist device was only
powered by electric motor at each of the knee joints and
incorporates only pressure sensors beneath the shoes of
the device. The control monitors user’s weight applied on
the pressure sensors and provides required force on both
knees to achieve the predetermined weight reduction on
both of the user’s legs.

Various problems remain to be solved, the most

daunting being the creation of a power and cost
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Fig. 1. Components of the exoskeleton
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efficient system that will allow an exoskeleton to operate
for extended periods without being frequently plugged
into external power. The paper presents a conceptual
design and partial simulation of a new exoskeleton that
will enable to decouple the weight/mass carrying function
of the system from the forward motion control which will
reduce the power and size of propulsion motors and thus
reduce the overall weight, cost and required electrical
power for the system. Such lighter and cheaper devices
are currently important engineering research area in
medicine and military [18].

I1. Mechanical Structure of the Exoskeleton

Fig. 1 shows the conceptual sketch of the proposed
exoskeleton structure in Solid Works. In the figures seat 1
is there to rest subject’s body and support its weight. Each
exoskeleton leg has four degrees of freedom: two at the
hip 2, one at the knee 3 and one at the ankle 4 to allow
legs forward and lateral motions. Cushioned seat 1 in
between subject crotch is connected to two parallel rigid
pipes 5 at the back the object. A back panel 6 mounted
onto the rigid pipes serves as a platform for control and
power supply mounting. At hip level, the two parallel
rigid pipes extend out to the two hip coronal joints. The
link then continues to both sides of the hip 2 where
sagittal and transverse joints are located, subsequently to
the knee joints 3 and through the ankle joints 4 to the
ground. Both exoskeleton legs are attached to subject legs
using flexible cuffs 7. Single degree four-bar linkage

mechanism 8 with rotary joints at the hip level provides
hip-centered lateral rotation of the exoskeleton leg around
vertical axis. The remaining three single-degree parallel
axes rotary joints at the hip 2, knee 3 and ankle 4 provide
freedom of flexion at the joints. Pneumatic cylinders 9 are
used to block the motion at the knee joints 3 when
the

necessary to support weight.

1
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Fig. 2. Shows schematic diagrams of the exoskeleton
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In these figures 1 are adjustable telescopic members of
the exoskeleton; 2 are dummy pneumatic cylinders that
are able to inhibit the motion at the knee joints; 3 and 4
are the sensors to detect motion of subject thigh and
shank; 5 are springs to support feet 6 of the exoskeleton; 7
and 8 are flexible belts to fasten exoskeleton to the subject
thigh and shank. In the figures My and M, are motors
driving the hip and knee joints of each leg; C; and C; are
solenoid valves of the pneumatic cylinders 2 that are able
to inhibit motions at the knee joints; S1 and S; are flexible
strips 3 and 4 with bonded strain gages that are able to
sense the tiny motions of subject limbs; F1 and F; are foot
pressure sensors to sense the amount of pressure applied
by the ground on the exoskeleton sole 6 during the walk.
The pressure at the exoskeleton sole is generated due to
the transmission of the weight forces via mechanical
structure to the ground while the subject is resting on the
seat.

b

1

I11. Human-Machine Interfacing and Control

The operation of all actuators, i.e. hip joint motors
M1, Knee joint motors M2 the knee motion inhibiting
cylinders solenoid valves C1 and C2, depends on the
amount of pressure felt by the feet pressure sensors F1 and
F2 (Fig. 2). The pressure on the feet depends on actual
posture of the subject and can be classified in three
distinct cases. If (case 1, Fig.3b) the subject is standing on
one leg and the knee motion is inhibited, then the total
subject body weight Py is resting on the seat 1 (Fig.1) and
the weight is fully transmitted via stationary leg structure
to the ground. The expected pressure reading from the
corresponding foot sensors F (Fig. 4) will be at its
maximum possible value P=P,. However, the reading
from other foot pressure sensor will be at zero value
because it is not in touch with the ground. If (case 2, Fig.
3a) the subject stands still on both legs then the total
subject body weight is almost equally shared by both leg
structures and the expected pressure reading from both
feet sensors will be about half of the maximum possible
value P=Py/2. If (case 3, Fig. 3c, d) the subject is in the
stage of transiting the weight from, e.g. leg 1 to leg 2
while standing on both legs, then the reading from sensor
F. will gradually reduce from its half value Py/2 to zero
while the reading from sensor F, will gradually increase
from its half value Py/2 to its maximum possible value Py.
The pressure reading P at the shoe-ground sensor F is due
to both object’s and exoskeleton’s weights.

P1=Pi2
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Fig. 3. Gaits of the exoskeleton

Several rules have been established to control the
operation of the actuators during the subject walk. The
first rule establishes a condition when the knee joint
motion has to be inhibited, i.e. should be blocked by
cylinder. Simultaneously, the hip and knee motors M; and
M, have to be deactivated. At this condition the object
puts its one foot on the ground and prepares to move the
body in forward direction (leg 2 in Fig.3c). It is exactly
the case when the exoskeleton is ready to carry the weight
with no assistance from the leg muscles and the
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P2>Pmin
(d} (e}
deactivated motors. The signal to initiate this action comes
from the respective foot sensor, i.e. when the reading from
the sensor is P>0 and it is growing. The cylinder is
actuated and the motors deactivates when the contact with
the ground is confirmed. This condition implies a stilt type
of walk when the object’s weight rests on the “rigid” leg
while the object takes a step forward with another leg.
The second rule establishes a condition when the
knee motion is unblocked, i.e. cylinder is deactivated and
respective hip and knee motors M; and M; have to be
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reactivated instead. Obviously, it is the case when the
reading of pressure sensors P=0, i.e. the foot is not in
touch with the ground. Alternatively, if the foot is in touch
with the ground it depends on gradually decreasing
pressure signal from the foot sensors and the minimum
allowed pressure value Pmin that should initiate this action.
At this condition the exoskeleton leg mechanism is ready
to follow the intended motion of the object leg and to take
a new step without hindering the leg motion (leg 1 in
Fig.3d). Motors M1, M2 and flexible sensors S; and S; are
used to execute this action (Fig. 2).
Based on the rules discussed above, the following

control strategy for the walk is proposed:

e Motors M; and M of each leg are actuated only
and only if the pressure reading from the corresponding
pressure sensors at the foot either zero or keeps decreasing
until P<Pin (second rule) in order to pick up the leg from
the ground and take a step

e Cylinders solenoid valves C; and C; are actuated
only and only if the pressure reading from the
corresponding pressure sensors at the foot become be P>0
and keeps increasing (i.e. confirm the ground touch, first
rule).

The control strategy for the motors M; and M3 is
aimed to make sure that the exoskeleton structure will
follow the subject’s leg physical motion without hindering
it. The set of sensors S1 and S; (flexible strips with bonded
strain gages) are attached to the links of the exoskeleton
(Fig. 2). When the subject limbs commence the motion the
limbs will touch and bend the strips. The sensors will
detect in real time any intended tiny motions of the
subject’s limbs and send the signals to the PID controller.
The controller will react immediately by activating hip
and knee motors M; and My in order to move the links of
the exoskeleton away from the object limbs and thus to
restore the original shape of the strips. The set point of the
PID controller is zero signals from the sensors. The PID
controller can provide fast system response and accurate
positioning of the exoskeleton links with respect to
subject’s limps. As a result object limp can move free
with no obstruction from the exoskeleton.

The system operational or logic flow chart is shown
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in Fig. 4. If the common switch is on then the system start
receiving data from pressure F sensors (Fig. 2). If P >0
that means that the foot is in contact with the ground. If
the value of P is growing that means the subject is
stepping of that foot and the motors have to be deactivated
and the cylinder has to be activated. This is weight
supporting condition for the exoskeleton. If instead P is
decreasing that means the subject is transmitting the
weight from this leg to another one and if P > Py, then
motors should kept deactivated and the cylinder is
activated to support the weight. If P < Pnin that means the
limit is reached and the subject is ready to move this leg
one step forward. Therefore, the cylinder valve is
deactivated to allow the motion of the exoskeleton
components. In this condition the reading of strain gages
S1, S1’, and Sy, S2” and operation of both motors M; and
M are initiated. By comparing the reading from the pair
of sensors S, S1”, and S, S2” the sense of motors rotation
can be established. For example, if the reading S;> S;” the
rotation of Mi can be set in clockwise direction.
Conversely, if S; < S;” then the rotation of M1 can be set
in counterclockwise direction. Same is true for the data
received from sensors S;, S;” that control the sense of
rotation of motor M,. The speed of motor rotation is
controlled by the motor driver and PWM signal received
from the microcontroller. PWM is selected to be
proportional to the absolute difference between the
readings of the pair of sensors, i.e. | S1 — S1” ||S2 — S27. It
is very effective way of monitoring the speed of the motor
response to the object intention to move a limb. The
higher is the pressure applied by the user to the strip the
higher is the acceleration of the motor to restore the shape
of the strip with attached strain gages. It is in a way
implementation of proportional control strategy for the
motor speed control. The microcontroller operates in loop
continuously checking status of all sensors, making
decision and actuating either cylinder valves or the motors
as long as the common switch is on (Fig. 4).
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Leg is ready i
N : to move :

Sense of
rotation
M, = CCW

Speed control
PWM, ~IS; - S

Read Sensors
Sy, Sz

Sense of
rotation
M, = CCW

Sense of
rotation Mp=CW

Speed control
PWMj ~1S; - Syl

Fig. 4. Flow chart of controller operation
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1VV. Computer Simulation of Human-Machine
Interface with MATLAB Simulink

The main control system for the exoskeleton is
divided into four subsystems where each subsystem is

responsible for the sensing and actuation of each joint. For
simulation purpose, the subject movement is taken from
the recorded data of typical human lower limb movement
during walking. Figure 5 shows the top layer of the
program that controls the overall logic of the exoskeleton
motion.

. E
Radians Scoped
to Degrees
» Subject Exo =
ReHip p—
Right Hip
. E
R adians Scopel
=z to Degrees2
Rinee » Subject Exo sareess
Right Knee
' =
R2D
Radians Scope2
) to Degress
o Subject Exo
Linee f—— Left Hip
. HZD E
Subject Movemnent Radians Scoped
) to Degreses3
o Subject Exo
Left Knes

Fig. 5. Top layer of exoskeleton simulation program

The “Subject Movement” block provides the data to
simulate the subject movement input to the individual
joint controller which runs a closed-loop control algorithm
to control the movement of its actuator

Fig. 6 and Fig. 7 show the second layer of the
simulation program for hip and knee joint respectively
where the closed-loop controller is implemented. The
controller setup is identical for both hip and knee joint
except for the addition of inhibition logic for knee joint.
The controller consists of a “PID” block, “DC Motor”
block, “Load Torque” block and “Sensor” block. The
“PID” block calculates the desired output to be applied to
the actuator, “DC Motor” block simulates the response of
the DC motor towards the voltage applied, “Load Torque”
block calculates the static and dynamic loads acting on the
joint actuator and “Sensor” block simulate the electrical
signal given by the sensing system in response to the
subject movement. The DC motor model is constructed
based on classical DC motor equivalent circuit as well as
on the closed loop simulation technique based on the
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motor torque-current and speed-voltage relations. The
load for the joints are constructed and calculated based on
the dynamic model derived based on classical Lagrangian
mechanics [19]. To simplify the code management, each
torque component is grouped into a separate function
block.

Fig. 8 shows the detail of the “Sensor” block. The
“Cantilever Beam” block is constructed from the
mathematical model of strain gauges responses to the
deflection of cantilever beam that is to which it is bonded.
The thigh or shank movement of the human object will
result in the displacement of the deformable material
(beams) which will further result in the deformation of the
strain gauges. Foil type strain gauge can be attached to the
deformable materials such as Low Density Polyethylene
(LDPE) sheet to achieve the measurement with maximum
sensitivity. The block receives the input from the
movement of the thigh or shank which will create the
deflection of the cantilever beam. Depending on the
beams length and thickness, materials properties of the
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material and the position of strain gauge on the cantilever
beam, the amount of strain of each gauge can be
calculated as a result of this deflection. Once the strain is
calculated it can be converted to output voltage by means
of Wheatstone bridge circuit. In order to follow closely
the subjects leg motion the output voltage from

Wheatstone bridge is then compared to the zero voltage
reference to generate the error for the PID controller. The
PID controller then instantly applies the output to the joint
DC motor to actuate and drive the exoskeleton link in
order to follow the subject movement with accuracy and
fast response.

(D

Exo

0 4@—. PID(s) _/_ Voltage
Y . P osition O 1
Constant PID Controler  Saturation2 s
S
DC Motor Gain3 cope
Torgue
Load Torque
Output Voltage Sensor Displacement
Sensor
Fig. 6. Closed-loop controller for hip joint
R Inhibit P ~= 0™ {1
»—=n Exo
Inhibit Logic Switch
h - P osition
Constant PID Cortraller  Saturation2 S
Scope
DC Wctor Gain3 ”
Subject
Torque Gaini
Load Torque

Output Voltage

SensorDisplacement o

Sensor

Fig. 7. Closed-loop controller for knee joint
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Cantilever Beam 2

Fig. 8. Simulink model of the sensing subsystem

The parameters used in the simulation work are shown in Table 1.

TABLEI
SIMULATION PARAMETERS
Symbol Quantity Value
Mechanical Parameters
lleg Length of leg (thigh and 04m
shank)

Mthigh Mass of thigh 4 kg
Mshank Mass of shank 3 kg
Minee Mass of knee 1 kg
Mankle Mass of ankle 0.5 kg

Motor Parameters (Maxon DCX32L 24V)

Kt Torque constant 27.3 MNm/A

R Terminal resistance 0.331 Q

L Terminal inductance 0.103 mH

J Rotor inertia 72.8 gcm?

b Viscous friction 5.17x10°

mNm/rad/s

Sensor Parameters

h Thickness of cantilever 5mm
beam

X Strain gauge distance 35 mm

| Length of cantilever 70 mm
beam

G Gauge factor 31

Fig. 9 and Fig. 10 show the hip and knee joint angles
variation of one leg during part of walking cycle (free
swing of the leg). In these figures the angle of the
subject’s leg is shown in solid line and the angle of the
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Fig. 9. Hip joint angle during leg swinging motion

exoskeleton is shown in dashed line. As it can be seen
from the figures the dynamic motion of the exoskeleton
leg very closely traces the motion of subject leg during its
free swing in space. It proves the efficiency of the
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developed control system and its subcomponents.
V. Conclusion

The paper describes the methodology of mechanical
design and effective control of a new exoskeleton system
to enhance walk capabilities of people. It also can be used
for rehabilitation of people with leg injuries. The core idea
is to use exoskeleton to decouple weight carrying
capabilities of the legs from its body advancing
capabilities. This has been done by special logic and
intelligent management of electrical motors and motion
inhibiting passive pneumatic cylinders operation. The
operation is managed and controlled by the
microcontroller which receives the necessary data from

25 T

the strain gauge sensors located at the subject’s thighs and
shanks and the pressure sensors located at the feet. The
paper also demonstrates the MATLAB Simulink
modelling of the exoskeleton leg dynamic behavior that
proves fast and precise response to the human motion
intentions. This approach in exoskeleton design enables
the user to focus on just forward motion that takes much
less muscle tension and leave to the exoskeleton to carry
the heavy body weight. This makes the exoskeleton more
power efficient because electrical motors are smaller in
size and did not participate in supporting the weight like
in all other existing exoskeleton designs. The motors just
provide a synchronous fast motion of the exoskeleton leg
in response to human intention to take a step.

20

(9}

Angle (deg)

—
[

Subject Motion
Exoskeleton Motion

Time (s)

Fig.10. Knee joint angle during leg swinging motion
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Real time controlled two dof five bar robot manipulator
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Abstract

In this research, computer controlled two DoF five bar
robot manipulator is investigated. In order to control
manipulator, a human machine interface program is
developed in Visual C# after completing inverse
kinematic analysis of robot manipulator. By the help of
inverse kinematics, this program calculates two joint
variables for given positions of end point. Then the
program sends a data package containing these joint
variables to  Arduino  microcontroller.  Arduino
microcontroller set the positions of two servos according
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to calculated joint angles. Also using standard
geometries, robot can follow trajectory a line, a circle and
a rectangle. Furthermore, a lot of patterns can be
generated using function with variable radius and angle of
rotation.

Keywords: Two Dof Robot, Five bar, Arduino, Visual
C#

1. Introduction

The five-bar linkage mechanism applications have
been used in different engineering fields. Researcher
working in mechatronics, biomedical, mechanical and
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electrical and electronics engineering fields designed and
implemented the five bar mechanism in their published
investigations. Inverse kinematics, link design, medical
application, dynamic simulation, calibration and
performance were topics of research interest on the five-
bar linkage mechanism. Some studies about these topics
are presented as follows.

As a biomedical engineering application, a
laparoscopic robotic camera system based on five-bar
linkage was designed and tested by Kobayashi and et al.
[1]. Thisrobotic system reduce the process time for
different surgical operations if human assisted camera
system is compared to robot assisted the camera system.

Hybrid five-bar mechanism was investigated by
researchers [2, 3]. A dynamic simulation and control of
these kinds of mechanism was carried out in
Simmechanics of Matlab by Zi and et al. [3]. The five-bar
was driven by a constant velocity motor and servo motor
in this study. The aim of the study was to control tracking
trajectory of the end point of the mechanism via
Traditional PD control and closed loop PD-type iterative
learning control.

Inverse kinematics analysis of six different five-bar
planar parallel manipulators which were RRRRR,
RRRRP, PRRRP, RPRPR, RRRPR and RPRRP was
presented by Alici[4]. Sylvester elimination method was
used to solve the set of nonlinear equations in his study.
Villarreal-Cervantesand et al. [5] optimized design
parameters of a five-bar parallel robot by using a novel
mechatronic design approach. They designed kinematic
and dynamic parameters of the five-bar’s links with
respect to desired trajectories [5, 6].

A position accuracy calibration of a five-bar planar
parallel robot (DexTAR) was established by Joubair and
et al. [7]. Experimental validation setup was constructed
and the position error reduced to 0.08 mm with in the
entire robot workspace of 600x600 mm.

A real-time control of a five-bar parallel robot
(DexTAR) was studied using dynamic model of the robot
to implement minimum time trajectory planning by
Bourbonnais and et al. [8]. They used working mode
region to reach points of pick and place operations.
Several working modes are considered to reach same pick
and place points in their study.

In this study, a five-bar linkage was designed and two
links of the mechanism were produced by using 3D
printer. In section 2, the inverse kinematics analysis of
five-bar manipulator will be presented. In the next section
human machine interface design and control algorithm
will be explained. In section four electronic hardware and
circuit are illustrated along with figures. Then,
experimental test results will be presented in section five.
Finally, a conclusion will be drawn at the end of the study.
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2. Inverse Kinematic of the Robot

Manipulator

Analysis

Five bar mechanism has two degrees of freedom
according to Grubler formulation. In inverse kinematics,
end point location (P) is known in Fig. 1. Using this

location, two input angles &, and @, must be calculated.

This problem can be solved by dividing manipulator into
two serial RR manipulators.

P (Px, Py)

Fig. 1. Two DoF Five Bar Robot

From the first serial kinematic chain, vector loop
closure equation (1) is as follows,

0001 + 01A + AP = OOP (1)
Second, the second serial kinematic chain, vector loop
closure equation (2) is as follows,

0,0, + 0,B+ BP = Q4P (2

In this study, user of the robot manipulator changes
0, P vector in human machine interface. However these
equations are dependent on each joint angle related to
kinematic chain. In order to compute input angles, other
joint variables must be eliminated.

dx1+idy1+L1€i91+L3€ie3 :Px+lpy
dey+idy, +L,e' %+ L% =P +iP,

3)
(4)

Rearranging equation (3), angle which is need to be
eliminated is kept alone,

Lze'% =P +iP, —dy —idy —Lie'® (5)
The offset distances in equation (5) can be combined
with the end coordinates as follows,
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L36i93 = (P —dy) + i( Py_dy1) - Llei91 (6)

Conjugate of the equation (6) is written as follows,

Lye "% = (P, —dyy) — i( B—dy,) — Lie™'%  (7)
Multiplying  equations (6) and (7), angle
65 is able to be eliminated.
12 = (B —du)? + (B—d,,)" + 12
— (P —dx)Ly (e +e71%) (8)

+ (P—dyy)Ly i (et —ei01)

Remember that (e!% + e~i61)equals to 2 cos(6;)
and (et — e~161) equals to 2sin(6;) in equation (8).
The equation can be simplified using these equalities as
follows,

Acos(0,) +Bsin(8,) +C =0 (©)]

where A= -2 (P, —dy)L,, B=-2(P,—dy)L,
and €= (B —dy)?+(P—dy,) +12—1% . Half-
tangent rule can be used for this equation in order to solve

2
—t2 2
one unknown (cos(8;) = —2,sin(6,) = —% andt, =
1

1+t 1+¢2
]
atan(?l)).

(C-—At?+2Bt; +(C+A) =0 (10)

Two different roots are able to be obtained from the
equation. Discriminant must be real for physically
realizable result.

dis1 = /4B2 — 4(C? — 42) (11)

One unknown t; is calculated using discriminant.

(=4 B T dis1)

T (Y (12)

One can compute the angle using half tangent value.

6, = 2tan(t;) (13)

Once 8, is known, other angle of kinematic chain is
calculated as follows,
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0; = atan2(P, — d,, —.L1 cos(0;),P, — dy; (14)
— L, sin(6,))

Similarly, applying same process to the second
kinematic chain, we can obtain the discriminant as
follows,

dis2 = \[4E? — 4(F2 — D?) (15)

where D = —2 (P, — dy,)L,, E =-2(B, —d,,)L, and
F=(P,—dg)?+(P—dy,)" + 13— 12

Similar to pervious solution, unknown of the second
kinematic chain is now known using equation as follows,

(-4 E F dis2)
= 15
62 = Ztan(tZ) (16)
0, = atan2(P, — dy,; — L, cos(8;),P, — d,, (17)

— Ly sin(6;) )

Two solutions are obtained for each angle. Totally
four modes can be found for the robot. But, the robot is
working on just one mode which is shown in Fig. 1.

3. Visual C# Interface Design and Program for
Human - Machine Interaction

The program of the robot is constructed on kinematic
analysis of the robot. Two coordinates of the end point
location are inputs for this program. User is able to use
mouse cursor in order to define end point location of the
robot. User must click mouse left button on the Form then
he must move cursor wherever he wants. Program solves
angles according to end points and redraws lines of the
robot.

Human machine interface consists of two parts. The
first part is the interface design of the program. This part
is related to graphical drawing of the robot, angles in text
boxes and control buttons and output of the program. The
design of the program is illustrated in Fig. 2.

The second part is algorithm or coding. Follow chart
of the visual program is depicted in Fig. 3. This code is
written using events of graphical objects such as buttons,
lines, form and buttons. This kind of programming is
named event based programming. We use load, mouse
down, mouse move and mouse up events for our code.
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Serd Datate Ardine [<37.12

LB L

Fig. 2. Human Machine Interface in Visual C#

Start: Forml_Load event is working. In this event,
link lengths and other constant parameters are defined.

Input: Form1_Mousedown, Forml_MouseMove and
Form1_MouseUp events are working.

Calculate: disl and dis2 are calculated according to
inverse kinematic analysis of the robot.

Are roots of disl and dis2 real? Program must decide
that the results are physically realizable or not. Non real
results cannot be used in real environment. Therefore,
they are unnecessary.

Calculate:If roots are real, angles are calculated using
Equations (13, 14, 16 and 17).

Prepare and send data packages to Arduino: When
two angles are calculated, they are packaged in order for
sending. The data package includes plus and minus
symbols which show the direction of the rotation, and two
digit numbers which indicate magnitude of the rotation.

One Data Package
[+]ofo]-]4 5]

Is Arduino serial connection OK?: In order to send
packages to Arduino, COM port number of Arduino must
be valid and connected. Baud rate of the connection must
be selected correctly.

Is close of Form clicked?: The program runs until
close of form is clicked. The program ends if it is clicked.

The flow chart of Arduino program is illustrated in
Figure 4. This code waits for the input from interface
program, separate according to data package format and
sends these to servo motors.
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Calculate disl
and dis2

Givea Messageon
the screen.

Areroots of disl
and dis2 real?

Wait for 2 new mput

True

Caleulate

&, and &, angles
Draw lines on the
screen

Prepare and send

data packages to

Arduing

Check USB cable

Iz Arduino serial
connection OK?

False
Check COM port

Iz close of Form Falzse

clicked?

Fig. 3. Flow Chart of Visual C# Human Machine Interface
(HMI) Program

START

INPUT

Read data package from
Serial Port (COM)

¥
Divide data package
mto two parts for tetal
and tetad

¥

Convertdata type from
string to mteger for tetal
and tetad

Writs mteger values to
SSIV0 MOtors

Fig. 4. Flow Chart of Arduino Program
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4. Electronic Hardware and Circuit

Arduino Mega 1280 Micro Controller is used to
control the robot. The robot has two servos connected to
digital pins 9 and 10 which are used as PWM (pulse width
modulation) ports of Arduino. The electronic circuit of
the robot is seen in Figure 5. This circuit is created in
Autodesk Circuit Online Software. Arduino Uno is used
in the circuit because Arduino mega is not available in this
software. One 5V DC power source must be used to
supply required power to servo motors.  The Arduino
code can be simulated in the program. Simulation can be
seen in Figure 6.

N
:
H"
PR

.
s
U

Fig. 5. Electronic Circuit in Autodesk Circuits

[« BHoo=o:1
PRI S - O

Fig. 6. Simulation in Autodesk Circuits
5. The robot construction and Test Results

The robot is constructed using two Emax ES 3005
water proof servo motors and 3-D printed parts. Two link
lengths Liand L, are chosen same (20 mm) because they
are servo links packaged in servo motor box. Other two
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link lengths L3 and L4 are selected to be same (30 mm).
Distance between shafts of two servo motors is 19 mm.

-5

‘1
&encil

Servo Links

Arduino Mega

3-D Printed
Links

5V DC Power

Fig. 7. Electrical connection and whole setup
5.1. Drawing a line and a rectangle

These two shapes are the most basic task to test our
robot. Simply, pencil translates forward and backward
between two points to draw a line and four lines are used
to draw a rectangle (Fig. 8.). We defined the length of the
line as 20 mm in the program. The straightness of the line
was good but the length of the line was nearly 19.20 mm.
This dimension error depends on joint clearances and
friction at the joints. Next, the rectangle was drawn. Fillets
are created by our robot at the corner. This rectangle was
not perfect dimensioned similar to the line. But
straightness and appearance of the rectangle is acceptable.

%

Fig. 8. Drawing Test (a) Line Drawing (b) Rectangle
drawing
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5.2. Computer Aided Free Hand Drawing

We tried to test our robot manipulator using human
machine interface (HMI). User entered required points
from HMI, points were sent to microcontroller and
microcontroller set angles of two servo motors.
Acceptable outputs were obtained as seen from Figures 9
and 10. We firstly tried to draw a letter and then a spiral.
The letter and the shape are very close to original shape
which is drawn on HMI.

&l Form?

a
LS

teta3

— QE‘BE I
P8 | E

teta2
tetad

Rectangle:

Pos?

SOt

(b)
Fig. 9. Free hand drawing of letter A (a) Input from
Human-Machine Interface (b) Output on the paper
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teta3

i

HERC o8

teta2

tetad [31.424:

A

Send Data to Arduino <1815

Fig. 10. Free hand drawing of a spiral (a) Input from
Human-Machine Interface (b) Output on the paper

5.3. Drawing a pattern
In this section, a circular pattern drawing will be

explained along with examples. We created the pattern by
using Equations as follows,

P, = 60 + rcos (/3 17’%0) (15)
P, = 60 +rsin (B %) (16)

Where Px and Py are coordinates of the end point of the
robot, r is radius of circle, B is angle of the rotation of
radius. If radius is constant and B angle is changing
uniformly, we will get a circle. However, if radius is
changed according to a linear function (r=r+a*k, if r>90
then k=-1, if r<1 then k=+1) and also changing rotation of
angle (B8 = B +dt), the patterns can be drawn. According to
this pattern configuration and formulation, the end-
effector of five-bar robot drew the patterns shown in
Fig. 11.
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dt=3, a=0.5 dt=1, a=1.2

dt=2, a=0.8

dt=2, a=3.5

Fig. 11. Some pattern drawings for different dt and a
values

6. Conclusion

The five-bar robot manipulator was constructed and
tested in this study. Two servo motors of the robot were
controlled using HMI program through Arduino
microcontroller. Test results were shown for a line, a
rectangle, free hand drawing and patterns. Cost of our
robot manipulator is very low (it is nearly 50$) compared
to other robot manipulators. Readability and appearance
of the test shapes are good. However, accuracy and
repeatability are not very well. Therefore, they must be
improved. Due to its cost, this robot manipulator will be
useful to explain the working principle of the five-bar
robot manipulator and application of the robot to
engineering students.
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Abstract

HIPHAD v1.0 is a kinesthetic haptic device which
was designed and manufactured in IzTech Robotics
Laboratory. In this work, the quasi-static equilibrium
analysis is carried out by including the gravitational
effects. The calculations are verified through an
experimental procedure and the results are presented to
characterize the device performance
Keywords: R-CUBE, HIPHAD v1.0, Haptic Device,
Quiasi-Static Equilibrium Analysis, Parallel Mechanism.

1. Introduction

Kinesthetic haptic devices target at stimulating the
human sensory systems responsible for acquiring the
sense of location/configuration, motion, force and
compliance. These sensory capabilities are generally
located at the muscles, tendons and joints. In order to
cope with the required stimulation activities, Kinesthetic
devices are designed to cover the workspace of the
targeted body part and their force display capabilities are
designated to be in the range of the human capabilities.

A variety of solutions exist as kinesthetic haptic
devices that can be categorized with respect to the
energy source they use: pneumatics [1], hydraulics [2],
electrodynamics [3], electromagnetics [4]; their control
structure: open-loop impedance [5], closed-loop
impedance [6], closed-loop admittance [7]; the human
body part they target: hand [8], arm [9] and the entire
body [10]; being grounded or not: wearables [11,12],
ground fixed [13,14]; mechanism type: serial [13],
parallel [9], hybrid [3]; being biomechanical (using
human bones/ joints) [15] or standalone [12]. HIPHAD
v1.0 is a kinesthetic haptic device that uses electrical
energy to run motors, has open-loop impedance type
control structure, which targets the hand motion of the
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human while the human is seated on a chair working on
a desk.

The mechanism of HIPHAD v1.0 is a hybrid
combination of a spatial 3 degree-of-freedom (DoF)
translational parallel mechanism and a 3 DoF serial
spherical orientation mechanism [16]. The parallel
mechanism is based on the R-CUBE design [17].

In a previous work on the dynamic analysis of the
HIPHAD v1.0 haptic device, the R-CUBE mechanism
orientation was changed from its original orientation to a
new orientation in which the gravitational effects are
equally shared among the actuators. The dynamic
equation of motion for the R-CUBE mechanism was
developed analytically and verified via simulation
studies.

In this paper, the analytical equations of motions are
experimentally tested on a manufactured R-CUBE
mechanism  prototype. However, the R-CUBE
mechanism is re-oriented for better operator ergonomics
so that the operator can work seated. The next section
provides brief introduction of the HIPHAD device
kinematics in its new orientation. The quasi-static force
analysis is reformulated with respect to the new
orientation. Finally, experimental set-up to validate the
quasi-static force analysis is described and the test
results are presented to verify the gravity compensation
calculation and to characterize the device performance.

2. Kinematics of HIPHAD

In the operation procedure of the HIPHAD device,
motion demands of the user are based the wrist point
position with respect to the base frame by utilizing the
real-time measurements from the position sensors in
direct kinematics equations. S parameter in Fig. 1 is the
distance from the origin to the related actuation axis
along related base frame axis and it is constant for all
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axes. This parameter defines the workspace location with
respect to the origin, O. Homing position of the
mechanism is defined to be in the middle of its
workspace.

Fig. 1. A sketch of the translational parallel mechanism
with its main parameters

Translational parallel mechanism of HIPHAD is an
R-Cube mechanism, which has decoupled motion along
base frame axes shown in Fig. 1 as ﬁ’i(w);i= 1,2,3.
Hence, motion along any base frame axis is generated by
the actuator that has its rotation axis located on the
respective base frame axis. In Equation (1), calculation
of the position vector of the wrist point O—Wr' with respect
to the base frame,

F= T{O; ﬁﬁ“,ﬁ?“%ﬁ?”}, is described.

3
W, = Z Wi @)

i=

1
Wri =S+ 11 . sin(eil)

The initial position of actuators that define the initial
position of the wrist point are represented with a solid
red line arrow and the angle limits are given in the Fig.
2.

Inverse kinematics of HIPHAD is provided for the
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whole kinematic chain including the calculation of
passive joint positions on three legs. The actuated and
passive joint angles in the kinematic chain of the leg i are
given by 8;;, 62, 0;3 and 0;,. These joint angles are
provided in Fig. 2 and Fig. 3.

The mechanical structure of HIPHAD constrains the
first link rotation to £68° [16], and therefore, the solution
for 6;; is unique as formulated with ¢ equal to 1 in
Equation (3).

Fig. 2. Active and passive joint angles with mass center
locations of parallelogram i

. Wri -5
sin(0;) = ] 2)
1

cos(0;;) = 64/1 — sin?(0;,) 3)

The solution for 6;; using Equation (2) and (3) is given
by

6;; = atan 2(sin(0;,) ; cos(6;)) (4)
The second joint angle can be calculated by using
the information of 6;, as 6;, = —6;;. The other joint

angles are defined relative to the previous links as
indicated in Fig. 3 and are calculated as these angles are
calculated as

SY S, o5
iy (742 1’5 )

- - o

e (ﬁlif.i)_ Fis)

Fig. 3. Passive joint angles, mass center locations and
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frame unit vector of limb i.

x§+y§-1§-1g)2 Ryl 12

0, = atan2| — 1—(

21,15 21,15 (5)
iz =
_ J 1 - (s cos(ei4))+yi(15sin(ei4)))2
atan 2 Xyt (6)
xXi(l41s5 cos(8i4)) +yi(ls sin(8i4))
x?+y?

In Equations (5) and (6), x; and y; denotes the joint
position Pis with respect to P;3 with respect to the plane
defined by x —y axes in Fig. 3. Here the x; and vi
location of Pjs is determined by the location of the other
two limbs of HIPHAD. It is possible to identify the
location of Pis with the notation in Fig. 4, where Cp
platform dimension constant, Cx is a constant shift and
Cy is the location of Pz along the y direction by solving
the following expressions

Xlzwrz_cx_cp
Y1=Wr3_cy1_cp
X2=Wr3_cx_cp
£ :er _Cyz _Cp (7)
X5 = Wy — Gy — G,

y3 =Wy — Cy3 - Cp

¢l =ui? - (1, ud? +1,ud?

Cx

Fig. 4. Top view of HIPHAD

The positions of mass centers and edge points of the
links are required for quasi-static equilibrium analysis
and this needs the calculation of orientation and

translation of each link’s frame. The transformation
matrices between the frames are given in Equation set
(8) and these matrices will be used in dynamic
calculation in next section. The frames are indicated in
Fig. 5 and i is an index for one of the three limbs of
HIPHAD.

In order to have a common matrix notations, in this
work, for the same parameter u, if it is a column matrix,
it is shown as 4; if it is a non-colum matrix, it is shown
as G if it is a skew-symmetric matrix, it is shown as .

CloiD) — (U305
ClLi2) = o—Usbis o—T1n/2
CG2i3) — o-U3zbi3 (8)
G314 — o—Tsbiy
Ci4i5) — oliz0is

Using the above transformation matrices, overall
transformation matrix for limb i can be calculated as

¢aois) — gU0IDEELIZ)F32,3) (13,14 (14,i5)
CG0,i5) — o—Uym/2o-Uz(0;3+0i4—0is) (9)

Fig. 5. A schematic representation with link frames of
one of the limbs of HIPHAD

It should be noted that 0;5 basically equal to the
summation of 0;, and 6;5. Therefore, rotation matrix for
the last frame can be simplified as

C(io,is) = e~ Wan/2 (10)
The orientations of each limb are calculated with

respect to the frames of their first link. The
corresponding rotations in world frame formulations are
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expressed as

C(w,lo) —
C(W,ZO) — ’I‘
C(w,30) —

e—ﬁ37[/2 e—ﬁzn/z

(11)

eﬁzﬂ?/z eﬁ37[/2

3. Quasi-Static Equilibrium Analysis of HIPHAD

HIPHAD is a kinesthetic haptic device which makes
the user to feel forces at the handle of the device. This
force is generated by torque input to the actuators of the
haptic interface. In order to generate a desired force at
the end effector, an analytic relationship must be
established between the actuator torque and end effector
force by making use of quasi-static analysis.

Newton-Euler method is used for the quasi-static
equilibrium analysis. The reason for choosing this
method is due to the fact that resultant calculated forces
includes the information of reaction forces and torques in
addition to the actuation force and torques for every
joint. Quasi-static equilibrium analysis should start with
the calculation of the torques and forces of the 4™ and 5%
links caused by the gravitational acceleration. With that,

FU% force at the Pis point on TU”- ©) plane can be
determlned and recursive calculatlons can initiate from
pis point to the 0™ frame. This force can be calculated by
using

l\_/[’giz)

— (‘L(LB) (14))x (W)m
+ C&?)Xg("")mA}
+ (04 1)
XEP = 0
C(ls))xg»(w)m
(L)L
=0

_9(13) (12)

where M{? and M{® are the moments at the
corresponding frames, g is the gravitational acceleration,
1% and 19 are the link lengths in vector form, 19% and
1(14) are the mass center position vectors and m, and mg
are the masses of 41" and 5" links, respectively.

It should be noted that, since l_féis) is calculated in
GU9_G0% plane, the T component of FU> will always
be 0. The other components of F(‘S) are compensated by
the actuators that are connected the other limbs. In this

concept, although the forces within the i serial chain
(limb) are summed up recursively, the components of

l_féis) force should be subtracted from the i™ limb and
added to the corresponding neighboring limbs along with
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the external forces generated by the human acting on Pis.
The total force equilibrium at the 4" frame of each
limb system including the externally applied force to the

platform Fé‘;‘gt can be written in the matrix form as

514) _ —(189) =1\ a(14,w)5W)
Fi, 7 =15 (E3 ) C(14W)F5ext
+ C(“'W)g(w)mS
_ 6(14'15)F(15)
—(14) @N\T  #(28)
+ U, ((u - Fg )
524) _ =(24)(=(24) w5 W)
F3y =13 (113 ) C(24W)F5‘gxt
+ Cawign
_ 6(24'25)ngs) (13)
—24) ((-151\T =@15)
U3 ((uz ) -Fy )
534 _ —39) =B\ a@E4w)FW)
F3, =13 (u3 ) C(34W)F5ext

+ C(34.w)g(w)m5
—34) (=257 w25
U3 ((uz ) -Fg

+ (@) F)

It should be noted that Fégs) does not appear in the
equation for F3”. The reason for this is that since the

gravitational force acts along the "(35) -axis, this force
does not generate any moment that cause a motion of the
4™ and 5™ links.

General representation can be used for remaining
recursive force calculations as

=(3)
R
=(i2
F12

— C(B'”)ngf) + é(i3,w)g(w)m4 14)
— C(iz,i3)13§i33) + é(iZ,w)g(w)mZ

where m, and m, are the masses of the links, and ngf)
and FU2 are the resultant forces on the 2M and 1%
frames, respectively.

It should be noted that 1—:&1) force is not calculated
since this force acts on the actuator shaft which is carried
by the bearing and does not result in any motion of any
movable parts.

Finally, by making use of above equations, resultant
torque on the actuators can be calculated as

T(lo)

_ Smm(l ¢cao, 11)u(11))c(10 12)F(12)

+ smm(_(lo))c(lo wgWm,
‘(10))(:(10 W)

(15)

+ smm( gWm,
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20 on the ground so that its T, @5 and T axes are

- smm(ll6(20'21)1_1521))C(ZO'ZZ)F‘E?)
+ smm(ICP)CEoWgWIm,
+ smm (1)) CEoWgWm,

T:))(SO)

- Smm(llé(30,31)L—l§31))c(30,32)p$2)

+ smm(ICY)CEOWgWm,

+ smm(ICY)CEOWg W,

+ smm(lle(3°'31)ﬁ§3 1))C GOMEMI M atform

where T;, T, and T, are the torques on the related
actuators; m; and ms are the masses of the link 1 and
link 3; 1, is the length of link 1; T0%and 1% are the mass
center position vectors that are defined with respect to
the O™ frame of the i limb that originate from their
respective rotation centers. In this equation set, smm(-)
operator is used to transform column matrices to skew-
symmetric (cross-product) matrices.

It should be noted that only 3™ serial chain (limb)
carries the weight of platform which is 8™ myjattorm-
Here, mpjarorm 1S the mass of the mass of the mobile
platform.

4. Experimental Verification

Initially, the analysis results are verified through
simulations. Verification of these calculations are
executed in MATLAB Simulink using first generation of
SimMechanics module. The CAD model of HIPHAD is
translated to the Simulink environment. Calculations of
the quasi-static equilibrium equations and SimMechanics
model simulation are executed simultaneously and
resulting forces obtained from the simulation of
HIPHAD and mathematical model is compared. In
simulation tests, HIPHAD is positioned in several points
step by step and through the workspace of the device.
The difference between the torques that are calculated by
using the equations and SimMechanics model came out
to be in the range of 10 Nm for static tests in which the
maximum torque calculated was around 0.3 N-m. The
difference can be considered in an acceptable range for
numerical errors. In order to verify the analysis results
by experimentation, the first work is carried out to match
the real system working conditions to the ideal model as
much as possible. The first consideration is about the
assumption that the gravitational acceleration acts along

the —ﬁ’g‘”) axis; however, due to the deformation in the

base of HIPHAD this assumption is not valid. Therefore,
basement of HIPHAD has to be corrected by orienting it
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aligned with the world frame coordinates.

The second and final work before running the
calibration routines for the motion and force exertion of
the device is carried out for matching the inertial
properties of the device with the model. Although the
mathematical and SimMechanics models match, the
resultant dynamic forces of these two cannot be
compared to the results of the experiments since the
inertia of components of the real device might differ due
to some non-idealities such as manufacturing faults,
bearing and fasteners that are not considered in the
model. The source of this possible error is compensated
by weighing every component of the links, which are
screws and links, within 0.02 g tolerance scales and the
obtained values are added to mathematical model and
also the mass center positions are recalculated.

Next, the experimental setup was established to
conduct tests of the device, which is denoted with 1 in
Fig. 6. In each limb, YUMO E6B2-CWZ3E incremental
encoders, which are denoted with 3 in Fig. 6, are used on
one of the legs of the parallelograms to measure the
rotation of the first link and on the other leg the Maxon
EC 45 brushless DC actuators, which are denoted with 2
in Fig. 6, are used provide moment to the respective
limb. It should be noted that no reduction system is used
and this characterizes the system as a direct-drive
system. Maxon 4-Q-EC Amplifier 70/10 drivers, which
are denoted with 4 in Fig. 6, are used to drive the
actuators. The information exchange between the
components and the control computer is established via
Humusoft MF624 data acquisition (DAQ) card, which is
denoted with 5 in Fig. 6, by using MATLAB 2014a
Simulink in external real-time windows target mode.
Shielded cables are used to minimize the noise effects on
analog signals between the DAQ and drivers. The
sampling time is selected as 1 ms.
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U~
Fig. 6. Experlmental setup components

After the necessary connections are made, the offset
values for drivers are set to sustain the positioning of the
actuator shafts when there are no loads attached to them.
This offset value sets the amount of current supplied to
actuator when the controller signal is zero. Torques
comments to be supplied to the actuators in experiments
are received in VDC. Therefore, they are multiplied by
the torque constant that is given in datasheet as 45.5
mN-m/A. However, the driving signal send to the drivers
is in VDC so a mapping is required to determine
generated current per given VDC. Since the drivers can
receive +10VDC driving signals and Humusoft MF624
can send £10VDC driving signal, this corresponds to 1
to 1 mapping and 45.5 mN-m/VDC torque constant can
be wused instead. This mapping is confirmed by
monitoring the output current from the driver for a given
VDC signal by using ‘monitor’ port on the driver. Also,
a certain amount of torque is exerted to the actuator
externally and the amount of current to withhold this
external torque is measured, which matched with the
datasheet value of 45.5 mN-m/A. The exchange of the
information among the components of the experimental
setup is represented in Fig.7.

Driver

Humusoft MF624 DAQ Actuator

Fig. 7. Information exchange among the experimental
setup components
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Due to its mechanical limitations, parallelograms of
each limb can move a total of 136° about their axis of
motion and this full range is divided into half which are
negative and positive partitions. This data is verified by
tests in which the zero position of parallelograms is the
middle points of the full range as it is illustrated in Fig.
2. A detailed motion calibration procedure of this device
when potentiometers as position sensors was used is
provided in [18].

The control algorithm of HIPHAD that was used in
the tests has phases that are run one after another within
a procedure. The first step of this procedure is homing
and this phase of the algorithm works every time the
device is initiated. This sub-controller provides enough
amount of torque to settle the mechanism to its most
extended and the most folded positions and record the
angular positions of the actuators. After acquiring the
positions of the actuator at the workspace limits, zero
(initial) position of the mechanism is calculated. Then,
HIPHAD’s moving platform is moved to this zero
position using a PID controller. This PID controller
closes the feedback control loop by using the joint
sensors (encoders). Once this sub-controller finishes its
routine, HIPHAD is ready for the tests.

In the experiments, initially, torques generated by
the actuators are measured for maintaining static
conditions at every integer angular position which results
in discontinuous measurements. Secondly, full range of
mechanism is scanned by moving the device in each axis
by a 0.25 °/s speed and actuator torques are measured.
Dynamic motion effects generated in slow operation are
calculated to be in the range of * 6.10° N-m in the
simulation tests and thus, they can be neglected. As a
matter of fact, experiment results showed that there is a
small difference between continuous and discontinuous
motion experiments. Although the values of the outputs
were not exactly the same for the recorded positions, the
behavior of both errors resembled each other.

The amounts of torques supplied to each actuator
during the motion along their respective axis by a 0.25
°/s speed are shown Fig. 8. It should be noted that during
the motion along one axis the others are locked at their
zero positions in order to identify the calculation errors
of the torques generated by the specific axis motors. A
PID controller is used to regulate the motion at the
required speed to move from the folded positions to
extended positions (in  between the workspace
boundaries). The actuator that provides motion along the

( ) axis results in highest torque generation since it axis
of action is aligned with the gravity axis. Nevertheless,
the result for this axis reveals some anomalies. These are
the sharp corners which normally should not exist and
this can be seen when the devices reaches -34° and +22°



Proceedings of the International Symposium of Mechanism and Machine Science, 2017

m AzCIFToMM - Azerbaijan Technical University
m 11-14 September 2017, Baku, Azerbaijan
in T axis. axis motion.

PID TORQUE VS ANGLE

350, T T T T T T

PID TORQUE(mMN.m})

0 68
ANGLE (deg)

Fig. 8. The measured torques as applied by PID
controller

The error between the measured and the calculated
torques are calculated and plotted in Fig. 9. In this figure,
it can be clearly observed that the peak errors for the
calculations in the ng) axis actuator occur at -34° and
+22° angular positions.

Torque Error vs Axes Angle
T

T T

ERROR (mN.m})

17 34 51 68

0
ANGLE (deg)
Fig. 9. Calculated error for torques supplied by each axis

actuator. (Teror=T calculated- T PID)

When the calculations and measurements made for

=(w)

the U’ axis actuator is individually examined,
measured torques and calculated ones almost perfectly
overlap with each other as shown in Fig. 10. The
maximum error is around 10mN-m. Throughout the
whole scanned range, the maximum nominal error is
around +5 mN-m. The error distribution for the scanned
range varies as a result of the applied torque range.

100 - Ul PID TORQUE vs COMPUTED TORQUE

—Computed
|- -Continuous
- Discrete

TORQUE (mN.m)

-l00f 1 1 1 1 1 1

1
60 -40 20 0 20 40 60
ANGLE (%)

=(w)

Fig. 10. Calculated Torque vs measured torque for u;
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=(w)

The measured torques in U, ~ axis shows a constant
offset of +10mN-m from the calculated torques yet it can
follow the calculated torque values as shown in Fig. 11.

S0 U2 PID TORQUE vs COMPUTED TORQUE

—Computed
- - Continuous
- Discrele

40

TORQUE (mN.m)

I 1 1 1 L
-60) -40 -20 0 20 40 60

ANGLE ()
Fig. 11. Calculated Torque vs measured torque for ﬁ’gw)
axis motion

Fig. 12 shows that the error in the measurements
versus the calculated torques for the ﬁ’gw) axis actuator
has a different characteristic compared to the errors
calculated for the previous axis actuator torques. In the
previous ones, the errors are almost constant however,
the error revealed for axis ﬁgw) seems to heavily depend

on the angular position of the actuator on ;.

U3 PID TORQUE vs COMPUTED TORQUE

50 1 L I 1 1 I 1

-60 =40 =20 0 20 40 6l
ANGLE ()

Fig. 12. Calculated Torque vs measured torque for ﬁ’gw)
axis motion

The actuator providing the motion along the ﬁ’gw)

axis carries most of the weight of the manipulator and
thus, this actuator generates the highest overall torques.
The experiments revealed that it has the highest errors at
the angles -34° and +22° with 50 mN-m and 60 mN-m
torque errors, respectively. A ‘tick’ sound is heard at
these angles. Maxon EC 45 actuators are brushless three-
phase actuators and the ‘tick’ sound is an indication of
the phase transitions. The nonlinearity in generated
torques during this mechanical phase transitions
becomes more noticeable at higher torque values such as
the torques generated by this actuator. This is the main
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reason that there are higher errors in the vicinity of these
phase transitions.

Torque Error - U3 Actuator Rotating While Others Stationary
T T T T T T

ERROR {mN.m})

20 I I 1 | L 1 I
-68 -51 -34 -17 0 17 34 51 68

U3 ANGLE (deg)
Fig. 13. Computed error data while there is a motion
along agV” with 0.25 °/s and there is no motion along the
other axes

A final test is carried out to understand the errors
calculated for the T and G(" axes actuators. A 0.25
°/s speed slow motion provided along the ﬁ’g‘”) axis while
keeping the positions along the other axes are maintained
at their zero position by control. During this motion, the

torques supplied to the T and T axes actuators are
acquired. Then, the torque errors of these two axes
actuators are calculated. In the full range of motion along

ﬁ’gw) axis, the torque errors of the other two axes range
between +10mN-m as provided in Fig. 13. The cause of

the errors of T and T is that the mechanism’s frame
is not exactly orthogonal and matched with the world
frame.

6. Conclusions

In this work quasi-static equilibrium analysis of a
haptic device is presented. The analysis results are first
verified through a simulation model which is generated
by using Matlab SimMechanics model. Then, the
analysis results are experimentally tested.

The experiments revealed that the equations derived
as a result of the analysis matches the experimental
results in a larger extend for the actuators that provide

motion along T.") and G.") axes. The errors that are
calculated between the computed torques and measured
torques can be considered as related with the
imperfections of the mechanism frame’s orthogonality
and alignment with the world frame. These errors can be
minimized by calculating the deviation of the mechanism
frame from the ideal model.

The phase transition locations of the actuator that
provides motion along the ﬁ’gw) are much more
noticeable than the other two actuators due to the

increased torque demands. The errors in torque
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calculations become larger in the vicinity of these phase
transitions.

During the experimentation, it was also observed
that actuators heat up in time causing a reduction of
performance over time. The main reason of the heating
of the actuators is due to the gravitational load.

The characterization of the device’s static operation
is completed by the experimental tests. One of the main
observations is that for a better matching between the
calculations and the actual system performance, passive
balancing with respect to gravity can be implemented.
This will reduce the work load of the actuators and thus,
decrease the heating problem and amplification of the
phase transition effects.

As future work, the analysis presented in this paper
can be extended to account for the imperfections of the
device such as the frame deviations and actuator’s phase
transitions. Also, a work on the dynamic analysis and
verification of this dynamic analysis will be carried out.
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Abstract

A new robotic system for single and multiple access
laparoscopy is presented, using almost only traditional
laparoscopic  instrumentation, including very small
diameter instruments for babies, based on an evolution of
previous research by this research group. Main idea
behind this system is to make simple its use, for instance
instructing the optics to point always the tip of the
instrument on which the surgeon is acting in a totally
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automatic way; a second important feature is the ability to
guide also the motion of the instrument on which the
surgeon is acting so that it corresponds to the joystick
motion as seen from the monitor. All instruments are
traditional, but for a special edition of SAL Twin Forceps,
and a second instrument similar to the wrist of da Vinci
but reusable and sterilizable since it uses only rods and
gears for its motion.

Keywords: Robotized System for Traditional
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Instrumentation; Automation of Optics Motion.

1. Introduction

The paper presents a new robotic system for single
and multiple access laparoscopy which uses almost only
traditional  laparoscopic  instrumentation, including
instruments of very small diameter for babies, which, at
present day, is impossible with other systems. The
research is based on an evolution of previous research by
this research group, deriving from the experience of Navi-
Robot [1-5], DARTAGNAN [6-9] and the study of special
end effectors for laparoscopy [10-12]. One of the first
robotized surgical systems applied to in the laparoscopic
field was Aesop [13] which guided the optics on voice
command while Zeus was moving the instruments, both
absorbed by da Vinci [14-21] that is so far the winner.
However while this system is diffused in the States and
weirdly enough in Italy, in the rest of the world, and in
Europe in particular, its sales are low mainly, but not only,
for cost reasons, another problem being the need for a
long instruction period. A number of other systems were
proposed by different research groups, such ad MiroSurge
by DLR Institute of Robotics and Mechatronics, Germany
[22], similar in concept to Da Vinci being multi arm (as
our proposal), with some advantage on an easier access
for the surgeons to the operatory table, but also in this
case, using proprietary instrumentation, or SOFIE [23]
other robot made in Eindhoven, again a robot da Vinci
type using again proprietary tools, or SPORT™ Surgical
System briefly described in [24], new system by Titan
Medical, that seem very near commercialization.

Socrates [25] instead is made to ease communications
between doctors located in different places anywhere in
the world, this may help, but is not a surgical robotic
system.

A different concept is presented by Sprint [26], a two
arm system for SILS, that is meant to be introduced
through a bigger orifice directly inside the patient, thus
again using only its own tools, in this being similar to
SAIT (Samsung Advanced Institute of Technology, 138
Gyeonggi-do, Korea), that carries also the optics and a
third operatory arm [27]. Complete recent reviews of the
various robot are provided in [28-29].

2. The Robotic System

The actual system under development by our research
group presents four to six arms fixed on a common base
(usually five), each being a passively self balanced six
degrees of freedom (DoF) fully actuated system but for
the arm dedicated to the optics which presents only four
hinges actuated, with the last two that are simply equipped
with encoders. In all cases the axes of the last three DoF
will cross forming a spherical hinge.
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Each arm presents a first joint (1) having vertical axis,
while, the second joint (2), horizontal, belongs to a
parallel arm four bar link that allows changing the vertical
position of the end effector while maintaining hinges (3)
and (4) with vertical axes. Joint (5) again presents
horizontal axis, while the last hinge axis is perpendicular
to the previous. Moreover, the presence of counterweight
(7) completely balances the entire structure. A force
sensor (8) is mounted on the end effector, that ends with a
male quick connector (9), bearing also the electronic
connectors.

Figure 1. Scheme of an EasyLap arm

As can be seen in Figure 1, the first three degrees of
freedom (1-3) allow positioning the fourth hinge in any
position in space in a cylindrical space around the first
vertical hinge, while the last three degrees instead allow
positioning the final end effector with any direction within
the workspace. Clearly special actuators are needed to
mount each instrument on the end effector, also because
their position may change depending on the surgery. They
are obviously reusable, hold both motors and control
electronics, present a female quick connector that allows
determining the position of the instrument in a unique
way. Each joint is moved by a Maxon motor-reducer-
relative encoder group, whose angles are measured by a
16 bit digital encoder being each joint controlled by a
Maxon Epos2 board connected in CAN®open. On all the
sixth end effector are mounted the instruments actuators
(two controlled motors for traditional instruments, four for
SAL Twin Forceps and the wrist instrument).

Figure 2 shows the CAD model of a possible 5 arm
version of EasylLap, being the five arms mounted on a
single chart that can be moved over the surgical table to
dominate the surgical theatre, with the central arm (23)
hosting the optics.

At the beginning of the surgery, it is first necessary to
select the sterile instruments to be used, mounting them on
the appropriate motorized adapter. Then, having placed all
trocars on the abdomen and moving over the chart of
Figure 2, each instrument has to be introduced in its
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trocar, penetrating just till the level of the patient’s skin,
moving the relative arm that will follow the small forces
applied to move it. After positioning all of them, simply
pressing start surgery, the system will record the
coordinates of all trocar entry points. From now on the
system knows that it will always have to leave this point
fixed, being able to vary depth and inclination of each
instrument, under the doctor control. Clearly each
instrument may be always rotated about its axis.

Figure 2. A possible 5 arm Easy Lap version

Note that being all instruments mounted around the
abdomen of the patient, and being many of them, it is very
important that they do not disturb each other and in
particular that the adapters stay well separate. This causes
the necessity to control separately the instrument’s
cannula rotation from the joint’s position. Moreover, since
not all the traditional instruments allow rotating the handle
with respect to the surgical instrument, two different
adapters will be needed. In every case it is possible to
keep the body of the adaptor oriented always radially,
while moving the instrument as requested.

4 ﬁﬂ

Fig. 3. Scheme of an adapter for traditional instruments
able to rotate the handles with respect to the cannula
Next Figure 3 shows a possible adaptor for a
traditional instrument, in which one motor is dedicated to
opening and closing the forceps, while the second rotates
the instrument’s cannula. Naturally many are the possible
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configurations in this case, this is just an example, where
the dark components must be sterilized each time.

As far as the adapter for instruments needing four
controls (cannula rotation plus three actuators), such as
SAL Twin Forceps [30-31] or wrist, or any other, this is
presented in the Figure 4. On the left side we observe the
position of the four motors, each of which has a spur gear
(all identical) mounted on its exit shaft. On the side of
each gear, a second gear meshes with it (the red circles,
always on the left), so that their axes lay in a plane.
Passing to the sketch on the right side, in which the
motors are not aligned just put in evidence the fact that
they not coplanar, note that each red spur gear, held in
position by suitable bearings, gives origin to short shafts
on which are mounted incremental encoder disks (green)
and a bevel gear, which mesh with other spur gears, the
first being fixed to the special instrument cannula. The
following, free to rotate with respect to the instrument’s
cannula, transmit the rotation to a second set of bevel
gears, mounted every 90° and fixed to internal
mechanisms actuating the three instrument controls.

Figure 4. Adapter for instruments needing four controls

Notice that the motor dedicated to instrument’s
rotation moves the cannula, while all other can move a
single control. However, if the cannula is rotated, all other
three motors must rotate in the same direction and speed
in order to preserve the configuration of each control. The
robotic edition of SAL Twin Forceps differs only in the
portion that substitute the handle, with the second and
third bevel gear of figure 4 being connected on a small
drum around which is wrapped around the cable that
controls forceps opening, while the last bevel gear is
coupled internally to a small spur gear acting on a rack,
which commands opening and closing of the instrument’s
arms.

Fig. 5 shows the EasyLap NWrist, similar to the wrist
of da Vinci [32] but reusable and sterilizable since it uses
only rods and gears for its motion and whose initial
portion is identical to the previous. Let’s start to examine
the instrument’s tip. As can be seen, the two elements of
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the forceps/scissor open symmetrically thank to the use of
five tiny spur gears, 1 and 3 fixed on the same axis.
Furthermore the distance between gears 1-2 and 3-5 is
identical, being gear 4 idle, used to invert the motion of
gears 2 and 5, and the two elements of forceps/scissors
fixed to gear 2 and 5. Motion to gear 1 is produced by
gear 6, which is partly spur and partly bevel, actuated by
7, sector of bevel gear. In parallel, a second sector of
bevel gear, 8, acts on the bevel part of gear 9, which, with
its portion spur, moves gear 10, fixed to the small frame
holding gears 1 to 5. Rotating then only gear 6 by 20°, we
obtain the opening of forceps/scissors by 40°, rotating in
the same direction and quantity gears 6 and 9, we obtain
configuration d with closed forceps, rotating further gear 6
the forceps opens even if inclined by 90° and in the
direction of the same curvature. Gear 6 is actuated by
rods connected to a first external motor controlling
rotation of wheel 11, while wheel 12 acts on 10. Finally
to obtain configuration b is necessary to act in the same
time on wheels from 11 to 13, last one being connected
via tiny rods to frame 14, and, rotating further wheel 11
we obtain forceps opening, in the direction perpendicular
to the curvature. Motion transmission between the initial
wheels and the final gears is performed with tiny rods.

Figure 5. EasyLap version of Wrist instrument.

Naturally each adaptor will receive its commands via
CAN®open so that there is only the need to add the DC
power supply, since the controlling board will be present
on the adaptor.

Passing to the console, only two joystick will be
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present, plus the start button, four buttons to select the
instrument one wants to control, and a number of knobs to
control the various options. This part is clearly not yet
well defined, we will need the feedback from the users, to
understand which is the simplest way to transmit the
message.

3. EasyLap kinematic model and algorithms

Fig. 6 shows the kinematic model of an EasyLap arm,
with relative Denavit Hartenberg [33] transformation table
for the serial portion of this robot.
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Figure 6. EasyLap kinematic model and DH table for the
serial part of this robot

For the closed loop kinematic chain, showed in Fig.7,
it is not possible to apply the canonical Denavit-
Hartemberg method. The transformation between frame 1
and 2, was so calculated by using the Denavit-Hartemberg
method extended to closed loop kinematic chain obtaining
the transformation matrix of Figure 7.

As we mentioned before, to make the system really
easy to use, two problems are to be solved. First problem,
the automatic pointing of the optic on the instrument in
use, when the doctor passes to a different one. In fact the
tip position of each instrument in terms of quaternion, as
the result of the product of the sequence of quaternions
representing in terms of the sequence of joints, is always
known. However not all the optics have straight vision,
some have vision inclined by 30, 60 or even 90 degrees.
Thus, in the case of straight vision, it is enough to move
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the optic computing the directional cosines of the line that
joins the tip of the instrument to be observed and the entry
point of the optic into the patient abdomen, and move the
arm accordingly. More complicate may be the case in
which the optic presents an angular deviation, whose
direction of observation is also known, as always in terms
of last end effector quaternion. Now we have three points
to take into account, the tip of the instrument to be
observed, the tip of the optic and the entry point in the
patient’s abdomen. First we have to bring the observation
direction to lie on the plane passing from these three
points, rotating the optics, secondly we might have to
change inclination of the optic to center the vision on the
point of interest. Moreover, the global surgical field
(previously recorded) will be shown in a second image,
circling the region actually treated.
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Fig. 7. Transformation for closed loop chain of an
EasyLap arm

Similarly, since the position of the optic is always
perfectly known in terms of directional cosines, which are
associated with the camera position, then moving the
joystick in a direction with respect to the monitor, means
to be willing to move the instrument in the same direction,
hence supplying the system the desired direction of
motion. Thus it is easy to compute the new position of the
tip of the instrument using line’s parametric equations
starting from the actual instrument’s tip coordinates, then
remembering that the entry point into the patient abdomen
is a fixed point, we obtain the new instrument orientation,
and from this, via inverse kinematic, the set of new joint
parameters to be reached linearly. Of course it seems a
very long process, but once programmed in C, it takes
nothing. And this allows establish the instrument’s
direction of motion so as to correspond to the direction
required as seen in the monitor frame of reference.

Finally this system, having five arms on which is
possible to pre-mount a number of different tools,
including for instance a stapler, can be used especially for
SAL, allowing to extract the surgical instrument to replace
it with the stapler in a quasi automatic way (it will extract
the instrument, reposition the new tool on the trocar, and
re-enter the abdominal cavity under surgeon control).

4. Conclusions
This is at the moment just a first description of this
system, that will be built and tested during the next two
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years, after presenting it to our Regional Authority for
funding. In fact it derives from our previous experience
thus is just not a dream, even if the control electronics for
the adaptors is still to be developed. Many components
will be built using 3D printing both in stainless steel and
plastic, while the arm’s structure will be mainly in
aluminum. A first Italian patent application has also been
presented [34].
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Abstract

A forward and inverse kinematic analysis of 6 axis
DENSO robot with closed form solution is performed in
this paper. Robotics toolbox provides a great simplicity to
us dealing with kinematics of robots with the ready
functions on it. However, making calculations in
traditional way is important to dominate the kinematics
which is one of the main topics of robotics. Robotic
toolbox in Matlab® is used to model Denso robot system.
GUI studies including Robotic Toolbox are given with
simulation examples.

Keywords: Robot Kinematics, Simulation, Denso
Robot, Robotic Toolbox, GUI

1. Introduction

Robot kinematics specifies the analytical study of the
motion of a robot manipulator. Formulating the reasonable
kinematics models for a robot mechanism is very
important in order to investigate the behaviour of
industrial manipulators. There are two different spaces
used in kinematics modelling of manipulators. They are
called Cartesian space and Quaternion space. The
transformation between two Cartesian coordinate systems
can be decayed into a rotation and a translation. There are
a lot of approaches to represent rotation like Euler angles,
Gibbs vector, Cayley-Klein parameters, orthonormal
matrices etc. Homogenous transformations based on 4x4
real matrices have been used dominantly in robotics [1].

Robotics Toolbox contains a lot of functions that are
demanded in robotics and addresses fields such as
kinematics, dynamics, and trajectory generation. The
Toolbox is convenient for simulation besides analyzing
results from experiments with real robots. It is also an
effective tool for education. The Toolbox is organized on
a very common method of representing the kinematics and
dynamics of serial-link manipulators. It is described by
the matrices. These include, in the basic case, the Denavit
and Hartenberg parameters of the robot [2]. Any serial-
link manipulator can be configured by the user. A number
of examples are provided for well-known robots such as
the Puma 560 and the Stanford arm [3]. Constantin et al.
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used Robotic Toolbox in forward kinematics analysis of
an industrial robot [4].

This study includes kinematics of robot arm which is
available Gaziantep University, Mechanical Engineering
Department, Mechatronics Lab. Forward and Inverse
kinematics analysis are performed. Robotics Toolbox is
also applied to model Denso robot system. A GUI is built
for practical use of robotic system.

2. Robot Arm Kinematics

The robot kinematics can be categorized into two
main parts; forward and inverse kinematics. Forward
kinematics problem is not difficult to perform and there is
no complexity in deriving the equations in contrast to the
inverse kinematics. Especially nonlinear equations make
the inverse kinematics problem complex. They may also
be coupled and have not got unique solutions. Thus
solutions obtained mathematically may not solve the
problem physically [5]. Liu et al. applied geometric
approach for inverse kinematics analysis of a 6 dof robot
[6]. Qiao et al. used double quaternions to get solution for
inverse kinematics problem [7]. Nubiola and Bonev
offered a simple and efficient way to solve inverse
kinematics problem for 6R robots [8]. It is noticed that,
Artificial Intelligence (Al) methods are frequently used in
inverse kinematics problem [9, 10, 11] in recent years.

2.1 Forward Kinematics Analysis

The forward kinematics problem is related between
the individual joints of the robot manipulator and the
position and orientation of the tool or end-effector. The
joint variables are the angles between the links for
revolute or prismatic joints, and the link extension in the
prismatic or sliding joints [12]. A systematic way of
describing the geometry of a serial chain of links and
joints was proposed by Denavit and Hartenberg and is
known today as Denavit-Hartenberg (DH) notation [2].
The matrix A representing four movements is found by
postmultiplying the four matrices giving four movements
to reach frame {j-1} to frame {j} in Figure 1.
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Fig. 1. DH representation of a general purpose joint-link
combination
Transformation between two joints in a generic form [3] is
given in Eq. (2).

cosd; -sing;cosa; sing;sine;  a;cosd,
i sin 9J. cos 9j cosq; —cosb"j sing;  a;sin 01 (1)
! 0 sing cosq, d,
0 0 0 1

Denso Robot is a 6 Degrees-of-Freedom (DOF) robotic
manipulator. The link lengths are given in Figure 2(a).
World frame and joint frames used in calculations and
home position of Denso robot are shown in Figure 2b and
Figure 2c, respectively.

70mm

88mm| 122mm

(c) Home position
Fig.2. General overview of DENSO

The following table shows DH parameters of the
Denso robotic arm necessary to derive the kinematics of
the robot. Gripper is not included in the analysis.

Table 1. DH Parameters of the Denso Robotic Arm

o Joint Limits
Joint i g | d;i | & o

(degrees)
1 g, | d, | 0 wl?2 -160, 160
2 d. 0 a, 0 -120, 120
3 |a | o0 |a | -x/2| 20160
4 q, | d, 0 wl2 -160, 160
5 ds 0 0 -2 -120, 120
6 Os | ds 0 0 -360, 360

where d,= 0.125m, a, =0.21m, a, =-0.075m, d, = 0.21m
and d,=0.07m.

Transformation matrix for each joint can be obtained
by using Eq. (1). The parameters given in Table 1 are
substituted into Eg. (1) to find each of them. Six
transformation matrices are presented in Eq. (2).

C, 0 S O C, -5, 0 aC,
A- s, 0 -C, 0 A2=SZ C, 0 as,
01 0 d 00 1 0

0 0 1 0 0 0 1

c, 0 -S, aC, € 0 5 0
As: S3 0 C3 3.333 A4: 34 0 _C4 0
0 -1 0 0 0 1 0 d
00 0o 1| [0 0 0 1]
C. 0 -S 0 e s 0 0]

\ - s, 0 C 0 NEERR
0 -1 0 0 0 0 1 d

0 0 o0 1 0 0 0 1]
(2

where Cos and Sin are abbreviated to C and S,
respectively. The total transformation between the base of
the robot and the hand is;

Ty = AAAAAA ®)
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Transformation matrices for six axes given in Eq. (2) are
postmultiplied in an order which is given in Eq. (3). This
equality is shown in Eq. (4).

nX OX a)( PX

n, o, a P — )
g

0O 0 0 1

where n (normal), o (orientation), a (approach) elements
are for orientation and P (position) elements are position
elements relative to the reference frame [12]. The
elements of the matrix shown in left hand side of Eq. (4)
are given in Egs. (5, 6, 7 and 8).

n, =-54(C,S, +S,(C,C,C, -C;S,S;)) - C,(C5(S,S, -C,(CC,C, -
C.$5,5:)) +55(C.C,S; + C,C.S,))
N, =Ss(C,C, +5,(S,S,S; —C,C;S,)) + C;(C(C,S, —C,(S,S,S; —
C,C,S,)) - S(C,S,S, +C,S,S,))
nz = CG (Ss (CZC3 - S283) + C4CS (CZS3 + C3SZ)) - SASG (CZS3 + C3SZ)
®)

0, = S4(C4(5,S, —C,(C,C,C, —C,S,5,)) + S5 (C,C,S, +C,C,S,)) —
Cs (C4S1 + 34 (C1C2C3 - ClSZS3))
0, =C4(C,C, +5,(5,5,S; = C,C,S))) - S (C5(C,S, —C,(S,S,S; -
C,C,S,))-S:(C,S,S,+C,S;S,))
0, = _Se (Ss (C2C3 - S253) + C4C5 (Czs3 +C3Sz)) _Ces4 (Czs3 + Casz)

(6)

a = S5 (5184 - C4 (C1C2C3 - CISZS3)) - Cs (C1C253 + C1C3sz)

a, = =55(C,S, —C,(S5,5,8; —C,C8,)) —C5(C,S:S, +C3S.S,)

a, =G, (C2C3 - 8253) -C,S; (Czs3 + Cssz) (7)

P = da(SS(Sls4 -C, (C1CZC3 - 018283)) - C:.,(ClCZS3 + Clcasz)) - dA(CpZS3
+ C1C382) +a,CC,+aCC,C,-aCs,S,

C,S, -d.(S,(CS, -C,(SS,S,-C,CS,) +C.(CSS,+CSS,

d4 (Czs1sa + C3SISZ) + a3C2C381 - aaslszss

Pz = d1 + dA(C2C3 - S283) + ds(Cs (C2C3 - S283) - CASS (CZS3 +
C,:S,)) +4a,S, +a,C,S; +a,C,S,

P=a

)-

®)

2.2 Inverse Kinematics Analysis

The transformation process of the position and
orientation of an end-effector from Cartesian space to
joint space is defined as inverse kinematics problem.
There are three solutions approaches; analytical,
numerical and semi analytical [5]. Analytical approach is
used herein.
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=

To find the inverse kinematics solution for the 1%tjoint
6, as a function of the known elements, the 6 link

transformation inverse is postmultiplied as follows in Eq.

(9).

nX OX aX PX
2Ny 0 8 Pl 9
G
0 0 0 1
where AJA;* =1. 1 is identity matrix. In this case, the
above equation is resulted in Eq. (10).
nX OX aX PX
ny OY aV PX -1
A ARAAA= T A
0 0 0 1
(10)

X

The required multiplication in Eq. (10) is carried out and
it yields as Eq. (11).

C, nC,-0S, 0C,+nS, a, P, —ad,
S, _ n,C,-0,S; 0,Cy+nS, a, P -ads| (11)
n,Cs,—-0,S, 0,C,+n,S, a, P,-a,d,
000 1 0 0 0 1

It is noticed that the elements located in 1% row & 4™
column (abbreviated to (1, 4)) and 2" row & 4" column
(abbreviated to (2, 4)) can be used in defining ¢ (these

abbreviations are also used in the remaining part of the
inverse kinematics analysis). All elements in the left-hand
side of the Eq. (11) are known. However, all of them are
not used in calculation of ¢ because of limitations of

space. Due to these reasons, they are not written. The

symbol "> is used instead of them. From (1,4) and (2, 4)
elements, 4, is found in Eq. (12).

P, —ad
6 =tan{(=2L—2L2) + pi 12
] (Px—ax ds) P (12)
The 1% link inverse transformation matrix is

premultiplied by Eq. (10) to find the inverse kinematics
solution for the 3" joint (6,) as a function of the known

elements. It is given in Eq. (13).

nX OX a'X PX
~ L, |n, o a P ~
ATAAAAA =ATX ny Oy ay b XA (13)
0 0 1
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where AA™=1. 1 is identity matrix. In this case the K R _
above equation is resulted in Eq. (14). 3 where X =RCosg - ¥= RS'”¢Y
n o a P = R=+X?+Y? ¢=Tan™ (Y)
— Al n, o, & Px -1 (14) 4
AAAA =ATX n oo a P XA,
0 0 0 1 X and Y expressions are substituted in Eq. (21), it yields,

The required multiplication in Eq. (14) is carried out and
it yields as Eq. (15).
B agczs’dASzaJrazcz
" d4C23+aSSZ3+aZSZ _

" Ci(Pxfaxde)+S1(nylsay)
o ata 7 |@5)
000 1 000 1

S, andC,, refer to Sin(g,+6;)and Cos(b, +6,),
respectively. From (1, 4) and (2, 4) elements of the
equation,

a3C23 _d4823 +a2C2 = Cl(Px _axde) + Sl(Py - I5ay)

(16)
d4C23 + asszs +8,5, =P, - d1 - Isaz

Right hand side of the Eq. (16) is known. They are
recalled as;
AZCl(Px_axde)+S1(Py_lsay)

17
B=P —-d, -la, a7

Eqg. (16) can be rewritten as below.
a,Cy; —d,S;+3,C, = A (18)

d4cz3 +a,5,,+3a,5, =B

Having taken the squares of these expressions, they are
added to each other and it yields as;
a22 + aSZ + d42 + 2a2a3(C2C23 + SZSZS) + 2a2d4(52c23 702523) = AZ + Bz
\ J [ J
[

Cos(-6;) Sin(-4,) (19)

The known parts are taken to the right hand side as shown
in Eqg. (20),
2a,a, Cos(-6,) +2a,d, Sin(-6,) = A + B* —a,” —a,” —d,” (20)

Eqg. (20) is then simplified and rewritten as Eq. (21),

X Cos(—6,)+Y Sin(-6,)=Z (21)
where
X =2a,a,
Y =2a,d, (22)

Z=A+B"-a’-a’-d;?

A triangle including X and Y can be formed to solve Eq.
(21) as an auxiliary technique.

RCos¢Cos(—6,) + RSin ¢Sin(-6,) =Z (23)

Eq. (24) is obtained by using trigonometric addition
formula in Eq. (23),
Cos(p+6,)=2/R (24)

with the inverse cosine operation,
#$+6, =+Cos™*(Z/R) equality is obtained. Then ¢, is
found as given in Eq. (25).

6,=+Cos™(Z/R)—¢ (25)

The 2™ link inverse transformation matrix is premultiplied
by Eq. (14) to find the inverse kinematics solution for the
2" joint (@, ) as a function of the known elements in Eq.

(26).

nx OX aX PX
. aaaaln, o A, B (26)
ATAAAA = ATATX n oo a P XA
0 0 0 1
where A,A*=1. | is identity matrix. In this case the
above equation is resulted in Eq. (27).
nX OX a')( PX
_ A -lp-l ny Oy ay Px -1 (27)
AAA =ATATX n o a P XA,
0 0 0 1

The required multiplication in Eq. (27) is carried out, and
then yields Eq. (28).

n asca’dasa
CdGras, _ T

" Cy(C(P -a,d;)+5,(P, -2, ~0;)) -8, - S,(d, - P, +a,d;)
=5,(C,(P,-a,d;)+5,(P, -a,d;))-C,(d, - P, +a,0;)

000 1 Jjoo00 1
(28)

From (1, 4) element of the equation above,
a,C, —d,S, =C,(C,(P, —a,d) + S,(P, —a, —dg)) —a, - S,(d, - P, +a,d,)
(29)
Eqg. (29) can be rewritten as,
CK +S,(-K;) =D (30)

where
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K, =(C,(P, —axde)+Sl(Py -a, —-d;))
K, =(d, - P, +a,dg)
D=aC,-d,S;,+a,

A triangle including K; and K can be formed to solve Eq.
(30) as an auxiliary technique. The procedure applied in
determination of ¢, is carried out. So, all steps are not

explained.

where S=y{K’+K,> y=Tan™ (_KKZ J

1

Then, @, is found as given in Eq. (31)
6, =y+Cos(D/S) (31)

0, expression can also be obtained from (2,4) elements

of Eq. (28),
d4C3 + 8353 = 782 (Cl(Px - axds) + Sl(Py - ade)) 7CZ(d1 - Pz + azds)
(32)
Eq. (32) can be rewritten as,
S,K,+C,K, =E (33)

_K ‘g

’ where

K3 = (C]_(Px _axde) + Sl(Py _ayde))
K,=(d,—-P, +a,d;)
E=-d,C;-aS;

A triangle including K3 and K4 can be formed to solve Eq.
(33) as done in the previous steps.

where R=,K +K}? pB= Tanl(?]

Then, 6, is found as given in Eq. (34).
6, =+Cos*(E/R) (34)

The inverse transformation matrices of 1%t, 2" and 3
joints are premultiplied by Eq. (4) to find the inverse

kinematics solution for the 5™ joint (4,). It is given in Eq.
(35).
nX OX aX PX
-1 -1 ny O)’ ay PX
(AAA) ARAAAA =(AAA)X T T (39)
0 0 0 1
where (AAA)TAAA =1. 1 is identity matrix. The

above equation is resulted in Eq. (36).
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nX OX ax PX
_ a2 |, o, a P 36
AAA = (AAA) X n o a P (36)
0 0 1

The required multiplication in Eq. (36) is carried out, and
it is given in Eq. (37).

_ (37)
Cs azczs _axSZBCl _aySZSSl
00 0 1] |0 0O 1
From (3, 3) elements of the equation above,
Cs = azcza - ax823C1 - aySZ3Sl (38)
Then, ¢, is found as given in Eqg. (39).
O == Cos™ (@,C5 —2,5,5C, — a, S2S1) (39)

The inverse transformation matrices of 1%, 2" and 3
joints are premultiplied by Eq. (4) to find the inverse
kinematics solution for the 4™ joint (@, ) as a function of

the known elements. Multiplied matrix used in previous
step is also used in determination of &, angle. It is given
in Eq. (40). The elements (1, 3) and (2, 3) of the equation
are preferred in Eq. (42).

O T aS,u+aCC +a, S
"orog8, _ W a,C,-a5, " (40)
00 0 1] |0 O 0 1

Then, @, isfound as in Eq. (41).

a,C -a,5

g, =tan™ (41)

az S23 + axCZSCl + ayCZSSl

The inverse transformation matrices of 1%, 2" and 3"
joints are premultiplied by Eq. (4) to find the inverse
kinematics solution for the 6™ joint (6, ) as a function of

the known elements. Multiplied matrix used in previous
two steps (6, and 6,) is also used in determination of &,
angle. It is given in Eq. (35). The elements (3, 1) and (3,
2) of the equation are given in Eq. (42),
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Cess _Ssss - nzCZS_nxSZSCI_nySZSSl OZCZS_OXSZSCI_OySZ3sl
0 0 01 0 0 01 :
(42) T A
Then, @, is found as given in Eq. (43).
0
(8]
—(0,C,,-0,S,.C,—0,S.,S
96 =tan71 ( 7223 x~23™1 y~23 1) (43)
n,C, —n,S,C, — nySz381 5.7

Inverse problem solution does not always give one
solution; the same end effector pose can be reached in
many different configurations [13]. Previous positions of
the motors are fed to the program in each step in order to
offer a solution to this problem in Denso robot system.
The difference between calculated position and previous
position are obtained. The solution having the minimum
difference is selected. So the robot will not try to jump to
far positions; it will go to the reach the nearest solution.
Each solution obtained by the inverse kinematics analysis
should be tested in order to determine whether or not they
bring the end-effector to the desired position.

3. Robotics Toolbox in Matlab®

The Toolbox performs many functions for analyzing
and simulation of arm type robotics in fields of
kinematics, dynamics, and trajectory generation. The
Toolbox is based on a very general method of
representing the kinematics and dynamics of serial-link
manipulators. These parameters are included in
MATLAB® objects [3]. Designed model by robotics
toolbox is given in Figure 3.
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0.5

0.5
i

hd

Fig. 3. Robhotics toolbox with Denso

The joint space trajectories can be calculated by inverse
kinematics and a simulation for robot can be done to move
robot from initial position to final position in Cartesian
space.

A straight line whose initial and final coordinates in X, Y,
Z coordinates are [0.35 0 0.4] m. and [0.2 0.1 0.5] m.
respectively is given in Figure 4. It is desired to plan the
path composed of N number of points; N= 50 in this
example.

0.

X
Fig. 4. Planned path

The Cartesian coordinates (X, Y and Z) of the path is
given in Figure 5.
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Fig. 5. Coordinates of the path
Transformation matrices are calculated by using the path
data. Inverse kinematics analysis is applied. The angular
displacements of the links of the robot are obtained as in
Figure 6.
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—aq
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—g3
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—qs
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2‘5
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Fig. 6. Angular displacements of the robot links

Initial and final configurations of the robot are shown in

Figure 7 (a, b), respectively.

15 20 30 35 40 45

50

77

(b)
Fig. 7. Initial and final configurations of the robot
4. Guide User Interface (GUI)
Graphical User Interface development environment
offers a set of tools in order to generate graphical user
interfaces (GUIs) [14]. They greatly facilitate the
operation of designing and building GUIs. A GUI
example has been prepared for Denso robot including the
forward kinematics. GUI is given in Figure 8. Push
buttons, sliders, axes etc. can be added on it. Additions are
being visible on the m. file simultaneously as a function.
Robotics Toolbox is embedded to GUI. The results are
compared with the expressions obtained in the analytical
solution. It is proved that same results are obtained by the
robotic toolbox and the analytical solution.

DENSO VP 6242G

Plot ‘ Quit ‘

Hand Positions Hand Orientation

X 0174471 Roll | 154509

Y 00779716 (m) Pitch | 613713 | (degrees)

z 0.385897 Yaw | 124823

Transformation
Matrix

-0.56778 0.81621 010691 0.17447

0.71472 0.55323 -0.42791 -0.077972

-0.40841 -0.16655 -0.89748 0.3859
0 0 0 1

X
[ »| 16.0428 | 15t Axis

[ ]

[ > (481285

[
d
J e
.

[

[

[

2nd Axis

3rd Axis

[ »| 22.4599| ath Ais

[ +| (240842 ] 5th anis

[ »|[35.9817 ] eth Ais

(degrees)

Fig. 8. Designed GUI example |
Figure 9 shows the designed simulation program by
MATLAB/GUIDE to create serial link robot (Link 1-6)
and control the joint angles (g1, gz, 93, ds, gs and gs). DH
parameters can directly be changed. Figure 9(a) and
Figure 9(b) show the initial condition of the robot and the
path generated with the given coordinates, respectively.
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robotics issues. Studies on adapting Denso robot for upper
e O ERS@08arT
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Fig. 9. Designed GUI example Il

5. Conclusion

In this study, it is focused on determining the
analytical solution of forward & inverse kinematics of the
Denso 6 axis robot which is available in the laboratory.
The equations obtained are reported.

Robotics toolbox is provided a great simplicity to us
about kinematics of robots with the ready functions on it.
However, making calculations in traditional way is
important in order to control the robot and to form a
background for further studies. Toolbox is then used to
verify the results obtained by analytical way. The results
are the same. User interfaces are the effective tools to
show many works in a compact way. Due to this reason,
Guide User Interface is performed. It is possible to reach
simultaneous  transformation  matrix, position &
orientation of robot hand when angular displacements of
the motors are changed one by one.

This study is contained a part of theoretical and
numerical kinematics analysis of Denso robot. It is
performed to build a background study for rehabilitation
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extremity rehabilitation are going on in Mechatronics

Laboratory at Gaziantep University.
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Abstract

This paper reports a number of interesting observations regarding
the kinematics and singularities of a spatial parallel manipulator.
namely, the 3-RPS manipulator. It is well known in literature that the
manipulator has two operation modes. Recently, it was shown that
the forward kinematic problem of the manipulator is equivalent to
the intersection of a circle with a pair of quad-circular octic curves,
corresponding to the two operation modes. in the plane of the said
circle. In this work, some special points of these octic curves are
analysed and corroborated against the singularities of the manipula-
tor. The transition between the modes are also examined from the
perspective of the intersection of the octic curves. Finally, the con-
ditions leading to finite self motions of the manipulator are derived
and validated against those in the existing literature. The method of
analysis is intuitive, simple, and at the same time, quite capable of
retrieving existing results, as well as deriving fresh ones.

Keywords: 3-RPS manipulator, Singularity, Finite self-motion,
Double point, Quad-circular octic curve

1. Introduction

In the study of kinematics of manipulators one often encounters
circular curves. One of the most famous examples of this is the
coupler-curve of the planar four-bar mechanism, which is perhaps
the most well-known tri-circular sextic in existence, and deserves
a catalogue of its own [1]. The curve reappears in the problem of
forward kinematics of planar parallel manipulators, where the prob-
lem reduces to the intersection of a circle with a tri-circular sextic
curve [2]. Recently, a new circular curve has been associated with
the forward kinematics of a spatial manipulator, namely, the 3-RPS
manipulator. It was shown in [3], that all the poses of the manipula-
tor (for a given set of inputs) correspond to the points of intersection
of a circle with a quad-circular octic curve in the plane of the said
circle. Such a reduction of the forward kinematic problem affords a
unique geometric understanding, from the perspective of the geom-
etry of plane curves, which have been documented exhaustively in
many classical works, e.g. [4].

Armed with these known results, this work tries to investigate
the special geometric conditions that may occur, and the kinematic
consequences thereof. In particular, this work looks at the special
points of intersection, which covers the tangency of the octic curve

with the circle, and the double points in the octic curve itself, which
coincide with the point of intersection with the circle. It is interest-
ing to note that while all of these cases lead to the merger of the roots
of the forward kinematic univariate (FKU) (see [5] for a discussion
on the FKU of this manipulator), not all of them are associated with
the kinematic singularities of the manipulator. In other words, an
interesting question emerges from these observations: “When does
the (geometric) singularity of the constraint curves lead to a (kine-
matic) manipulator, and when does it not?” Only a rigorous ana-
lytical study can answer that question in a comprehensive manner.
While that is out of scope of this paper, it does document a number
of interesting situations, relating to the tangency condition, as well
as the three possible types of double points, namely: the cusp, the
crunode, and the acnode. At each of these situations, the follow-
ing geometric/algebraic/kinematic conditions are studied, with an
attempt towards correlating these conditions: the formal algebraic
condition for the E' singularity' of the manipulator, as given in [7]
(henceforth referred to simply as the “singularity™): the geometric
condition for the case 2 of the singularity reported in [8]; the co-
planarity of one of the legs with the moving platform (as shown in
an example in [5]); the condtion for obtaining a double root of the
FKU, derived in terms of the Stiidy parameters in this work. The
study and the results thereof are by no means complete. or conclu-
sive. They are presented here to document a few possibilities, as
hinted by the numerical examples, which need to be either proven or
dismissed formally through rigorous analytical studies in the future.

The rest of the paper is oragnised as follow: the geometry and the
forward kinematics problem of the 3-RPS manipulator are presented
in Section 2. The intersections of the octic curves with the circle
at the special points, and the kinematic consequences thereof are
studied via numerical examples in Section 3. A special case where
the manipulator exhibits finite self-motion is discussed in Section 4,
and the results are summarised in Section 5.

! According to Thom-Boardman classification of singularities of a differ-
ential map £, a point x belongs to the class X" if the kernel of D f(x). (i.e.,
the differential of f at x) is of dimension n [6].
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2. Geometry and kinematics of the 3-RPS manipula-
tor

The 3-RPS manipulator has three RPS-chains, each connected
at a vertex of the fixed platform bybyb3 by a rotary joint, and
to the moving platform p, p,ps, by a spherical joint, as depicted
in Fig. 1. The fixed and moving platforms are equilateral trian-
gles of circumradius b and a, respectively. A fixed frame of ref-

Fig. 1: Schematic of the 3-RPS manipulator

erence {A}, given by 04-X,¥4Z,, and a moving frame of refer-
ence {B}, given by op-XpgY pZp, are attached to the centroids of
the fixed and the moving platforms, respectively. The actuated pris-
matic joint variables I = [ ,12,13,]T and the passive rotary joint vari-
ables ¢ = ¢y ,:1)2,413]T constitute the configuration space of the ma-
nipulator. The forward kinematic (FK) problem of the 3-RPS manip-

Fig. 2: Kinematic sub-chains of the 3-RPS manipulator

ulator is to determine the pose of the moving platform p, p, p3, for
a given set of inputs I. The problem can be addressed by hypothet-
ically breaking the 3-RPS manipulator into two kinematic chains,
and then finding the conditions for the two chains to close simulta-
neously. It can be done by removing one of the spherical joints, as
shown in [3]. For instance, if the spherical joint at p, is removed, a
spatial RSSR closed chain is obtained, along with an open RP planar
chain, as shown in Fig. 2. The point p;, of the RSSR-chain and the
point p,., of the RP-chain coincide at the point p; to form the 3-RPS
manipulator shown in Fig. 1. By casting these geometric conditions
in terms of equations and subsequently solving them, the unknown
variable @ can be obtained. The details of the process are given
in [3]. The key points relevant to the present work are:

1. The surface traced by the point pg of the RSSR-chain,
when intersected by the plane of the RP chain forms the
curve o(x,z) =0, where a(x,z) decomposes into the following

factors:

a(x,z) = B(x,2)01(x,z)02(x,z), where

3 L 2\?

B= ((2b+x) +47 ) : )
. The perfect square factor B = 0 does not have any real in-
tersection with the circle C(x,z) = 0 traced by p, , except
when z = 0. This special case has been discussed in Section 4.

. The factors O;(x,z) describe quad-circular octic curves. The
FK problem, therefore, reduces largely to the computa-
tion of the intersection of the curves Oj(x,z) with the cir-
cle C(x,z) =0. It is also known that the constraint ideal
(0;,C) defines the ith operation mode of the manipulator [7].

The above geometric description of the FK problem of the 3-RPS

manipulator is analysed further in this work, from the perspective of

special situations, as explained in the following section.

3. Special points at the intersection of the octic
curves with the circle

Ordinarily, the octic curves O; = 0 are completely disjoint, i.e.,
in general, the modes are independent of each other. Further-
more, O; = 0 intersect the circle C = 0 at distinct points, each such
point leading to an assembly mode of the manipulator, inside the ith
operation mode. However, there are special cases, where it is pos-
sible for Oy =0, Oy =0 and C = 0 to share common point(s), and
so on. Some of these cases are discussed in the following. It may
be noted that a complete, exhaustive geometric study of all the spe-
cial cases, and their mathematical/physical consequence is beyond
the scope of the current work, and is a subject matter of ongoing
research.

In the following, three special cases of interest are described:

1. Points of tangency, Sy: The circle C = 0 is tangent to one of
the octic curves O =0or O, =0.

Transition points, S,: The octic curves Oy =0 and O, =0

share a common point, and the circle C = 0 also passes through

this point.

3. Double points, S3: One (or both) of the octic curves has a dou-
ble point, and the circle C = 0 passes through this point.

2.

A detailed description of these three geometric cases, and their kine-
matic consequence are presented in the Sections 3.1,3.2 and 3.3,
respectively.

3.1. Points of tangency, S;

The point p, = [x,,z]" is a double root, when the octic
curve O; = 0 of the operation mode 7 and the circle C = 0, share a
common tangent at the said point. One pair of double roots indicate
a merger of a pair of forward kinematic branches of the manipulator.

The algebraic conditions for the curves C =0, O; =0 to have a
common tangent at their intersection point p, are:

1. The said curves should pass through the simple point p,, im-
plying:

2)

3

2. The tangents of the curves C = 0, O; = 0 should have the same
slopes at the intersection point p,:

C(X,_,Z,) = 07
Oi(xnzt) =0.

ac| a0 _acl a0l _o
9x|p, 9z |p  9z|p Ix|p
= zthi(xt,z2) =0. (5)
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The algebraic condition for tangency in Eq. (4) reduces to
Eq. (5), in which the polynomial 4(x;,z ) is of degree 6 in x;, z.
The condition z; = 0 is a very special one, which aligns the
tangent at the point p, with the axis Xy itself. This special case
is not discussed in detail due to want of space; however, one
example of such a situation, where the manipulator can have
finite self-motions, is discussed in Section 4.

The variety S; is expressed in the architecture parameters a, b,
and the active joint variables /1, [, /3, after eliminating x;,z; from
Eqgs. (2,3,5). First, z is eliminated, as shown in the schematics (6)
and (7):

0,((;,,:)):8 )l’ fulw) =0, ©
h'((;,":)):o )ﬁ fulx) =0. )

These steps result in two polynomials fi,(x;), f2,(x) of degree 4

and 3 in x;, respectively. The symbol ‘—% X% denotes the elimination
of the variable z, from the polynomial equations preceding it.

The eliminant E; is obtained on eliminating the variable x;
from the polynomial equations fj, =0, f>, =0, as shown in the
schematic (8).

fl,—(xr)

= 0 XX
% E; =0, 8
forl) =0 ) %5 "
The eliminant E;; splits into a number of factors:
Ey, =(l — b)*(h +0)2 (- B) (b +B)* (L~ 1)? ©

x (b +1)? Cila,b,b, 1) Ti(a,b,l1, I, l3), i=1,2.

The factors (/j — I)? can be ignored, since by themselves, they do
not necessarily imply tangency between curves intersecting at p,.
The factor ¢; in Eq. (9) being the leading co-efficient of the poly-
nomial fi,(x;), its vanishing signifies the break-down of the elim-
ination process depicted in the schematic (8), hence §; = 0 is also
ignored in the following. The remaining factor, 7;, is of degree 24
inly, Ip, 3.

The polynomials 7y, 7, describing the two operation modes ex-
hibit a functional relation:

71(a) = ©a(—a).

This is analogous with the relation g (a) = g»(—a) between the two
factors g1, g, of the forward kinematic univariate (FKU) of the ma-
nipulator, reported in [5]. Together, these conditions signify that the
m-screw motion mentioned in [7] is equivalent to the inversion of the
top platform.

An example of such a case is obtained for the parameter val-
ues? a=9/5,b=1,1; = —41/10,1 =23/10, I3 = 5.262. The oc-
tic curves O; = 0, O = 0 and the circle C = 0 are shown for these
numbers in Fig. 3. As can be seen in the figure, the curve O is tan-
gential to the circle C = 0 at p,. The line z = 0 acts as a mirror plane
of symmetry, as mentioned in [3].

Since the tangency implies the merger of two pairs (counting the
mirror image) of FK solutions, this condition implies a gain-type or
FK singularity of the manipulator. The corresponding pose of the
manipulator along with the branches that are merging is presented
in Fig. 4.

(10

2All the length parameters/variables are dimensionless in this paper, as
these have been scaled by the circumradius of the fixed platform, b, without
any loss of generality. All angles are measured in radians, unless mentioned
explicitly otherwise.

Fig. 3: Plot of the octic curves O1 = 0, O = 0 and the circle C =0

for the tangency condition 7; = 0.

Fig. 4: Singular pose of the 3-RPS manipulator where the FK
branches merge.

3.2. Points of transition, S,

A point p,, = [xm.zm] denotes the transition point between
the operation modes, when it is at the intersection of the octic
curves Op(x,z) =0, O2(x,z) = 0, as well as the circle C(x,z) = 0.
Hence, the following conditions define such a point:

C(xm,zm) =0, O1(xm,zm) =0, O2(xm,zm) = 0. (11D

As in the case of Sy, the variety S is obtained in the variables /;,
and the parameters a, b, after the elimination of x,,, z, from
Eq. (11). The elimination process is briefly described in the fol-
lowing schematics:

O1(xmyzm) .

Cl(x,,,,zm)— )—Z"’ filom) = (12)
o (xm Zm)

C?(XMJM) — ) = falxm) = (13)

The resultant of f3 and fj w.r.t. x,, results in the eliminant E; as
depicted in the schematic (14):

falxm) =
The eliminant E; splits into five factors:

Ey=d*& &858, =0. (15)
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The polynomials &;, &;, &3, &4 are of degree 8, 8, 8 and 24, respec-
tively, in the variable /1, /5,/3. It is verified that each of these factors
admit real solutions. Some of these real solutions are analysed nu-
merically and geometrically, from which the following observations
emerge:

1. Only the vanishing of &3 corresponds to the condition for the
transition point between the operation modes. It is verified,
numerically, that such transition points are singular as well, as
mentioned in [7].

2. The conditions &; =0, & = 0 cause two distinct non-singular
poses of the manipulator, belonging to distinct operation
modes, to have one of the sides of the moving platform in com-
mon. Such a situation is depicted in Fig. 8, where the side p; p3
is common between the operation modes of the manipulator. In
this work, the sides involved can only be p, p, or p; p3, since
the manipulator was broken at this point for the present analy-
sis.

3. The equation & = 0 describes the condition for two distinct
non-singular poses of the manipulator belonging to distinct
operation modes to have a point in common. For reasons ex-
plained above, the said point can only be p, in this work.

From these observations, it appears that the factors 2 and 3 are arte-
facts of the resultant-based elimination process. For the above said
reasons cases 2, 3 do not represent a transition.

The polynomial &3 being symmetric in /1,/, /3, distinguishes it-
self from the others in Eq. (15). Similarly, the polynomials &;,&; are
symmetric in /5, /3 and the polynomial &, is not symmetric in any of
the input joint parameters /y,/, or /3.

It is important to note here that the observations made above
are based on numerical examples, and not exhaustive mathemati-
cal analysis. Hence, interesting as they are, they can only hoped to
be indicative at this point.

An example for the case where {3 = 0 is obtained for the param-
etervaluesa=1/2,b=1, ; =22/10, I, =23/10, I3 = 2.936. For
these values, the curves Oy =0, O, =0, C = 0 meet at a common
point p,,, as depicted in Fig. 5. This point p,,, represents the transi-
tion point between the operation modes of the manipulator.

1.5
l«—C(z,2) =0

4 O (z,2) =0

|

=00 \
-0 \
- 1.9)
- 1.5
-3 -2 -1 0 1 2 3
z
Fig. 5: Plot of the octic curves Oy =0, 0, =0, circle C =0

for 53 =0.

The singular pose of the manipulator at this transition point p,,, is
shown in Fig. 6. The fixed and moving platforms of the manipulator
are in parallel planes with the latter flipped by 7 w.r.t to the former.
A similar configuration is reported as the constraint singularity of the
3-RPS manipulator in [9] and as the transition between the operation
modes xg = 0,x; =0in [10].

An example for the case, where the octic curves 01 =0, 0, =0,
and the circle C = 0 meet at a common point p,,, for the values of

Fig. 6: Pose of the 3-RPS manipulator at the transition.

the parameters b = 1, I} = 22/10, I = 23/10, I3 = 1.930 satisfy-
ing {1 = 0 is shown in Fig. 7. This point p,,, does not represent a
transition point for the above discussed reasons.

2.0
Ogfx,2) =0

Ov(z,2)=0 —F—

23 -2 -1 0 1 2 3
z

Fig. 7: Plot of the octic curves Oy = 0,0, =0 and the circle C =0
for&; =0.

The corresponding non-singular poses of the manipulator at the
point p,,, are as depicted in Fig. 8. Clearly, these are two different
poses of the manipulator except for the common side p; p;.

3.3. Double points of the octic at the intersection with
the circle, S3

Another interesting class of special points are the double points
on either O = 0 or O, = 0, when the circle C = 0 also passes
through it. Since the said curves are octic in nature, there can be
up to four pairs of double points on each (e.g., the points at infin-
ity in each). However, in this work, only one pair of double points
is considered due to space constraints. According to [4], pp. 2, “A
double point of a curve is a point P such that every line through P
meets the curve rwice at P”. These are further classified as infinite
and finite double points, depending upon whether they are at infinity,
or not.

3.3.1. Finite double points

The conditions for obtaining a finite double point, denoted
by ps = [xd,zd]T, on the octic curve O; = 0 intersecting with the
circle C = 0 are:

1. The gradient of the octic curve O; = 0 along x, z at the point p;
should be zero. Therefore, p; is a double point of the octic
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Fig. 8: Non-singular distinct poses of the 3-RPS manipulator.

curve O; = 0, provided:

90; 9_0)

) =° (16)

Oi(x4,24) =0, ( =
Pi
2. The double point p, is required to lie on the circle C = 0 as
well:

C(xd,z4) =0. (17
As in the case of S,, the variety S5 is obtained by first eliminating the
variables x4, z4 from the Egs. (16, 17), to obtain an equation in the
parameters a, b, and the variables /;,/,,/3. The elimination process
is briefly described by the following schematics:

Oixiizd) =0 \ s v x_
C(x4,24) =0 )4 3 (x4) =0, a8)
0| o\,
ox |p, )ﬁ fgi(xd):o, (19)
C(xdsld)=0

32| =o

Py ) X4 (b=l —xq)(b+1 —Xd)f%(xd) =0.
C(xd,24) =0
(20)

The polynomials f5,, fs,, f7, are of degree 4, 4 and 3 in x4, respec-
tively. The factors preceding the equation f7, = 0 in Eq. (20) corre-
spond to the case when z; = 0, the details of which are discussed in
Section 4. The resultant of the polynomial equations f5, =0, fs; =0
with the equation f7, = 0 in x4, results in two polynomials ry,, 75, in
the parameters a, b, [1, [, I3 as depicted in the schematics (21, 22).

gzg)ﬁ r, =0, @0
ﬁzg)ﬁ ry =0. 2)

Once again, it may be noted that the expressions for ry,, rp, for the
two operation modes vary only by the sign of the parameter «, i.e.:

rli(a) =r2,.(—a). (23)

Furthermore, i, T, factorises as shown in Egs. (24, 25), respec-
tively:

r, = — L) ( + L) — B) (4 + B)2 (L - 1)?

(24)
X (12 +13)2 Si(a:btlls[2=l3) = 0:
ry, =(a—2b)(1; —)*(l + L) (I — B) (I + 1)?
% (b —13) (I + 3)? (3a* — 6ab — 6b* — L2 —13%)  (25)

x pi(a,b,11,1,13) = 0.

The polynomials &;, y; in Egs. (24, 25) are each of degree 24 in the
variables /1, I3, 5.

The factors (I; — It)? represent the symmetry in the kinematic
sub-chains of the manipulator. In particular, when /, = I3 the
octic curves split into a pair of coincident circles and a quartic
curve (shown in Fig. 11). As mentioned in Section 3.1, these do
not necessarily enforce the tangency between the circle and the oc-
tic curve, but the octic curve intersects the circle at the double point.

At a double point p, of the octic curve O; = 0, the equation of
the tangents is given by:

3201' 2 9201‘
to=—=3—| @—x4)"+25—-| (x—x4)(z—z4) (26)
92x 2 dxdz P
+ —=—| (z—z4)"=0.
9% Pi

The discriminant A of the quadratic equation given in Eq. (26) is:

‘ < azoi )2
pe \ 9%9Zlp,

Based on the value of this discriminant A, the double point p, is
qualified to be any one of the following:

o 2%0;
T 9%

2%0;
92z

27

Pi

1. A crunode py, : There exists two distinct tangents at this point
and the discriminant is less than zero (A < 0).

2. An acnode p,, : The equation of the tangents #,, = 0 does
not admit any real solutions as the discriminant is greater than
zero (A > 0). Hence, there are no tangents at this point.

3. A cusp p. : The two tangents at this point coincide as the dis-
criminant is zero (A = 0).

An example for case 3, where a cusp p, occurs at the intersection
of O = 0 with the circle C = 0 for the following numerical values:
a=2,b=1,1; = —29/10, [ =29/10, l; = SOV 5 shown
in the Fig. 9. The corresponding pose of the manipulator is shown
in Fig. 10.

As can be seen from the Fig. 10, the pose of the manipulator is
special from multiple perspectives:

1. The third leg lies in the plane of the moving platform.

2. The lines joining the spherical joints ps, py and ps, p; inter-
sect the axis of the rotary joint at b3. This pose exemplifies
case 2 of the singularity conditions of the manipulator, as pre-
sented in [8]. The same configuration has been characterised
under constraint singularity in [9].

3. The axes of all the three legs intersect the line p; p,.

The kinematic consequence of this condition is that the manipulator
is singular. However, it is also possible to have a situation, where the
circle C = 0 intersects one of the octic curves at a double point, but
the manipulator is not singular. Such a configuration is obtained for
the following setof values: b =13 =1,/1 =3/2,a=1/2b=1.In
this case O = 0 splits into two components, i.e., 01 = 01,01, =0,
which have the following nature:
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Fig. 9: Plot of the octic curves O; =0, O =0 and the circle C =0
ata:2b,11 :[2 andp, =0.

Fig. 10: Singular pose of the 3-RPS manipulator at the cusp p,.

. The curve Oy, = 0 is a pair of coincident circles, shown in
solid (blue) line-type in Fig. 11.

. The curve Oy, = 0 decomposed into two components, each
being a circle, shown in dashed (blue) line-type in Fig. 11.

Similarly, the curve O, = 0 splits into two quartic curves O, = 0,
0, = 0, whose nature is:

1. The curve Oy, = 0 further decomposes to a pair of coincident

circles shown in dotted (orange) line-type in Fig. 11.

. The other quartic curve O,;, = 0 does not admit any real solu-
tion.

Clearly, any intersection of O, = 0 with C =0 would be a double
point of the former. However, it can be verified, that this double
point does not signify a singularity. The poses of the manipulator
corresponding to point p; in Fig. 11 are shown in Fig. 12. It can be
seen that only the vertex p; is the same between the two poses, but
that is not enough to cause a singularity in the manipulator.

3.3.2. Double points at infinity

In order to study the double points at infinity, one needs to resort
to the use of projective/homogeneous coordinates. Let w be the ho-
mogenising coordinate, so that the projective versions of the octic
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Fig. 11: Plot of the octic curves Oy = 0,0, = 0 and the circle C =0
at the double point satisfying l, = 3.

XB\‘ ‘\'@]

Fig. 12: Non-singular poses of the 3-RPS manipulator at the double
point satisfying lp = /3.

curves can be written as Oy, (X,Z,w) = 0, where:

X¥== 72 (28)
w w

In this framework, a double point p, can be expressed

as pp, = [x/,._zh,w]T. The point p;, becomes a double point at in-

finity, when the gradient of Oy, = 0 w.r.t. [X ,Z,w]T vanishes at pj,

and in addition, w = 0:

20y,
X

90y,
ow

= 0’
p;,w=0

Pyw=0 i

= 8 (+F +z},)3 =0, 4(a—2b)x, (x% +z,2,)3 =0, and

Py w=0

\ 29)
8z (x,zl +z%) =0,

The only real solution to Eq. (29) is x, =0, z;, = 0, w = 0, which is
not included in the projective space. The result supports the fact that
the quad-circular octic curve O; = 0 do not have asymptotes.
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4. Special case of z=0

At several places in the previous sections, z =0 came up as a
special case, the discussions on which have been deferred to this
section. As may be expected, the implication of this additional con-
dition varies from one case to the other. Some of these are discussed
in the following.

4.1. Implication of z = 0 in the FK problem

In Eq. (1) of Section 2 it was shown that the FK problem
of the 3-RPS manipulator is equivalent to the intersection of a
curve 0(x,z) = 0 with a circle in the same vertical plane, where one
of the components of the said curve is given by:

2. 52\
B(x0) = (@b+x)?+42) =0, (30)
The only real solution to the problem is: x = —2b, z = 0. Since
the circle C = 0 needs to pass through this point, given by, say,
Pa=[—2b,0]", one can write:

C(x,y)p, =0= 1% —9p%* =0. a31)

At point p,, the octic curve O; = 0 admits a real solution when:

0i(x,y)p, =0=13 =3a* -3b%, B =342 -3b%.  (32)
Clearly, the solution is independent of the operation mode of the ma-
nipulator. The conditions in Eqgs. (31, 32) lead to finite self-motions
in the 3-RPS manipulator, as reported in [11]. Interestingly, the
point p, is an acnode of the curve B = 0. For the numeric val-
uesa=3/2,b=1,1;=3, 1= \/ﬁ/2 I3 = \/E/Z that satisfy
Eqgs. (31, 32), the plots of the curves are shown in Fig. 13.

1 ==

E

T~ 0O1.=0

O1(z,2) =0

Fig. 13: Plot of the octic curves O1 = 0, O, = 0, the circle C =0
intersecting at the acnode of the curve f = 0.

The octic curve Oy = 0 splits into Oy = 01,014 = 0 and the na-
ture of these curves are:

1. The curve O = 0 is a pair of coincident circles, as depicted in
solid (orange) line-type in Fig. 13. This pair is tangent to the
circle C = 0 at the tacnode p,,.
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2. The component O = 0 further decomposes to two circles as
shown in dotted (orange) line-type in Fig. 13. Each of these
circles intersect the circle C = 0 at the point p,.

The curve O, = 0 splits into two factors O = 0,.0,4 = 0, whose
nature is:

1. Similar to the curve O, = 0, O = 0 is also a pair of concen-
tric circles represented in solid (blue) line-type in Fig. 13. This
pair is tangent to the circle C = 0 at the point p,,.

2. The curve Oy = 0 admits two repeated real solutions at the
point p,, hence the said point is an acnode of this curve.

The curve B = 0 has an acnode at p, highlighted by a translucent
rectangle, as shown in Fig. 13.

Fig. 14: Finite self-motion of the manipulator at the point p,,.

The manipulator is known to exhibit finite self-motion in this
case and this corresponds to the case 2(a) reported in [11]. For the
given input parameters /, maintaining the position of the point p; the
RSSR sub-chain exhibits the finite self-motion as shown in Fig 14.

5. Conclusion

In this paper, the special cases in the forward kinematics of the
3-RPS manipulator are analysed, using only the concepts of geom-
etry of plane curves. It turns out that this technique is as power-
ful, as it is intuitive. It has been able to recover results in existing
literature, which have been obtained using algebraic means. More-
over, it has been able to associate geometric implications to each of
these cases, e.g., singularities, transitions between modes, finite self-
motions, etc. These special cases have been studied via numerical
examples, the results of which have been tabulated in Table 1. The
table suggests that the geometric condition for singularity in Basu
and Ghosal [8] may be geometrically equivalent to an octic curve
intersecting a circle at a cusp. Similarly, the finite self-motion of
the manipulator may be associated with the a quadratic curve having
an acnode on the same circle. It needs to be noted, however, that
these results are by no means exhaustive. While they hint at various
possibilities, they need to be studied in depth, analytically, in order
to establish the inter-relationships between various geometric condi-
tions, their algebraic implications, and kinematic consequences. It
is definitely worth undertaking such a study, as there are multiple
spatial manipulators whose kinematics are fairly similar to that of
the 3-RPS manipulator, namely, the 3-RRS, MaPaMan-1, 3-RPRS.
A thorough understanding of the kinematics of the 3-RPS should
help develop significant understanding of the kinematics of these
manipulators as well.
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Table 1: Relationships between various geometric conditions and
their kinematic consequences.

! The algebraic conditions for the gain-type singularity of
the 3-RPS manipulator discussed in [7],

B : Case 2 of the geometric condition of singularity of the 3-RPS
manipulator reported in [8],

D : A double root of the FKU defined in Stiidy parameters,

P : The condition for any one of the legs of the 3-RPS manipulator
co-planar with the moving platform.

Figure Examples | B|D|P

3 The octic curve O; =01is | v | x | v | X
tangent to the circle C = 0.

5 Thecurves 0; =0,0,=0, | v | x | v | X
C = 0 intersect at a point.
Transition between the op-
eration modes

7 The octic curves Oy =0, | x | x [ x | %
0O = 0 have a common
point on the circle C = 0.
Two distinct poses share a
common side of the moving
platform.

9 A cusp of the octic curve | v | vV | V | V

O; = 0 appears on the circle
C=0.

11 A double pointof the octic | x | x [ x | x
curve O; = 0 occurs on the
circle C = 0 and the RSSR
sub-chain is symmetric.

13 An acnode of the curve | v | x | v | X
B =0 appears on the cir-
cle C = 0. Manipulator ex-
hibits finite self-motion.
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Abstract

This study focuses on one of the immensely important
problems in the theory of mechanisms and machines -
kinematic analysis of complex spatial mechanisms. The
solution of this problem is related to the spatial
transformations of coordinate systems. For this purpose
we use quaternions, which are the most effective and
versatile mathematical tools for spatial transformations.
Using the principle of the transfer by Study-Kothelnikov
the spatial transformation turning around point with
respect to the quaternion expressions are compiled by
biguaternions and these equations correspond to the
transformation of coordinate system bypass circuit
mechanisms. Using examined loop - closure equations for
spatial 7R mechanism it were introduced the direct and
inverse problem of 6R serial manipulator.
Keywords: quaternions, dual, numbers, mechanism,
manipulator, transformations, analysis.

1. Introduction

The problem of analisis and sinthesis of spatial
mechanisms by using quaternions algebra have been
studied by several researchers. Mamedov[1] derived the
formulas for relationship of quaternions with matrix
mathematical apparatus for spatial transformation, and
then using the principle of the transfer by Kothelnikov
solved the problem of velocities and accelerations for
different spatial mechanisms. F.M.Dimentberg [2]
described the theory of screws, the algebra of dual
numbers, performs a kinematic analysis of the spatial
mechanisms on the basis of the screws algebra, describes
the different groups of screws. In profound work
V.N.Branets and I.P.Shmyglevskiy[3] describes in detail
the shape of the quaternion algebra and their property as
an operator of rotation spatial solid. The paper
V.N.Branets and 1.P.Shmyglevsky [3] describes in detail
the shape of the algebra of quaternions and their property
as an operator of the spatial turn of rigid body. It has been
derived the equations of a rigid body kinematics in the
quaternion presentation. The fundamental work of
Kothelnikov [4] theory of screws are submitted in
biquaternions presentation. It describes the essence of the
important principle of mechanics - principle of
"transference." The results are applied to some problems
of mechanics and solid. Chevallier [5] discussed about
dual quaternions in kinematics. Collins et.al. [6] studied
the workspace and singular configurations of the 3- RPR
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parallel manipulator, where they also used quaternions.
Larochelle [7] used planar quaternions to create synthesis
equations for planar robots, and created a virtual reality
environment that could promote the design of spherical
manipulators. Martines et. al. [8] presented quaternion
operators for describing the positions, angular velocity
and acceletions for a spherical motion of a rigid body with
respect to the reference frame. McCarthe et. al. [9] used
Clifford algebra exponentials in the kinematics synthesis.
Dai [10] reviewed theoretical development of rigid body
displacement where he also mentions about quaternions
and biquaternions. Roy et. al.[11] used quaternion
interpolation in the finite element approximation of
geometrically exact beam. Zupan [12] tried to implement
rotational quaternions into the geometrically exact three
dimensional beam theory and novel finite element
formulation was proposed. Pennestri et.al. [13] used dual
quaternions for the analysis of rigid body motions and
tries to the kinematic modeling of the human joints.
Cellodoni et.al. [14] investigated an elastic model of rod
and carried out the group of rotations by using
quaternions. Banavar et.al.[15] developed an analytical
model of a novel spherical robot by using quaternion
algebra. Liao et.al. [16] used biquternions in the inverse
kinematic analysis of general 6R manipulators.
2. A brief note about quaternions.

Quaternion is a complex number made up of the real
unit 1 and three imaginary units
iy, iy, i3 with real elements:

), = 1AO + /‘llil +12i2 + /‘l3i3

Terms of multiplying the following units:

1021 :Elolzzl, 1022 22201222, 1023 =E301:E3,

€]

iloil = —1, iZO iz = —1, i30 i3= —1,
iloiz = _iZOil = i3, i30 i1=—i10 i3= iz,
i20 i3=—i30i2=i1, 10].:1,

Rules multiplying the imaginary units stored using
Fig.1 : the multiplication of two unit located on the
clockwise, obtained the third unit with the sign "+",
while in the reverse direction unit is obtained with the

N
i, i,
>

sign "-".
Figure 1. Rules multiplying the imaginary units
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These rules indicate that the multiplication by 1 does
not change the quaternion, so in the future in terms of the
quaternion first term A, will be designated without unity.

Units iy, iz, i3 can be identified by the three-
dimensional vector space and consider the coefficients of
these units as a component of the vector. Accordingly, the
quaternion can be represented as the sum of the scalar
and vector parts:

A =sqal A+ vect 4

The multiplication of quaternions has associative and
distributive properties with respect to addition:

(A142)A3= 21 (A243), A1(A; + A3) = 414, + 4443,
but multiplication of quaternions is not commutative.
Indeed, by doing quaternion multiplication of two
quaternions A and g we obtain:

Aop :_/10.“0 __/11,“1 __/12,“2 — Aspz +
+o(Mals + pp Bp + psis) +
- - - E1 z2 _iS
Hpo(Agdy + Ayiy + Aziz) + (2, 2, A,
Uy Uz U3

From this expression it is clear that Aopu = po 4 only
when disappear determinants. This is possible either when
A=A, =4;3=0,0r p = u, = pz =0, that is, when
one of the factors is a scalar, or when A =a u (a real
number). From the last expression as well we conclude
that quaternion multiplication of two vectors containing
the scalar and vector product of these vectors. Indeed, if in
Eq.(2) to take
Ao = Uy = 0, we get:

@)

iy iy i3
Ao = =211y — Apy — Aziz + |2, A, A4
H1 Uz U3
The norm of a quaternion is the product 4 on conjugate
quaternion A(A,—A,i; — Ayip — Azis):
Aod=202d=2,2 4+ 1,7+ 1,% + 132
This expression is obtained based on the expression (2).
The norm of a quaternion is denoted by |A| or A. If |A] =
1, called the unity quaternion.
Any quaternion (1) may be represented by a
trigonometric form:
A = A(cosp + e sing)
where A norm of a quaternion;
Accordingly, trigonometric unit quaternion expression
will be the following:
A = cosp + e sing
e - is unit vector of the vector part of the quaternion A:

vect 1 _ Al +Agin+ A3ls

€= - ’ (3)
\/112+122+A32 Jl12+122+l32
oS0 = Ao  sino= A12+}L22+}L32
P T Tt taage ST T S Tt
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Turning operation.

Quaternion algebra allows us to represent a spatial
transformation in a simple form. Let A and r are non-
scalar quaternions, then the value

r' = Ao roi (4)

is also a quaternion scalar norm and part of which is equal
to the norm and the scalar part of the quaternion r . Vector
part vect ,~ obtained by rotating vect  around the cone
axis by double angle 2 ¢ . Operation (4) changes only the
vector part of the quaternion, so that operation can be
regarded as the transformation operation  of the vector
into the vector ,. Because the quaternion norm r does
not change transformation (4), the module of the vector
part r as remains unchanged. This implies that
transformation (4) is orthogonal.

After completing quaternion multiplication (4) and
equating the coefficients of the four units, we obtain the
transformation (4) in the coordinates(for unit quaternions):

=5+ 22 =25 — 251 + 2(MA, — ApAa)r, +

+2(A4 A3 + A1
1y =20 A5 + ApA3)ry + (A3 + 23 — 22 = ), +

+2(A245 — AoA1)73
13 = 2(M4 A5 — ApA)1ry + 2(A5A5 + ApA )T, +

+(A3+ 23— 22— )y

For example, let the vector r subjected to a sequence
of transformations and rotations are defined by the
quaternions 44,4, ...,4,. The resulting quaternion for
rotation is determined by A:

A=2Ap0An1, ey 0 A, (6)
where quaternions 44, 4,, ..., 4,, expressed in the original
coordinate system. Of course, encreesing the number of
successive transformations the expression (6) becomes
laborious.

But if, quaternions are given as sequence of turns, using
Rodrigues-Hamilton parameters, the resulting quaternion
is determined by [3]:

A=2A1050,..,04,

The components of the quaternion in the basis,
convertible by the same quaternion, is called Rodrigues-
Hamilton parameters. This quaternion components is
equal in both coordinate systems because that quaternion
determine the transformation from one coordinate system
to another.

Dual numbers.
The dual number is as follows:
A=a+8a°

where a - the main, a°- moment part of the dual umber,
& - operator Clifford has property 6 = 0. Dual numbers
are denoted by basic letters. Operations on dual humbers
are made according to the formulas:

A+ B=(axb)+ 5@’ +b°);
A-B=a-b+ 8(a°b + ab®);

()
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A a _a°b+ab’ 1 As is known, that the composition of close-loop
—_ = = - n_ 4n o n—-1. A7 N ! i . : )
g5 03z 5 A"=a"+6na%a" N An equations of spatial mechanisms is a time-consuming task
1 a’ and the output equations of the relationship between the
=an+ 9§ 1 . .
n-1 parameters of the mechanisms by performing
na n

The function of the dual number is as follows:
F(X) = f(x+6x°) = f(x) +6x°f'(x);

F(X,A1, Ay, ..., Ap) = F(x,aq,0ay,...,a,) +
+6(OdF+0dF+odF+ +odF)
Yo Tw da, 2 da, O da,

The trigonometric functions of the dual number X =
x + 6x° can be expressed as follows:

sinX = sinx + 8x° cosx; cosX = cosx +

6x° sinx; tgX = tgx + 6x° —
Dual quaternions, the transfer principle.

If in the expression (1) real numbers A,, A1, 2,5, A5
replaced by dual, we obtain an expression of the dual
quaternion:

A=Ay + Agiy + Ayiy + Asiy @)
where A, = A, + 82 (k=0,1,2,3) the components of the
dual quaternion. Transform the expression (7):

A = Ao+ 84 + (A + 8ADiy + (A, + 629y +
+ (A3 4 84)iz = Ay + iy + Ayly + Aziz +
+8(A3 + 204y + A%, + A3i3) = A+ 62°
Equation (8) is an expression of biquaternion. It should
be noted that the expression "biquaternion” and "dual
quaternion" very relative, so they are equivalent and
means the same operator for most common spatial
transformation. Like quaternions the biquaternion (unity)
can be reduced to trigonometric form:
A = cos® + E sind
where E - the unit screw of the biquaternion; @ - dual
argument (dual angle) biquaternion.
Like the formulas (3):

(8)

E= vect A _ Aqip+Azip+ Asis
JA12+A22+A32 JA12+A22+A32
A
cosd = 2 2 > 2 7
Ao?+A12+A5%+A5
. A2 +A5%+0352
sing = ——S————5—— .
@ Ao?+A1%+Az%+A52

In the fundamental paper [4] it is proved that all the
formulas written for the quaternion are non-deployed
biquaternion formulas. This principle is called the
principle of "transference." For example, applying this
principle to the rotation operation (4), we can write

R = AoRoA,

where screw g' is obtained by moving the screw R along
the unit screw E by the double dual angle 2¢.

3. Creation of closed-loop equations of the 7R spatial
mechanisms.
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multiplication in the close-loop equations is almost an
impossible task for the complex spatial mechanisms with
traditional spatial transformation operators, in particular
using matrix form. As was shown in [1] the condition of
closed form, single-loop spatial seven-bar mechanism
(Figure 2) had been expressed by biquaternions product
as follow:

A1°A1°A,°4,°...°A,°A, =1 9)
where  A; = cos @, + izsin @, (k = 1,2,...,7) are
biguaternions characterize movement in kinematic pairs,
these biquaternions can be called as "variable", @, =
©x + 6y (see Figure 2);

A; = cosBy + i,sin Bi(k = 1,2,...,7) are biquaternions,
characterizing link parametrers of mechanism, these
biquaternions can also be called "permanent”,
B = B+ 6,6’1? (shown in Figure 2 for the 1st. link). In
reference [1] it is shown that the equation (9) is the
common for all single-loop arrangements (including the
plane four-link mechanism).

Using biquaternions as operators in spatial
transformation it is ability to simplify a drawing and the
deployment of the loop-closure equations.

Fig. 2. The spatial 7R mechanism

Let us consider the possibility of simplifying the equations
in more detail.So the equation (9) can be written as
follows:

(cos¢>1 + izsin (Dl)o (cosB; + i,sin B;)o

(cosr:l-‘J2 + f3sin qf)z)o(cosB2 + i,sin By)o

"'o(cos¢7 + izsin <:D7)o (cosB, + ipsin B;) = 1

Biquaternions multiplication in this equation it is possible
to perform a variety of options. For example, if
biquaternions distributed evenly on both sides of the
equation, we get:
A1°A10A20A20A3°A30A4— = A7OK7OA6OK6OASOK5°A4 (10)
where A, A, A, A, As,Ag, A, biquaternions conjugate.
Disclosed, for example the left side of the biquaternion
product (10), we obtain the following expression:
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a; (CB3CD, + i3CR3SP, + i,SB3CD, + 1;SB3SD,) +
+25(-C B3CP4- i3CP3SPy-i,SP3 CPy -, SP3SP,) +

+a3(_C ﬁ3C(D4_ _i3C ﬁ3S(D4 - iZS ﬁ3C(D4 - i1S ﬁ35q)4) +

+a,(—C B3CP, —i3C 385D, — 1S (30D,
—i1C B35D,) +
+as(—i1C B3CP, +iyC (35D, +
i3S [;CD, —S B3SP,) +
+ag( i1CP3CP,-1,CB3SP, + i3S B3CP,- S B3SP,) +
+a,(-i;CB3CP, +1i,C B3SP4-13S B3CP, + S B3SP,) +
+ag(—i1C P3CP, +i5C [3SP, — i3S [3CP, +
SBsSPs) +
+9(2C B5C + 11C BsSy — S BsC by — i3S BsSeha) +
+a10(12C B3CPy +11C P3SPy — S B3CPy — i3S B35P,)
+
a1, (=120 B3CP, —
i1C B35P, + S P30 P, +i3S B3SP,) +
+aq,,(—iC B3CP, + i1C (35D, —
S B3CP, +i3S B35PD,) +
+a,3(i3CB3CP,- CB3SP-i;S B3 Ch, +i,S B3SP,) +
+a13(15C BsCPy — C B5SPy = 1S BC Py + 1S B35P,)
+
+a;5(i3C B3 CPy — C B3SPy — 1S B3CPy + 15 B35P,)
+
+a16(—i3C B3CP, +
C B3SPy =4S P30y — 155 B35P,);
where:
a; = CPp1CPCB, C(P, + D3);
a; = Cp1SP1 5P, C(P; — Bs);
as = S$1CP1CP, S(P; + D3);
a, = Sy SP1 SP, S(P; — Ps3);
as = CH1CPy SPo S(P; — P);
ag = CH1SP1CP, S(P; + P);
a; = S$1CP1 SP, C(P, — @);
ag = S$1SP1 CB, C(P, + P3);
ag = Ch1CPy S B C(D; — D3);
a0 = Cp1 S B1CB, C(P + Ps);
a1y =S¢ C By SP2 S(P; — @);
a1z =Sy S B1CP, S(P + P3);
a1z = CpCPy CPy S(P; + Ps);
a1s = CP1SP1 SP2 S(P; — D3);
a5 = S¢p1CPy CP, C(Dy + Ps);
A6 = SP1SP1 SP, C(P — @s3).
The trigonometric expressions sine and cosine functions
are represended by Sand C,
After some transformations, and grouping the terms in 1,
i1, iz, is, we will get:

CP1CPCR LR C(Py + D3+ Dy) —
—Ch1CPSPSPs C (P, — D3+ Dy) —
—Ch1SP1SP2CP3 C(Pr — 3 — Pa) —
—Cp1SP1CPSPs C(P2 + 3 — Py) —
—S¢1CP1CPCPR3 (P2 + 3 + y) —
—S5¢1CP1SP2SP3 S(2 — 3 + ) —
—S$1SP1SP2CP3 S(P2 — Pp3 — ha) —
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—SP1SB1CB2SP3 S(pz + 3 — Pa) +

+it[ CP1CB1CBSBs C(dr + 3 — ha) —

—Ch1CBSB2CP3 S(r — 3 — a) —

—Ch1SP1SP2SP3 S(P2 — P3 + ) —

—Ch1SP1CPCPs S(Py + Ps + py) —

—Sp1CP1CPCPs C(Ps + 3 — by) —

—S¢1CP1SP2CP3 C(Pp2 — 3 — Py) —

—S$1SP1SP2SP3 C(P2 — P3 + ) —

—CP1SP1CPLCPs C(a + b3 + )] +
+iz2[ CP1CBCBSPs C(da + 3 — Pa) —

—CP1CB1SPrCPs C(y — P3 — Py) —

—Cp1SB1SP2SP3 C(py — P + hs) —

—Cp1SB1CRCPRs C(py + 3 + ) —

—SP1CB1CR,SP3 S(Pa + 3 — hs) —

—S$1CB1SP2CP3 S(P2 — 3 — ) —

—S$1SP1SP2SB3 S(¢2 — 3 + P4)

—S$1SP1CPCPRs Sy + Pz + Pu)] +

+i3 [CP1CP1CRCPRs S(2 + P3 + ) —

—CP1CB1SB2SPs S(P2 — P3 + pu) +

+CPp1SB1SP2CP3 S(Py — 3 — hs) —

—Cp1SB1CPRSPs S(Py + b3 — da) —

—SP1CBLCRCPRs C(py + 3 + ) —

—S$1CB1SP2SPs C(p2 — Pz + ¢u) —

—S¢15pB, 532C133 C(¢2 - ¢3 - ¢4) -

—SP1SB1CP2SP3 cos(dy + 3 — da)]

After deploying the right side of biquaternions
expression (10) we obtain similar expression, which will
be featured unknown angles &g, @, @,. Equating the
terms in iy, i,,i3,1 we get four dual equation. There is a
dual dependence on the norm of biquaternion between
these equations. Therefore, from the four dual equations
only three are independent. Thus, taking any three
equations of four and dividing them into the main and
torque parts, we get six real equations for determining
angles, @,, @3, P4, s, P, @7, Which are the main parts of
the dual angles @,, @3, @,, @5, D¢, ©-.

As it can be seen, that to make use of quaternions
significantly simplify and get the ultimate expression for
the loop-closure conditions of the spatial seven link
mechanism, which is known as most complex single-loop
mechanisms. These expressions are universal for all
single-loop mechanisms.

But the most important advantage of expression (11)
is that they are linear with respect to the sines and cosines
angles ¥;, ¥,, ..., ¥g:

Y, =D, + Dy + Dy

Y, = 0,-0; + O

Y=, + Dy — D W, =Ds + Dy — b,

Y, =@, —P;— @,; Wy=0;— P — D,

There are two dependencies between the unknown angles
Y, Y, ..., W

(11)

Vs = @5 + P + D,

Yy = Os-Og + D, (12)

W1+q,4=q,2+ll]3; W5+W8:q]6+l{l7 (13)
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As a result, the mathematical model of single-loop spatial
seven-bar mechanism is described by relatively simple
equations, and therefore their numerical solution is not
difficult.

If the terms of biquaternions leave to one side in
equation (9) and perform the biquaternions multiplication,
and then after equating the coefficients of the unit vectors
1, iy, iz, i3, we will get as unknowns the sines and cosines
of the following angles:

Y, =b,+ P+ &, + Ps + O + D,

k=12,..,32 (14)
Between angles (14) there are 26 corners dependencies
such expressions (13). The resulting equations are also
linear relatively unknown parameters, but in this case the
number is much higher. Therefore, in the preparation of
the closure equations the biquaternions advisable to
distribute on both sides of the loop-closure equation.

Of course, the above very effectively and simply
necessary in the preparation of loop-closure equations for
platform type multi-loop mechanisms.

4. Kinematic analysis of serial 6R manipulator.

Consider the direct problem of 6R open spatial
kinematic chain(Figure 3). In the direct problem it is given
the set movements of the kinematic pairs. The problem is
to determine the position and orientation of the gripper.
Biquaternions defining the position and orientation of the
rigid body is denoted by X:

Fig. 3. Spatial 6R manipulator

X=X, + Xqi; + X,i, + X3i3, (15)
Equation (15) can be expressed as the product of a
quaternion:
X = AjoAj0A0A,0, ...

,oNgoAg (16)

or
X = (costlb1 + izsin Cb1) o (cosB, + i, sin By )o
O(COS(DZ + igsin <Dz) o (cosB, + isin B,)o

<>(cos<b6 + izsin CDG)O (cosBg + izsin Bg)
where @, dual movement parameters in kinematic pairs,
By, dual number of links parameters (k =1,2,...,6),
which are discussed above. Thus, the direct problem
positions of the manipulator is to implement quaternion
multiplication, that can be simplified as discussed above
and are described by formulas (11).

Consider the inverse problem of 6R spatial serial
manipulator. This problem can be formulated as follows.
The position and orientation of the solid body(gripper) are
determined by biquaternions as follow

X=X, + Xyiq + X,ip + X3i3 =

= (x, + 8x) + i1 (g + 8xD) + ip(oxy + 6x9) + i3(x5 +
5x)

which determines the location of the moving coordinate
system (iy, i,, i3) relative to the reference coordinate
system (14, I, I3). Required to determine the movement
in kinematic pairs, providing a predetermined position of
the solid. We transform the expression (16) to the
following form:

Aj0Aj0A50A50A50A5 = XoA°Ag°As°As°A, A,
We use equation (17) in the following notation:

AjoAjoA,0As0A30A; =M

(17)
(18)
(19)

M = M, + M;i; + M,i, + M;i;
N = N + Nyi; + N,i, + Nais
After completing quaternion multiplication (18), we
obtain components of biquaternion M:

M, = cosB;cosB,cosB; cos(®; + &, + &3) —
—sinB,sinB,cosB; cos(®; — &, + @3) —
—cosB,sinB,sinB; cos(®, + &, — d3) —
—sinB,cosB,sinB; cos(®, — @, — D3)

M, = —cosB;sinB,cosB; sin(®; + &, — &3) —

—sinB;cosB,cosB; sin(®; — &, — d3) —

—c0sB;cosB,sinB; sin(®; + &, + &3) +

+sinB;sinB,sinB; sin(®; — &, + &3)
= cosB,cosB,sinB; cos(®, + @, + d3) —
—sinB,sinB,sinB; cos(®; — P, + d3) +
+cosB,sinB,cosB; cos(®, + &, — d3) +
+sinB;cosB,cosB; cos(®; — &, — ;)

M; = —cosB;sinB,sinB; sin(®, + &, — @3) —

—sinB;cosB,sinB; sin(®; — &, — &3) +

+cosB;cosB,cosB; sin(®, + &, + &3) —

—sinB,sinB,cosB; sin(®; — &, + @3).

After completing quaternion multiplication (19), we
obtain components of biquaternion N:

N, = cosBgcosBscosB, cos(®, + &5 + &) —
—sinB;sinB,cosB; cos(®, — s + D) —
—c0sBgsinBgsinB, cos(®, + @5 — D) —
—SinBgcosBssinB, cos(®, — s — D)

M,
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N; = cosBgsinBgcosB, sin(®, — & + &g) —
—sinBgcosBgcosB, sin(®, + &5 + &g) +
+cosBgcosBgsinB, sin(®, — &5 — dg) +
+sinBgsinBgsinB, sin(®, + & — &;)
N, = cosBgcosBssinB, cos(®, — &5 + &g) —
—sinBgsinBssinB, cos(®, + &5 — &) +
+cosBgsinBscosB, cos(D, + &5 — &) +
+sinBgcosBgcosB, cos(®, + &5 + Pg)
N3 = —cosBgsinBssinB, sin(®, + &5 — &;) +
+sinBgcosBssinB, sin(®, — &5 — &g) +
+c0osBgcosBscosB, sin(®, + &5 + &) +
+sinBgsinBscosB, sin(®, — @< + ;)
We write the expression (17) with (18) and (19):
M = XoN
After completing quaternion multiplication and equating
the terms in 1, iy, i, i3 get four dual expression:
M, = X,N, — X;N; — X,N, — X5N;
M, = X,N, — X;N; — X,N, — X5N,
M, = X,N, — X;N; — X,N, — XsN;
M; = X,N, — X;N; — X,N, — XsN,
Between equations (20), there is a dual relationship to
the norm biquaternion. Discarding any of them get three
independent dual equations that are equivalent to six real
equations. From these six equations are determined
unknown corners @4, @, @3, @4, Ps, @, , that is a major
part of dual angles @, ®,, &5, d,, Og, Og..

(20)

Conclusions

Preparation a new method for closed-loop equations of
mechanisms that particularly effective and a must in the
preparation of these equations for complex multi-loop
spatial mechanisms. When using offered method greatly
simplified outline of the closed-loop equations of spatial
mechanisms, whereby it becomes possible to express
these equations in explicitly form.
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Abstract

In this paper, a sliding mode based self-tuning PID
controller is proposed for second order systems. While
developing the controller, it is assumed that the system
model has a part which contains nonlinear terms similar to
PID structure. The controller and update rules for PID
parameters are obtained from Lyapunov stability analysis.
Numerical simulations are conducted on a Twin-Rotor
Multi-Input Multi-Output System (TRMS) model to show
the performance of the proposed controller.

Keywords: Sliding Mode Controller, Self-Tuning PID.

1. Introduction

PID control is the most preferred control technique in
industrial applications due to its simple structure and
convenience in implementation [1]. However, the
effectiveness of the PID controller is based on the
accurate selection of its parameters. Despite the good
performance results in linear systems, the selection of the
parameters might be very difficult and time wasting with
the rise of nonlinearities of the system. To deal with this
problem many approaches of self-tuning PID controllers
have been presented till today. These approaches can be
divided into two main categories: i) model based
approaches and ii) rule-based approaches. In model based
approaches, the tuning mechanism is based on the
knowledge of the system model [2]. In rule based
approaches, the tuning is based on some optimization
or estimation rules without model knowledge, which
basically mimics an experienced operator’s behavior [2].
A good survey can be found in [2] on this topic.

In the literature, many studies can be found on self-
tuning PID controller and its applications. In [3], An et. al.
presented a self-tuning method for PID controllers based
on the theory of adaptive interaction for the quadrotor
system. In [4], a self-tuning PID control scheme based on
support vector machine (SVM) and particle swarm
optimization (PSO) were presented. Jiang and Jiang
proposed a fuzzy based self-tuning PID controller for
temperature control [5]. Zheng et. al. used fuzzy module
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to tune PID controller parameters according to the error
and change in error [6]. In [7] and [8], genetic algorithm
was utilized to tune the PID parameters. Na presented a
study on water level control of a nuclear steam generator
with PID controller of which parameters were tuned by
model predictive control (MPC) [9]. In [1], least squares
support vector machine identifier was utilized to tune
parameters of PID controller. Fan et. al. used neural
network to tune PID controller for position tracking of a
pneumatic artificial muscle [10]. Gundogdu and
Komurgaz presented a self-tuning algorithm for PID
controller based on adaptive interaction approach [11]. In
[12], Howell and Best used continuous action
reinforcement learning automata (CARLA) method to
tune the PID controller parameters while controlling
engine idle-speed. In [13], Shih and Tseng designed a
self-tuning PID controller by using integral of time-
weighted absolute error (ITAE) optimal control principle
and the pole-placement approach to control position of a
servo-cylinder. Dong and Mo presented model reference
adaptive PID controller for motor control system with
backlash [14]. In [15], Chamsai et. al. presented an
adaptive PID controller combined with sliding mode
controller for uncertain nonlinear systems. Chang and Yan
proposed an adaptive PID controller based on sliding
mode controller for uncertain chaotic systems [16]. Kuo
et. al. presented an adaptive sliding mode controller with
PID tuning method for a class of uncertain systems [17].

In this paper, a sliding mode based self-tuning PID
controller is proposed for uncertain second order systems.
Different from the literature, it is assumed that the model
contain nonlinear terms similar to PID structure. The
controller and update rules for PID parameters are
obtained from Lyapunov stability analysis. Numerical
simulations are conducted on a Twin-Rotor Multi-Input
Multi-Output  System (TRMS) model to test the
performance of controller and parameter update rule.

The rest of the paper is organized as follows; the
system model is presented in Section 2. Control and
parameter update rule design are presented in Section 3.
Numerical simulation results are given in Section 4.
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Finally concluding remarks are presented in Section 5.
2. System Model

The following second order system is considered in
this paper,

o))
@)

X, (1) = X,
X, () = f(X)+u(t)

where x(t) = [x1 (), x2(t)]" is state vector, u(t)E R is
control signal. The function f(-):R?>>R is assumed in the
form of

FO0 =900 + K, % (1) + kX, (0 + K [x, (1) 3

where g(-):R? — R is unknown function, kp, kqand ki are
unknown system parameters.

Assumption 1: It is assumed that the function g(-) is
bounded as

lg(x)[< p @)

where p is known.
Assumption 2: It is assumed that the system
parameters, Kp, kg and ki are in known bounded regions.
Assumption 3: It is assumed that x(t) is available and
continuous.
3. Control and Parameter Update Rule Design
The objective of the controller is to utilize that x, (t)

track a desired trajectory while updating PID parameters.
To achieve this objective, the error system is designed as
follows,

()
(6)

il(t) =Xa1 — X%
X, (1) = Xy, — X,
where Xq1 and Xqp are desired trajectories. To construct

sliding mode controller, the filtered error signal is
designed as

s =X, + 2% + X%, )

The derivative of (7), which will be utilized later, is
$=X, + 24X, + 1°X,

=Xd2—g—kpxl—kd>'(1—ki_[xl—u

+ 2%y, L% + X, 8)
The control input is designed as
U=Up, +Ug ©)
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where ur is sliding part of the controller and
Upp =K X +Ky X + kifil

A A ~

where k,, Ky and K;

respectively.
By substituting the (9) and (10) in (8), it is obtained as

=%y, —g—kyx —koX —k; [ %,

(10)

are estimates of kp, kq ve ki ,

— KX —KgXg1 — kiJ‘Xdl —Ug
. . 2~
+ 24Xy = 2% + X (11)
where
k, =k, —Kk,. kg =k; =k;, ki =k; =k;. (12
The Lyapunov function in (13) is utilized to construct

update rules for PID gains and design ugr
1

V=_sz+112;+1|2d2+1|§2. (13)
2 2 2 2
The derivative of (13) is obtained as
Vv =sS+EDIZp +k, Kk, +kk
=S(Xy, _g_kpxdl_kdxdl_kijxdl_uR
+ 2%y, — 205 + 2°X) — K. (5%, +K,)

—Ep(sxl+k;d)—l-<~i(s_fxl+léi) (14)

A A

From (14), the update rules of kAp, Kk, and K; are

. (15)
After substitution of (15) in (14), VV is obtained as
V =s(X,, + 21X, + A°X,) —sg

selected as in (15) to eliminate the terms with gain errors.
K, =—sx,, Kq = =%, k; =—s[x,

- s(kApxGll + IZd Xgp + IZiJ'xdl) —Su,  (16)

The input signal ur should be designed to make V
negative. To achieve this purpose, ug will be investigated
by separating into three terms as

Ug =U, +U, +Uj - 17
Uy, is designed as to eliminate first two terms in (16) as
U, = Xy, + 24X, + °X +Kksgn(s), ke R*  (18)

To eliminate the term sg in (16), the condition in
assumption 1 can be utilized. From (4) the following
inequality can be obtained

-sg<fgp, per
By using (19), u: is designed as follows

(19)
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"
m
u, = Hp (20)
2 S :
By substituting (18) and (20) in (16), V' is obtained
as,
V < —k|s|—sL —su, (1)
where
L =K, Xy + K Xgr +K; [ X - 22)
An upper bgund for LEan be defiged as
L, > ‘kp‘|xdl| + ‘kd ‘|)’<d1| + ‘kiU|xd1| . (23)

where IZP, kd and ki are upper bounds of kp, kg and ki,

respectively.
Hence, the following inequality can be written

—sL<|gL, (24)
Remark 1: In (23), Lm may go to infinity for x,, =0

since integral term. But it should be kept in mind that the
main interested term is |s|Lm. So if it can be proven that
s(t) converge to 0, fast enough, then, it can be assumed
that the term |s|Ln stays bounded. So L can be accepted
as bounded.

In the rest of the paper, it will be proven that s(t) converge
to 0 with a tunable rate.

From (24),
V =—kK|s| +|s|L,, —sus. (25)
So, uz can be obtained as
3
u; =—L, (26)
S
This leads
V <—ks|. @7)
From (27), it can be said that s, |2p, Ky and K;are

bounded. To show that s(t) goes to zero with respect
to time, s(t) should be investigated in deep by taking the
time derivative of s? as

Z—s

2 dt
=(Xgz =9 —kpx; —kgx _kijxl —u)
+ 22Ky, — 27%, + A°X,)S . (28)

By substituting (9) and (15) in (28), it is obtained as,
1d ~ . T
Sgr S < Klsl kyx k% - ki [%)s . (29)
If k is selected as

=SS
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k > Iszl+lzdxl+l2i_|'xl‘+n (30)
where
k, =k, -k, (31)
k, =k, —k, (32)
ki =k =k, (33)

where Kp , k, and k, are lower bounds of ky, ks and ki,
respectively, (29) is obtained as

1d ,
- — 34
T S" < 77|S| (34)

which leads
s<-nls . (35)

From (35), it is seen that starting from any initial
condition, the state trajectory reaches to the surface

in a finite time smaller than |S(t = O)|/77 and then

converges to Xq(t) exponentially with a time constant
equal to 1/ [18].

4. Numerical Simulations

The performance of the control law in (9) and update
rule in (15) were evaluated by conducting numerical
simulation by using the dynamic model of a 2-DOF
helicopter which is known as TRMS.

During the simulation, the parameter values of input
signal were selected as A=diag(30,30), k=diag(1,1),
p=[1 11", Lm = [1 1]7 . The initial values of gain estimates
were set to kp=[5 5]" , ke=[5 5]" and k=[5 5]". The initial
positions of the axes were x(0)=[0.5 0.5]" in radian and
the desired positions were selected as x4=[0.4 0.3]" in
radian.

In the numerical simulations, it was observed that the
control law performed satisfactorily. The position errors
and the control inputs of yaw and pitch axes are
presented in Figures 1, 2, 3 and 4, respectively. The PID
gain estimates are given in Figures 5, 6 and 7. As can be
seen in the figures, both the yaw and the pitch errors are
driven to the vicinity of zero.
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Fig. 1. Yaw axis position error
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Time [sec]

Fig. 2. Pitch axis position error

Time [sec]

Fig. 3. Input signal for yaw axis

5. Conclusions

In this paper, a sliding mode based self-tuning PID
controller was designed for second order systems. While
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designing the controller, it was assumed that the system
model contain nonlinear terms similar to PID structure.
The controller and update rule for PID parameters were
obtained from Lyapunov stability analysis. The
effectiveness of the controller and update rule were
evaluated by conducting numerical simulation and
achieved satisfactory results.
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Fig. 4. Input signal for pitch axis
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Fig. 6. Ky estimates for yaw axis (top) and pitch axis
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Fig. 7. K; estimates for yaw axis (top) and pitch axis
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Abstract

Self-Calibrating Smart Mirror is a source tracking mirror
that is designed in Izmir Institute of Technology. This
device uses ARM Cortex M4 chip to calibrate itself using
the sound in environment and execute tracking operations
to direct the mirror to the user. In this paper, mathematical
model, calibration, experiments for sensor capabilities and
tracking operations are presented and the prototype is
expressed.

Keywords: Robotics, human-machine interface, sound
tracking, source localization.

1. Introduction

Smart devices became common with the development
of processors and sensors which are used in devices
surrounding us and make them smarter every day with the
need of easier interaction of human and machine. Smarter
machines are designed to have the same communication
methods of human that are visual, tactile, kinesthetic and
auditory sensors [1] to be more sociable in the use of a
human.

These communication methods can be used for
increasing human perception in the slave environment that
is interfaced by a haptic device [2] or to increase level of
perception of the human commands by the machine [3].
As pointed in a research [4], some arcade games are using
visual, infra-red, inertial measurement units and ultrasonic
sensors to locate the users for shaping game inputs.
Tactile and kinesthetic information in action and sports
games as a reaction to the user by haptic devices are
widely used application examples of communication
between human and machine.

Other than sensing the motion of the human user by
haptic devices, the motion inputs of the user can be
detected by other means such as visual sensors using
cameras [5], IR sensors [6] and auditory sensors [7].
Visual and IR sensors are commonly used sensor types for
tracking environmental changes. These sensors are
powerful considering the achievable resolution of the
tracked workspace with respect to the auditory sensors;
However, they are limited with the field of view and
cannot locate outside of this region [1]. The field of view
depends on parameters such as focal length of the lens,
image sensor dimensions and distance to the measured
plane [8]. In some vision applications, field of view can be
enlarged using stereo vision techniques which include
rectification of multiple images and matching them to
create a larger field of view but this method requires
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multiple cameras and greater computational costs [9].

One other way to locate user is using acoustic sensors.
This method is used in real world by creatures to locate
the sound source and give them a 360° field of view. It
also allows them to locate sources that are obscured by
any object that are not in the field of vision [1].
Researchers are using this method of localization in robots
for tracking, socializing and navigating which has various
application techniques.

In this paper, design of a smart mirror is described
with its sensors, processor and mathematical model,
which includes self-calibration, signal processing and
source tracking in two-dimensional plane. The mirror is
designed to be one Degree of Freedom (DoF) and uses an
ARM Cortex M4 chip, which can locate the sound source
using an array of microphones placed on the body.

2. Hardware used in Design

Device is composed of several electronics including
processor, sensors and actuators. In this project an ARM
based processor was selected and this chip was
STM32F407VGT6. In the market, this chip is used by
many third-party companies to build their own
prototyping boards in which one of them is the
STM32F4DISCOVERY Discovery board. This board
allowsusers to easily develop applications with
the STM32F407 high performance microcontrollers with
ARM® Cortex®-M4 32-bit core. It includes an ST-
LINK/V2 or ST-LINK/V2-A embedded debug tool, two
ST MEM’s digital accelerometers, a digital microphone,
one audio DAC with integrated class D speaker driver,
LEDs and push buttons and an USB OTG micro-AB
connector [10].

A basic sound sensor card is used in this robotic
application, which gives an analog output according to the
sound level of the environment. The specifications of this
sensor breakout are listed in Table 1.

Table 1. Sound sensor specifications
Flrequency range 100 ~ 10,000 Hz

Sensitivity -46 +£ 2.0, (0 dB = 1V/Pa
)at 1K Hz
Power supply 5V maximum

Minimum Sensitivity to
Noise Ratio

A light weight servo motor that can rotate
approximately 180 degrees is placed beneath the mirror to
rotate it around the azimuth axis. Body of the device is

58dB for digital output
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made out of a foam-board for minimizing the of 500 Hz is used as a sound source. As additional

reverberation problems.
2. Deciding the Geometry

Sensor placement plays an important role in product
design and cabling since the way sensors are placed
changes both signal transfer and acquisition problems
with the sound tracking performance of the mirror. To
declare it clearly, sound acquisition performance of
microphones is affected by direction of the microphones.
This fact about the sensors is an outcome of the
experiment executed in this work. The experiment aims to
measure sound level using four identical sound sensors in
two different formations. One of the formations was
placing them as a linear array and the other one was
placing them radially as provided in Figure 1.

[ T—W o

Mic_1 Mic_2 Mic_3 Mic_4

[ I

ENIEIE S ——
1234

—>
Sound
source

Sound
source

Fig.1. Test Formation for formation

The sensors in linear array set gives greater voltage
values for the sounds sourced directly in front, however,
other sensors in the same array set gives approximately
close voltage levels that cannot be distinguished easily.
The sensors in radial array set gives higher voltages once
the sound sourced from the normal angle like the previous
array set, however, it is easier to transfer signals from the
sensors to the microchip due to the tight packing of the
Sensors.

In order to decide the geometry of the device, an
experiment is designed and executed, especially for
defining the microphone sensitivities at varying facing
angles and distances. In this experiment, source is placed
at different azimuth angles with varying distances from
the sensor and sound level is measured. The azimuth angle
and distances are given in Table 2.

Table 2 The Trial Table
Angle (degrees) Distance (cm)
0 10, 20, 40, 60, 80

30 10, 20, 40, 60, 80
45 10, 20, 40, 60, 80
60 10, 20, 40, 60, 80
90 10, 20, 40, 60, 80

Sound source is measured for an average duration of
6-7 seconds for every combination of Table 2. Sine wave
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information, it is known that the human sound is in a
range of 85 to 1050 Hz, lowest frequency as a male bass
sound and the highest as a female soprano. The results
showed that the distance of the source has a significant
effect in the sound level, as much as the microphone
angle.

Measurements were mapped according to the distance
and angle of the sound source with respect to the
microphone. Five distinct measurements are executed for
the angles of 0° 30° 45° 60° and 90° which include
measurements of varying distances provided in Table 1. Q°
is directly in front of the microphone and 90° is the
perpendicular angle to the direct line of sight of the
microphone. Tests are applied for every microphone and
the measurements are illustrated only for one microphone.

Figures 2-6 provide the sound measurement of a
microphone according to the different levels of distances
for the same angle value, which are 0°, 30°, 45°, 60° and
90° respectively. Blue lines in these figures provide the
information of the sound signal and the red lines give the
measurement interval.

6 Sound Level for 0 Degrees Line

I
T

Sound Level
w

N
T

0

0 10 20 30 40 50 60 70 80
Time (s)

Fig.2. Sound level measurements for 0° azimuth angle

Fig. 2 illustrates the sound measurement of the
microphone at 0° azimuth angle. At this angle, sound
pressure is measured with the sensor and scaled to a 10-bit
range. It is clear that sound level drops with increasing
distance of the source, which is case for all other
experiments executed for different azimuth angles, and
maximum values are about 5.5 units.
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. Sound Level for 30 Degrees Line Fig. 5 designates the sound measurement of the
microphone at 60° azimuth angle. In a 10-bit range,
8 pressure values for different distances drop significantly
7t to a range of 0.3 to 3 units.
— 6L Sound Level for 90 Degrees Line
a>> 15 T T T T T
S5l
2
34t
(%]
3r = 10F
3
2l =
il
LU Z
0 . . : : : 5t
0 10 20 30 40 50 60 70
Time (s)
Fig.3. Sound level measurements for 30° azimuth angle
In Fig. 3, same sound measurement of the microphone % 10 20 30 40 5 60 70

at 30° azimuth angle is executed. In a 10-bit range,
pressure levels are bounded between 0 and 9. It should be
note that, maximum sound level increases from 5.5 to 9
units for this angle compared to the one obtained in 0°.

12 Sound Level for 45 Degrees Line

Sound Level
[}

0

0 10 20 30 40 50 60 70
Time (s)

Fig.4. Sound level measurements for 45° azimuth angle

Fig. 4 provides the sound measurement of the
microphone at 45° azimuth angle. In a 10-bit range,
pressure values are bounded in a slightly greater region
compared to the one acquired for 30°.

Sound Level for 60 Degrees Line

Sound Level

I

0 10 20 30 40 50 60 70
Time (s)

Fig.5. Sound level measurements for 60° azimuth angle

Time (s)
Fig.6. Sound level measurements for 90° azimuth angle

Fig. 6 marks the sound measurement of the microphone at
90° azimuth angle. It should be clarified that this is where
the sound source is placed completely side of the
microphone. At this angle device measures the source
pressure level between the range of 0.3 and 15 units and
measurements are not fitting in the expectations. To avoid
any compromise due to the irregular behavior of the
sensor at this azimuth angle, a foam body is designed to
attenuate the signal coming from that angle.

Mapping of the Microphone in Polar Coordinates
90 1o
120

150 30
180

210 330

240
270

Fig.7. Sound level measurement in the sound sensor field
of view

Fig. 7 connotes the overall ‘field of view’ of the
sensor using polar coordinates. Blue, red, orange, green
and purple lines show the sound pressure level of the
source at 10, 20, 40, 60 and 80 cm distances respectively.
As provided in this figure, microphone measures the
sound pressure level of the source greater along 0° and
smallest around 60°.

Using this knowledge, body is made of a foam
material for minimizing the reverberation problem, which
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is shaped as a half circle with openings in four different
locations on the arc. These openings are specially
designed for not allowing the microphones getting signals
from the sides Foam type materials are especially used for
high frequency sound absorption above 2000 Hz, and it is
possible to obtain better results by more proper material
usage in the body. It is important to remark that this study
is just a concept and in the process of development at the
moment.
3. Localization Algorithm and Its Application

As expected, depending on the source location,
different sound levels will be obtained by each
microphone. Facing direction of each microphone is
defined as a vector, which in the end will give the
resultant vectors. It is said to be the logic of the system is
based on the estimation of that resultant vector Fig. 8.

®

(=)
p

valuel valued

Resultant vector

value3

Source
value2 > valuel > value3 > valued

Fig.8. Sound levels from different source distances with
varying microphone angles

A simple algorithm is developed for the system which
is shown in Fig. 9.

Outlier Detection
(If the actual signal is
“2” units larger than

the mean value)

Auto Calibration
( 5secs)

Integration
Process

Normalizing Process
X FUNCTION (RMS=V(V,2+V,24+V524V,2)
|<__| |<— le—
Lo Arctangent Y | (Equation1) (V,,=V,/RMS,
Via=Vo/RMS, ...)

Fig.9. Diagram of the process

First step is the calibration process for the device. In
order to do this, for 5 seconds, the device measures the
average noise level of the room, which will be the mean
value in the further calculations, to define the offset. This
is illustrated in Fig. 10 with a block diagram.
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. Trigger
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Fig.10. Block representation of auto-calibration function

Trigger and ramp input work together to enable the

moving average calculations, which works for 5 seconds
in this case, and at the end of this 5 second time interval,
block releases the value as offset value. Trigger output in
this sub-system is used as a switch to allow calibrated
signal to be used in further calculations.
After 5 seconds, when the calibration is completed, the
incoming signals are being started to be analyzed. Firstly,
threshold value is used to allow calibrated signals that are
powerful enough to be analyzed. This data is taken into
the integration process in a specified time range which is
between the rising and the dropping edges of the curve.
This process is connoted in Figure 11.

1
MicrophoneSens

(&,

ResetPnn

Fig.11. Block representation of signal processing phase

The normalizing step follows the integration
procedure, which allows us to assign the value of “1” to
the microphone signal that is the greatest and the other
microphone values take values according to their value.
This is provided in Fig. 12. To normalize signals their root
mean square is calculated and every signal is then divided
to this value. This is explained in Eq. 1.

N =3 j=1.234

} )
4 2
i=151

€]
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Fig.12. Block representation of normalization process

After this step, we are applying a function to the
obtained microphone values to determine the direction of
the sound source by distinguishing the x and vy
components of the required resultant normal vector using
Eq 2. When x and y components are obtained, it becomes
very simple to convert this to an angle of 6, by using the
arctangent function.

[XSS] _ Y+ (Microphone Value); * cos8; @

Yos Y+ (Microphone Value); * sinb;

The code generation is executed using the Waijung
module in Matlab Simulink. This module is third-party
software that includes blocks for different operations such
as mathematical operations, logic operations and etc.
Using this software created model is downloaded in
discovery board.

Microphones are placed on top of the mirror in a
radial array and body of the mirror assembly is made out
of foam due to previously designated experimental results.
Servo motor is placed in the bottom part of the mirror
assembly and the mirror is attached to the servo motor.
The prototype is illustrated in Fig. 13.

Fig.13. Experimental prototype of sound tracking mirror

4. Results

After manufacturing the smart mirror, simple tests are
conducted to see if the algorithm is works as expected on
the STM32F4 chip and prototype follows the sound
source on 2-D plane. This is executed by clapping hand
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close to the smart mirror at angles ranges from 0° to 180°.
To visualize the working principle sound level
measurements of the 3™ microphone is acquired from the
raw signal stage to the processed signal stage. Fig. 14
gives the raw data that is acquired by the 3 microphone.
Before 5" second microphone receives only the
surrounding sources that creates the noise. After 8%
second microphone receives the clapping sound.

o
pey
o

@©
=3
o

Sound Level (10-bit Int)

760 . \ :
0 2 4 6 8 12
Time (s)

Fig. 14. Raw sound signal graph

10 14

This signal is then calibrated so that surrounding sound is
eliminated. After calibration, the output signal of the
calibration stage is integrated to store the value that will
be used in calculation of angular position. Result of the
integration of 3" microphone signal is given in Fig.15.

»
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o
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Fig. 15. Calibrated and processed signal

Relative Sound Level (10-bit Int)

All four signals are run into the same algorithm, and the
resultant signals of every one of them is sent to
normalization stage but in results section and result of the
normalization is given in Fig. 16. As given in Fig. 16 with
the increasing value of the integration coming from the 3™
microphone, normalized signal of line of the 3™
microphone goes to one, while the others reduces in value.
The yellow line in Fig 16. shows the value of the line of
3 microphone.
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g1 sound. In this particular case, device turns to the new
§08 source slowly, since integration pf the_acquired sound
T signal takes time to reach the previously integrated value.
2os To overcome that problem, smart mirror has to be reset,
Boal \ which is done by a digital input given by the user.
8 [ Normalized Data 1] \ Even though this system is designed as a smart mirror to
g0 Rt A interact with humans, it may very well be equipped with
§ ol —Normalized Data 4 ‘ = other device or objects along with a different line of
=0 ? s . . L sensors, oriented towards commercial or industrial

Time (s) '
Fig. 16. Signals after normalization purposes.

After the normalization process, x and y components of
the sound source vector is used to calculate the angular
position of the sound source with respect to the mirror
origin in 2-D plane. This is provided is Fig. 17.
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Fig. 17. Angle calculation graph
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As given in Fig. 17 a series of clap that is close to the 3™
microphone, which is placed at 120° results in a
calculated angle of 124°, with an error of 4°.

5. Comments and Conclusion

In this paper, a 1 DoF smart mirror is designed using 4
radially placed sound sensors. The purpose of this mirror
is to construct a system, which can be used in robotic
systems that interacts with humans. The controller of the
system is designed over the STM32F4 Discovery board
and the system is deployed on the chip using Matlab.

In preliminary design, microphone field of view is
revealed to be used in design of the mirror and sensors are
placed using this information. Field of view experiments
show that there is an unexpected rise in the sound level at
90° angle, where sound level is measured to be the largest.
To eliminate this problem sensors are placed in a foam
head that reduces the sound level coming from this angle.
After this stage, control algorithm is deployed in the
discovery board.

In this prototype, an integration is executed for every
signal and the resultant signals are normalized. This is
used to store the positional data, however, after several
repetitions of localization, integrated values that are feed
in the normalization get high values. This creates a
problem of latency once another sound source transmits
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It should be mentioned that the curvilinear deployment of
sound sensors may also be regarded as a distributed sensor
network, whose detailed analysis is left for a later
research. But it is seen that as the number of sensors is
increased, localization resolution is also on the rise.
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Abstract

The typical 3-RRR planar parallel manipulator with two
translations and one rotation has extensive applications
such as plane location and motion transfer. But it suffers
two disadvantages. One is its analytical direct kinematics
is difficult to be got and another is not input-output motion
decoupled. This paper focuses on its topological structure
optimization and resulting kinematic performance
improvementt. First, the coupling degree of this
manipulator is calculated being k=1. Second, based on
structure coupling--reducing principle, its coupling-
reduced manipulator with zero coupling degree is
designed, which not only leads to be easy to get its analytic
direct kinematic solutions, but also makes input-output
motion partially decoupled. Moreover, based on
workspace and singularity of this coupling-reduced
manipulator, comprehensive  comparison of two
manipulators before and after coupling--reducing showed
that the main performances of structure coupling-reduced
manipulator are superior than that of the typical
mechanism. The work shows that structure coupling-
reducing is effective method for optimization of topology
structure.
Keywords: Parallel mechanism, Direct kinematics,
Structure coupling-reducing, Performance analysis.

1. Introduction

3-RRR planar parallel manipulator has potential value
in practical application. It not only can be used in guiding,
location and transmission of rigid body, but also can obtain
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more accurate motion trajectory than general multi-bar
linkages do [1].

At present, many scholars have had much more
investigation for 3-RRR planar parallel manipulator. In the
aspect of the direct kinematics, the number of the
maximum direct kinematics of 3-RRR manipulator is 6,
which is proved by [2]. Oetomo et.al [3] set up three
constraint equations and then got one eighth degree
polynomial to solution by using the elimination method.

In the way of mechanism’s performance investigation,
Gosselin[4] conducted the optimization parameter design
of 3-RRR manipulator. Wu et.al [5] made comparisons on
the peculiarities of statics and dynamics between 4-RRR,
3-RRR and 2-RRR. Taking prismatic pair as actuated one,
Cha et.al [6] measured the range of 3-RRR manipulator’s
nonsingular paths. Wei et.al [7] analyzed 8 kinds topology
structure of 3-RRR manipulator, and analyzed this
manipulator dexterity by taking conditioning performance
of Jacobian matrix as index. The reachable workspace of
the symmetric 3-RRR parallel manipulator was analyzed
by Li etal [8]. The Dexterous workspace of 3-RRR
manipulator was obtained in [9, 10]. Gao et. al [11]
systematically analyzed the relationship between branched
chains’ length and the workspace shape of 3-RRR
manipulator.

Obviously, current studies on 3-RRR manipulator s
focus primarily on workspace, singularity, dexterity and
stiffness performance. However, accuracy analysis and
design of the manipulator are difficult and motion control
is comparatively complex, the reasons of which are that
the analytical solutions for this manipulator are not easy to
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get its direct kinematics, and further the manipulator does
not possess input-output (I1-O) motion decoupling.

Taking the two reasons stated above as target, this
paper design firstly a novel kind of coupling-reduced
mechanism(CRM) with low coupling degree, i.e., k=0, and
motion-decoupling based on the structure coupling-
reducing methodology. Not only are analytical solutions
for direct kinematics obtained but also this manipulator has
I-O decoupling, which accordingly leads to the precision
design, motion planning and control of this manipulator be
easy. Moreover, the workspace and singularity are
analyzed. The work shows that the comprehensive
performance of CRM is better than the typical manipulator
3-RRR. Therefore typical 3-RRR planar parallel
manipulator could be replaced by the CRM.

2. 3-RRR PM and Its Topological Optimization Design

Typical 3-RRR planar manipulator is shown in Fig. 1.
The digitals, from 1 to 7, are denoted as different rods. The
moving platform 1, an equilateral triangle, connects with
the static platform 0 through three RRR branch chains. The
static coordinate system o-xy and the moving coordinate
system o’-x’y’ are established on the static platform O,
moving platform 1 respectively.

Fig. 1. 3-RRR planar parallel mechanism

Length for each link of three branch chains are given as
follows, respectively.

R11R12=l1, R12R13=l2, Ra1R22=l7,
R22R23=l6, R31R32=ls5, R32R33=l4.

The side length of moving platform 1 is I3, its attitude
angle y is anticlockwise direction of x axis to x’, The input
angle of three actuated pairs, Ri1, R21, Rai, is 61, 62, 05
respectively, as shown in the Fig.1.

A. Coupling Degree (k) of 3-RRR Manipulator

According to the structure composition theory of
parallel mechanisms based on the ordered single-open-
chain (SOC) [12], this mechanism can be decomposed into
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following two SOCs. The restraint degree (A) of each SOC
is listed as follows, respectively.

SOCl{_ Rll_ F'212 - R13 - R33 - R32 - R3l _}

6

A= fi—1,-& =6-2-3=1
i=1

SOCZ {_ RZl_ R22 - R23 _}
3
Ap=fi—1,-&, =3-1-3=-1
i=1

k of the manipulator is calculated by

12 1
Here,
I; - the number of inputs in the j SOC;,

fi - DOF of the i™" kinematic pairs,
éLJ -the number of independent equations of j™,

Aj -constraint degree of j" SOC;.

Since the coupling degree of this manipulator is k=1,
its numerical solutions of direct kinematics could be
obtained by solving a one —variable polynomial equation.
That is, one virtual variable is needed to be assigned to
SOC; so that direct kinematic equation containing the
variable can be established easily. Then one-dimensional
search method is utilized easily to obtain its numerical
direct solutions for this manipulator. The calculation is
complicated and time-consuming, which is not benefit for
real-time controlling. It does not good for the accuracy
design of this manipulator as well.

At the same time, since every output parameter (X, Y, 7)
of moving platform 1 is related to all of three input angles
61, 62, and 65, the manipulator does not possess I-O motion
decoupling, which is also undesirable for path planning
and motion controlling.

B. Topological Optimization Design of the Structure

In order to improve the two disadvantages stated above,
we implement an optimization design for topological
structure of this manipulator. Based on the coupling-
reducing principle of mechanism topology [13], we
combine two arbitrary pairs on the movable platform, such
as Rz and Rss in the Fig. 1, into one multiple joint, and
other conditions are not changed, which lead to a modified
manipulator shown in the Fig. 2.

For the modified manipulator, moving platform 1 has
degenerated from three-joint rod to two-joint rod, i.e.,
RsR2s. Its topological analysis can be decomposed into
following:

SOCI{_ Rlil. - R12 - R3 - R32 - R31 _}
5
A=Y fi—1,-& =5-2-3=0
i=1
SOCZ {_ RZl - R22 - R23 - R3 _}
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3
A=Y fi—1,-& =4-1-3=0
i=1

Lqoj+pop=0
2

Therefore, k :li|Aj|
2 j=l

Fig 2. 3-dof coupling-reducing mechanism (CRM)

It means that the coupling degree of this modified
manipulator is reduced form one to zero, and its analytic
expression of direct kinematics can be directly and
conveniently  obtained. Meanwhile, the modified
manipulator is now already 1-O motion decoupled. The
concrete analysis is as follows. We called the modified
manipulator as coupling-reducing mechanism (CRM).

3. Kinematic Analysis of CRM

A. Direct Kinematics

The problem of the direct kinematics can be described
as: with three known input angles 61, 62, and 8, it is
required to solve the attitude angle y and position (x, y) of
revolute joint Rz of the moving platform 1.

The static coordinate system o-xy is shown in Fig. 2,
which is the same with it in Fig. 1. The moving coordinate
system R3-x’y’ are established on Rs, y” axis that coincides
with the line RsR2s. x” axis is perpendicular to this line.
The attitude angle y of the moving platform 1 is taken from
forward direction of x” axis to x as well. The coordinates
R11, R21, Rs1 are not changed such that (0,0), (lg,l10), (ls,0) ,
respectively. When input angles 61, 8, and 65 are given, the
coordinates of joints Riz, Roz, and Rs; are easily got.

e Solve the coordinates of Rz by using the positions of

Ri2,Ra2

Based on R12R3=l, RayR3=ls,
2 2 2
(XR3 - XRH) + (YR3 - leZ) =15
2 2 2
(Xr, = Xr,,)" + (YR, = Yr,,) =14

It is obtained
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_ —E+VE?-4DF

XR, =

: 2D @
_C_ A,
Yr, = B B R
where
A=2(l,cosg, —lg —I5coséy),
B=2(l;sing, —l5sind;),
C=1Z—-1Z +1% —1Z 12 —2I¢lg c0sO; ,
D=A?+B?,
E = 2l,ABsin g, —21,B% cosg, —2AC,
F =C?+12B%—-21,BCsing, —12B2.
e Solve the coordinate of Rzs by using the positions of

R22, R3
Based on R23R3=l3, R22R23=ls

(X, = Xr,,)* + (YR, ~ Vr,,)> =13

2 2 12
(XR23 _XRZZ) +(yR23 _szz) =lg

We have
. - —e+,/e? —4df
Ras 2d (2)
~c a
szs - B__Xst
Here,
a=2(Xg, —lg —17 cosé,),
b=2(yg, —ho—1l7sin&;),
12 12,42 2 12 1212
=2yl sin 6, —2lgl; cosé,
d=a’+b?,
e =2yg ab—2xg b? - 2ac,
_ 2 2 2 12\n2 _
f=c+(xg, +Yg, —13)b" —2yg,bec.
Then, attitude angle y is expressed as
tany = (Yr,, — Yr,)/(Xr,, —Xg,) @)
According to Eq.(1), the position of the moving

platform 1, i.e., (xR3, yR3), is confirmed by two input
angles 01, 03. It is also known from Eq. (3) that attitude
angle v is confirmed by three input angles 61, 62, and 03.
Therefore, the CRM possess 1-O partial motion decoupling
property. Consequently, it is easier to conduct path
planning and motion control of the CRM compared with
the typical manipulator.

B. Inverse Kinematics

The problem of the inverse kinematics analysis is
described as for given attitude angle y and position (x, y) of
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joint Rs of moving platform 1, it is required to solve three
input angles 61, 62, 6.

In the moving coordinate system Rs-x’y’, the
coordinate of R 23 is (0, Is). Through the coordinate system
conversion between the static and moving coordinate one,

the coordinate of Rz is
XR,, | |cOsy —siny |0 ¥l =lgsiny +x
Y, | Lsiny cosy |ls| |y| |lscosy+y

Based on Ri2R3=l, R3:R3=ls4, R22R23=ls, three constraint
equations can be expressed as

(XRlz B XR3)2 + (lez - yR3)2 = I22 4)
O, ~ %, ) +Or, ~¥e,) =6 )
(XRBZ B XRs)z + (yRsz - yRs)Z = If (6)

According to Egs.(4)~(6), the inverse kinematic for the
CRM can be expressed as

AR B-CE s o

6, = 2arctan
B,-C,

Here,
A =2yp ki > B =2xg
2 2 2 2
Co=ly -1 — X, — Vg,

Ao =2yp, I =2l l7

B, = 2xg, I, —2lgl; »
2 2 12 2 2 2
Cy =lg*2xg, lo*+2yp ho=l7 =lg ~hio =Xg,, ~VR,,,

Ay =2yg ls i By=2x%g ls —2lgls

2 2 2.2 2
Cy=lit2xp g —l5 —lg —Xg, — Vg, .

C. Numerical Examples

As shown in Fig. 2, the structural parameters, based on

Ref.[4], of the CRM are shown as follows.
l,=lg=1,=400, Ilg=600, I,=Il3=I,=15=300,
lg =1054 .1, |,,=1045 .4 (units: mm).

Three input angles 61, 6, and 63 are 60°, 240°, 70°,
respectively. The substitution of the known parameters
into Eqgs.(1)~(3) gives two sets direct kinematics solutions
shown in Tab 1.

Tab 1. Direct kinematics of the CRM

X y Y
I 4611 494.1 -104.8544°
I 4611 494.1 -20.0847°

It is easy to verify the correctness of these direct
kinematics solutions by using the inverse kinematic Eq.
(7). 1t is omitted for the limited space.

D. Workspace Analysis
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e Reachable workspace

Reachable workspace is reachable area of a moving
platform. It is one of main performance indexes to evaluate
the kinematic performances of manipulator [8].

The CRM is derived from 3-RRR manipulator by
combining two revolute joints Riz and Rs3, and length of
other links does not change at all. According to the
structural parameters of [10], lengths of the CRM are as
follows.

Lh=l=1;,=200, Il,=I1,=15=200, 1,=1003,
lg =300, lg =150, 1,, =150+/3 (units : mm).

Through programming computation on MATLAB, the
reachable workspace acreage of 3-RRR typical
manipulator is 3.5868x10’mm?, and its shape is shown in
Fig.3 (a).The reachable workspace area of the CRM is
2.6095x10” mm?, and its shape is shown in Fig.3 (b).

yi(em)

30 20 -10 0 10 20 30 40 50 GO

i/](cm)
(a) Workspace of 3-RRR manipulator

50 S0

40-
30-
20+

10

yl{em)
yicm)

-10b “10-
2

-20-

=30} -30

-AC
-30 20 -10

4% 2010 0 10 20 30 10 50 60 G 10 20 30 40 50 60
x/(cm) x/(cm)
(b) Workspace of the CRM  (c) Workspace of the
CRM with
modifying a link
length

Fig 3. Reachable Workspace comparison between the
CRM and typical mechanism

It is easy from the Fig.3 to find that the area of the
CRM is 27.25% less than typical manipulator. However,
reachable workspace of the CRM can be improved and
became larger by means of increasing some link lengths.
For instance, when length of the links 2,3,4,5,6, and 7 are
increased to one-sixth of the length of link 1, i.e., 13/6, the
area of the CRM will be 3.7948x10’'mm?, for which the
incremental of about 5.52% is made more than that of the
typical manipulator. Moreover, the shape has symmetry
and succession as well, as shown in Fig.3(c).

e Dexterous workspace

If the attitude angle can change arbitrarily in the range
of 0° to 360° when the moving platform moves, the motion
area of base point is called as dexterous workspace [9, 10].
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For the 3-RRR typical manipulator shown in Fig.1, the
center of the moving platform 1 is taken as the base point
O’. If the base point O’ in the range of dexterous
workspace, the moving platform 1 can rotate completely
around this base point.

We assume that the moving platform 1 is connected
with the frame at the point O’ using the revolute joint Ro,
and only one constraint chain i, for example, i=1, is
considered, one fictitious and subsidiary four-bar linkage
RitRi2RizRo- is obtained. The length L of the frame will
change along with the position change of the base point
O’. But the crank RizsRo' can move completely around the
joint Ro-. The structural parameters of this subsidiary four-
bar linkage are given as follows.

Ri1Ri2=L1, RizRis=L2, RisRo’=L3, RitRo'=L.

Based on the crank existence conditions of the four-bar

linkage, the range of length L can be taken as
L=(0.5]U[r.5]) (®)
wherer, =L, - (L -L,). L =(L -L)+ L, p=(L+L,)-L5.

Fig. 4. Dexterous workspace in the constraint of branded
chain i

If taking Ri1 as center of a circle and ri, ry, r3 as radius,
three circles can be drawn respectively. Then, the base
point O’ locates inside the circle area of between radius r,
and rsor the circle with a radius of ry, i.e., the shadow area
shown in Fig.4, which is denoted by I;.

When we consider the combined action of three chains
I1  l2 and I3, dexterous workspace W is the intersection
workspace that chains |4, 12 and 15 produce together.

For the CRM and its chain 1 and 3, we assign ri=r,=0,
r;=400, and we assign ri=r,=0, rs=300 for the chain 2.

For 3-RRR manipulator and its three chains, we
assign ri=r,=0, r3=300. Therefore, the dexterous
workspaces of the CRM and 3-RRR manipulator are
calculated and shown in Fig.5(a) and Fig.5(b) respectively.

We find that the dexterous workspace area of the CRM
and typical mechanism are 8.6567x10% mm?, 6.3429x10°
mm?, respectively, and the former is 36.48% bigger than
the later.
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(b) Dexterous workspace of the 3-RRR typical manipulator

Fig. 5. Dexterous workspace comparison between
the CRM and typical manipulator

E. Singularity Analysis
e Singularity analysis method
If vectors representing all input motions and output
motions are denoted by X and Y respectively, the
relationship between X and Y can be expressed as
following [14].
F(X,Y)=0 ©)

By simplifying and rearranging equation (9) , then
taking the time derivative of the two sides of the resulting
equation, the following equation is obtained.
JY =3 X =0 (10)
Based on whether Jp and Jq matrix are singular, the
singular posture of the mechanism could be classified three
types as follows

1. When det(J,) =0, input singularity happens.
2. When det(J ») =0, output singularity happens.
3. Whendet(J,)=det(3,)=0, hybrid  singularity

happens.
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e Calculate of Jpand Jq matrix
By taking the time derivative of the two sides of Eqgs.
(4)~(6), the following equation is obtained.
uiiél — fuXx—fiy— fiz7 =0, i=1,2,3. (11)
Hence, v =[x y 7] is the output speed of the end
effector of the mechanism, whilew=[4 0, 6,]"is
actuated joint input angle velocity. The relationship
between V and w is as:
IV=Jo (12)
Where,
fll
J p = f21
1:31 f32 f33
Upq = Il(yR12 — VYR, )cosé, — Il(xRlz —Xg, )siné,;
Uz =17(YR,, = YR,,) €00, =1 (Xg,, —Xg,,)SiNG;
Uz =l5(YR,, — Yr,) €065 —l5(Xg,, —Xg,)siN G,
f11=%Xg, = Xg,» fia =Yg, — Y&, f13=0,
f21=Xg,, = Xgr,,» f20 = Yr,, — Vr,,"
fo3 =13(Xg,, = Xr,,)COSy +15(Yg,, — YR,,)SiNY
fa1=Xg,, = Xgr,» fao =Yg, — Ygr," fs3=0.
Singularity comparison between the CRM and 3-RRR
typical mechanism
(1) Input singularity
When the input singularity happens, the movable
platform 1 of this mechanism will lose its motion ability
along some directions. This moment, at least one motion
chain reaches at the boundary of workspace, and we have
det(J,) =0

The solution set A of this equation is shown below

A={4UA UA| (13)
Here

A = {(YR12 — Yg,)COS6, —(Xg, —Xg,)siN G = 0}’ which
means that three points Ri1, Ri2 and Rz are collinear.

A, = {(yRZ2 — YR23)COS o, — (xRzz — szs)sin 0, = 0},
which means that three points R2s, R and Ry are
collinear.

Ag = {(YRaz ~ Yr,)€086; — (Xg,, — Xg,)siN &; = O}’ which
means that three points Rs1, Rs2 and Rsare collinear.

When three points Ri1, Ri2 and Rs are collinear, link 2
and link 5 have combined into one line 2-5. Then, an
imaginary four-bar linkage is denoted by link 0, 2-5, 6 and
3, 6;=1(0,), and 0, is also independent input angle. The

path of joint Rz on the moving platform 1 is the part arc
with a radius of line 2-5. The length of this arc is
determined by the two chains 2 and 3.
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However, for the 3-RRR typical manipulator when
three points Ri1, Ri2 and Riz are collinear, three input
angles are independent each other. Moreover, the motion
of moving platform 1 is not restrictive when the joint Rizis
fixed (Fig.1). The base point O’ locates inside the circular
ring that is determined by the circular radius l>-s+R130” and
I5-R130°, the upper and lower boundary of this part
annulus are determined by the motion limitation of other
two branded chains.

Because of the symmetry, singularity analysis for the
case Az and As is similar with that of the above stated.

(2) Output singularity

Under this circumstance, the movable platform 1 still
has local motion when all actuated joints are locked. If the
movable platform 1 is applied by a limited force, three
input links need infinite actuated force to achieve force
balance. By this time, we have det(3,)=0, the solution of

the set B for this equation is shown below
B={B,UB,} (14)

Here,
By = {0, ~%a,,) 0087 +(Yr,, ~ Y, )siny =0f, which means

that three points Rz, Ro3 and Rz are collinear.
B, = {f,fs; — f1.f5, =0}, which means that three

points Ri2, R32 and Rsare collinear.

Three kinds of the output singular configurations of the
CRM are shown in Eqg.(14). When the formula B is
satisfied three points Rz, Rz3 and Rs are collinear. When
taking 61, 65 as the independent input angles, the angle 6,
i.e., 6, =f(6,,6;),is adependent input.

However, for 3-RRR typical mechanism, it exists four
kinds of singular configurations as follows

1. Four joints Ri2, R13, Razand Rsz are collinear.

2. Four points Ri2, Ris, R2zand Ry are collinear.

3. Four points Ry, R2s, Rszand Rs are collinear.

4. Links 5, 6 and 7 intersect at one point outside the
moving platform.

For example, when the first kind of singularity of 3-
RRR mechanism happens, i.e., case @), input 61, 6, are
taken as the independent ones, the angle 65 is dependent
input such as &, = f(4,) .

(3) Synthesis singularity

When det(Jq):det(Jp):OiS satisfied, the input and

output singularity will happen at the same time. For
instance, if the equations A; and B are satisfied, three
points Ri1, Ri2 and Rs, and another three points Rz, R2s
and Rsare collinear respectively.

It is clear that from the discussion above, the hybrid
singularity analysis of the CRM is simpler than 3-RRR
typical manipulator. This conclusion is obtained
respectively by a comprehensive comparison of the input
and output singularity of the two mechanisms.
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4. Performance Comparison
In a word, the performance comparison of these two
mechanisms is shown in Tab 2.
Table 2. Performance comparison of the CRM and 3-RRR
typical manipulator

Performance CRM 3-RRR

k 0 1

Elrect . Analytic Numerical
inematics

I-O decoupling Yes No

Reachable Slightly Bigger

workspace smaller™

Dexterous Big Small

workspace

Singularity Simple Complex

*Note: The size of reachable workspace of CRM could
be improved or increased by magnified slightly the
length of some links.

By comparing the six aspects such as direct kinematics,
coupling degree, decoupling, reachable workspace,
dexterous workspace and singularity, it is found that the
comprehensive performance of the CRM is superior to that
of 3-RRR typical manipulator.

5. Conclusions

Two disadvantages of the typical 3-RRR planar
manipulator could be overcome by its topological structure
optimization. It leads to the resulting kinematic
performance are improved.

(1) The analytical solutions for the direct kinematics of
the CRM can be obtained because of k=0. Its path
planning, position control, and input-output motion
decoupling properties are simpler.

(2) Based on the inverse kinematics, it can be obtained
that the reachable workspace of the CRM is symmetric and
continuous. Moreover, the dexterous workspace of it is
bigger than typical mechanism’s.

(3) Three kinds of singular configurations of this CRM
are easier to be got. The singularity analysis of this
mechanism is simpler than typical mechanism’s.

In summary, the comprehensive kinematic
performance of the coupling-reduced mechanism is
superior. Structural decoupling-reducing is an effective
approach for improving topological structure and its
kinematic performances
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MexaHu3MBbI NAPAJJIEJIbHON CTPYKTYPHI € HATHI0 CTEINEHAMHU
CB0O0OBI
B.A.I'ma3yHoB, 1-p TexH. HayK, mpodeccop;
A.M.Ilonog, 1-p TexH. HayK, Ipodeccop;
A.JO.Yynuxun, A.B.Autonos, 1.A.OpiioB.
Nuctutyt mammuoBenenus um. A.A.biaronpaBosa
Poccuiickoii akagemMun HayK,
MockBa, Poccus

AHHOTaLNA.
PaccmoTpeHBl 3amaud KHHEMAaTHYEeCKOTO H
CHIIOBOTO  aHalM3a TEXHOJOTHYECKOro pobora

MapaienbHOR CTPYKTYPBI, COOTBETCTBYIOIIEH MATH
CTeNeHsAM CBOOOMbI. JIaHHBIN MeXaHH3M HMeEeT TpHU
KHHEMaTH4YeCKHe  LeNu, 4YTO  OOYyCIIOBJIMBAET
yBeJIMUCHHE paboueil 30HBI 3a CYET YMCHBIICHUS
BO3MOKHOCTH B3aMMHBIX oMex MEXTY
KHHEMAaTU4YEeCKUMHU LETISIMH.

Pabora BEITONMHEHAa B pamKax rpaHta 16-29-
04273 odm M. ABTOpHI CTaThbH TIPHUHOCAT CBOIO
Oomaromapaocts ¢ouny POOU 3a okazaHHOE
COJICIICTBUE B IPOBEACHUU HCCIIEIOBAHUIL.

KiroueBsie ciioBa. Mexanusm
napaJjJjie/ibHOM CTPYKTYpbI, Ii1aTdopma Iayda,
YHCJIO cTeneHell cBOOObI.

Co3lianne HaleXHbIX MHOTO(YHKIHOHAJIBHBIX
MEXaHU3MOB M MAIIHH 00YCJIaBINBaeT 00BEKTUBHYIO
HE00X0IMMOCTb TIOUCKa 3 (HEeKTHBHBIX

TEXHOJOTHMUECKUX pereHuit B obmactu
MamuHoBeAeHus [1, 2].

Kak [TOKa3bIBAIOT KOMIIIEKCHBIE
HCCIIEIOBAHUS, MIPOBOIUMBIE B WHCcTHTYTE
MalIHHOBE ACHUS HM. AA. bnaronpaBoa

Poccuiickoit akamemmnm Hayk (Mocka, Poccus),
OJHUM W3 HAIIPaBICHUM U1 pELIeHUs [JaHHOU
3a/laud SIBJIAETCS MCIOJIb30BAaHHE TEXHOJOTMYECKHX
MEXaHM3MOB MapalIeIbHON CTPYKTYpshI [3-11].

Takme MexaHM3MBI HMEIOT  HECKOJBKO
KMHEMAaTHYeCKUX IIeTIeH, CBSI3BIBAIOIINX OCHOBAHUE C
BBIXOJIHBIM ~ 3BEHOM — pabouuM OpraHoM H
BOCIIPHHHUMAIOT HarpysKy 0J00HO
MPOCTPAHCTBEHHBIM (hpepMaM. DTUM OHH OTIMYAIOTCS
oT TPaJULMOHHBIX MEXaHU3MOB c
MOCTEOBATENBHBIM  PACIOJIOKEHHEM 3BEHBEB U
npuBoaOB. [/laHHOE 00CTOSATENHCTBO O0YCIIOBIMBAET
MOBBIIIEHHbIE noKa3aTenu MEXaHU3MOB
MapajienbHOW  CTPYKTYpel MO  TOYHOCTH U
TPy30II0TBEMHOCTH. [TosTomy MEXaHU3MBI
MapajjieNbHOW  CTPYKTYpbl — HAalUIM  HIMPOKOE
NpUMEHEHHe B KAdeCTBE  TEXHOJOTMYECKHUX,
MaHHITYJTUPYIOIINX, U3MEPUTEIBHBIX U MEIUIITHCKIX
CHCTEM.

JpyruM  HOpeuMyLIeCTBOM  MEXaHU3MOB
HapaielbHOU CTPYKTYPBl SBISIETCS BO3MOXKHOCTh

111

YCTaHOBHUTH BCE MPUBOJIBI HA OCHOBAHUM MEXaHH3Ma,
YTO YBEJMYMBAET WX HAAEKHOCTh. Kpome TorO,
TPHBOIBI MOTYT OBITH YCTAQHOBJEHBI BHE paboueci
30HBI, M 3TO, B CBOK Ouepeldb, OOYCIOBIHBACT
BO3MOXHOCTb IIPUMEHCHHA OTUX MEXAHU3MOB B
arpecCHBHBIX CPeax, a TAK)KE B adpOJMHAMUYECKUX
TpyOax.

[epBBie MPOEKTHI MEXAHHU3MOB MapalIeNbHON

CTPYKTYpbl OBLIM CBSI3aHbl C HCIIOJIb30BaHHEM
mwratpopmel  ['ayda-Crroapra (rekcamoxm). Kax
HEJIOCTaToOK, 3TH  YCTPOWCTBa  HWMEJNU  OJHY

U30BITOYHYIO CTEIeHb CBOOOMBI, HAIWYHE OCOOBIX
MOJIOXKCHAN  (CHHTYISIDHOCTEH) H  TCPEMEHHYIO
KECTKOCTh B pabodell 30He. Pa3BuTHe MeXxaHH3MOB
paccMaTpHUBaeMOro Kiacca MPHUBEIO K YBEIMICHHUIO
YHCIIa CTETIeHEeH CBOOO/BI, B YaCTHOCTH, MOSIBJICHUIO
B HUX JTUHEHHBIX nBurarenei [12].

B pmanHBIX ycTpoiicTBax, Hampumep, (GUPMbI
HERMES [13], HUMEIOTCS JIBUTaTElH,
YCTaHOBJICHHbIE Ha OCHOBAaHWH, & TaKXKe CTEPIKHH,
nepelatonie JBIDKEHHST Ha  BBIXOJHOE  3BEHO
MexaHu3Ma. ApXUTEKTypa KHHEMaTHYECKIX LETeH, a
Takke (epMeHHAs KOHCTPYKIHS HETOABIKHOTO W
KOHEYHOTO 3BCHBEB, NPHU3BaHBI MOBBICUTD JKECTKOCTH
MpH JBWKCHUSX SJEMEHTOB MEXaHHM3Ma II0 TPEM
crerieHsM cBoOonmbel. Kpome TOro, BEIXOJHOE 3BEHO
MOXET OBIThH CHa0XEeHO MEXaHU3MOM,
00ecIeunBaOIMM JABHKEHHE 10 BEPTHKAIH, & TAKXKe
BpallleHHe BOKPYr JIByX TOPU3OHTAIBHBIX OCEH
(Tpunon).

O/iHOM M3 MEepCIEeKTUBHBIX CXeM MEXaHH3MOB
MapajuleIbHOM  CTPYKTYPBI  SIBIISIETCS  MEXaHHM3M
TexHosoruueckoro pobora METROM [14], koTopsrii
NPE/ACTaBIsIET COOOM MEXaHW3M  IapauIeIbHON
CTPYKTYpPBI C IISITBIO CTENCHAMHU CBOOOJBI. JlaHHBIN
MEXaHW3M HMEET IIITh KHHEMAaTHYECKHX IeIeH,
npuuéM KOHEYHass KWHEMaTH4ecKas Iapa KaxIou
LIENN PacIIoI0oXKeHa MO OCH MITTUHJIEIIS.

i 3¢ hexTHBHOTO yHpaBiIeHHS MEXaHU3MOM
HEO0OXOMUMBI 3HaHUS pa3MepoB oOJacTu paboueit
30HBI U T10JI51 CKOPOCTEH ero pabouux 3JIEMEHTOB.

Crarbs paccmarpuBaer AITOPUTM
ompeneneHus: 0000IMEeHHBIX KOOPAWHAT U CKOPOCTEi
9JIEMEHTOB MEXaHH3Ma MapauleIbHOH CTPYKTYpHI C
ISITBIO CTEICHIMHU CBOOOIBI u Tpems
KuHeMaTnyeckuMu — nenssMd tina METROM;
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aHaM3y OOOOIIEHHBIX CHJI, NEHCTBYIOIIMX B €ro
NPUBOIAX.

Ilycte B paccMaTpuBaeMoi cxeMe MEXaHHW3Ma
U3BECTHO MOJIOKEHHE TOYEK Bj, XapaKTepU3yIOLIUX
OCHOBaHHE MeXaHHM3Ma, TodeK Cj, PacHOJIOKEHHBIX
Ha mmuHaene, u auuHel 3BeHbeB CiAi. Kaxkmoe
MOJIOXKECHUE MEXaHM3Ma MOJXKHO 33JaTh uepe3 JBa
yria TOBOpoTa BOKpYr oceil Y u Z, U juHeHHoe
nepeMelneHne Baoub ocet X,Y,Z.

Jnst onpeneneHus 0000LIEHHBIX KOOPAMHAT
paccMOTPHUM pEIICHUE 00PAaTHOM 3a1a4yu JJis MepPBOH
KnHematudeckoit memm  (puc.  2).JIIpm  sTOM
ucronbp3yeM Matpuny JleHaBura-XapTenoepra

Pucynok 2

npeoOpa3oBaHuUs KOOp/WHAT, OTIMCHIBAIOIIYIO
MOBOPOT BOKPYT ocel Y U Z, a Takke IepeMenieHne
B0 ocei X, Y, Z [13]

cos(y) *cos(B) —sin(y) cos(y)-sin(B) x
sin(y) - cos(B)  cos(y) sin(y) -sin(B) ¥
—sin(f) 0 cos(B) z
0 0 0 1

()

3necb B U Yy — yIIbl MOBOPOTA BBIXOJHOTO
3BEHA; X, Y, Z— KOOPAMHATHI IICHTPa BBIXOJHOTO 3BEHA
B HETIO/IBIXKHON CHCTEME KOOPIUHAT.
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Paccmorpum momokenme Touek A CiHa
mwratdopme. s 3TOTo onpenennM KOOPAMHATHI OCH
X’ B OJBMKHOM crcTeMe KoopauHaT. imeem:

cos(y) - cos(B)
sin(y) - cos(B) |- )
—sin(pB)

Ucnonp3ys Matpuily (2), MOKHO OIpEACTHThH
KOOPJAMHATHI BEKTOPA, COSAUHSIONIEro Touku By u Cy,
a 3aTeM, BCKTOPHO YMHOXKas YKa3aHHBIA BEKTOP Ha
OpT, HampaBlIEHHBIH BAONb OCH X  MOJBHKHOMU
CHCTEMBI KOOPAWHAT, MOXHO TIOJTyYUTh KOOPAWHATHI
ocu Y TOABWKHONH KOOPOMHATHOH CHCTEMBI B
HETIOABIDKHOU cHcTeMe KoopauHaT (puc.3).

Pucynok 3

C Jfpyroil CTOpPOHBI, €IMHUYHBIA BEKTOD,
HarpaBJIeHHbII BJIOJIb OcH Y' MOJBMKHON CHCTEMBI
KOOpJHHAT, MOXKET ObITH OIpeieNieH
HETIOCPEACTBEHHO W3 MAaTpUIBl, OIHUCHIBAIOIIEH
IIOBOPOTHI OCEHl KOOpAuHAT. B NOJABMXKHOU cucTeMe
KOOPAMHATBI 3TOTO EJWHUYHOTO BEKTOPAa PaBHBI
(0, 1, 0), a B HEMMOABMKHOM cHICTEME:

cos(y) - sin(B) - sin(a) — sin(y) - cos(a)
cos(y) - cos(a) + sin(y) - sin(B) - sin(a) | (3)
cos(P) - sin(a)

CpaBHuBast KOOpIUHATHI (3), MOXHO MOJIYYHTh
(hopmyiTy AJIsl BEIYMCIICHUS yIJIa O, @ 3aTE€M BBIPa3HTh
KOOpJMHAThl TOYKH A1 B HENOJBIKHOH cucTeMe
koopauHat. OTCr0/a, TOJTy4aeM penieHne oO0paTHOH
3a71a4M O TOJIOKEHUSIX VISl IePBOH KMHEMaTHIECKOH
LIENN KaK KBaJpaTHBIA KOPEHb M3 CYMMBI KBaJpaToOB
pa3HOCTeH KOOpAUHAT To4ek A1 U Bi.

PaccMoTpuM permenne oOpaTHOW 3amaduM B
06HI€M BUJIC A OCTAJbHBIX KHHEMATHYCCKUX
Lened, KOTOpble OTJIMYAKOTCS OT IEpBOM LIENu.
O‘IGBI/IJIHO, peUHICHUE OTBICKUBACTCA aHAJIOTUYIHO
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PELICHHUIO 3a1a4u Ui IEPBOM KHHEMATHUYECKOH LN
IO MOMEHTa ONpeAeNCHHS MOAYJSI  BEKTOpA,
npoBeeHHOTo OT Touku Cik Touke Bi.

Omnyckas  JOCTaTOYHO TpPHBHAIBHBIC, HO
TPOMO3JIKAC  BBIYHMCICHUS  U3JI0KHM  QITOPUTM
BBIUUCIICHUS OCTATBHBIX KOOPIUHAT TOYEK 3BCHBHCB.
3anuiieM KOOpPJAMHATHI TOYKH By B HEMOABIIKHOMN
CHUCTEME KOOPJIMHAT, a KOOpAWHAThI Touku C> B
MOJBWKHOM cucTteMe KoopauHat. [lanee Haxonum
CKasIpHOEe Tpom3BeneHne BekTopoB CyBr m ocm X’
(puc. 4). V3 moxydeHHOTO MPOU3BEACHUS HAXOIUM
KOCHHYC yriia @3 .

2

Pucynok 4

>

3amerum, uro yroa mMexay A2Cr m oceio X
paBeH 7/2. Bpluutas W3 3a4aHHOTO YIJa BEIHUHHY
yraa @', morygaem yrox ¢ Mexnay jmHusMu CoB;
158 CzAz.

Paccmotpum  TpeyrompHuk  B2CoAz  (puc.4).
3Has B JaHHOM TpPEYroJbHUKE BEIMYHMHBI CTOPOH
B:C, u CoA2, a Takke yroa @2 MeXIy HHMH,
HaXoJUM JUTHHY B2A; 10 TeopemMe KOCHHYCOB:

|Asz| = \/‘Csz ‘2 +‘Azcz ‘2 _|Csz|‘|A2Cz|‘COS(P;)-

Oro  pemeHue  oOpaTHOW  3agadd  JUIst
KOOpAMHAT TOYEeK BTOpoM wenu. Jljis ocTaibHBIX
KOOpJIUHAT nenei penieHus COBEPIIEHHO
AQHAJIOTHYHBI.

PaccMoTpuM  TUTIOKKEPOBBI  KOOPJMHATHI
CUJIOBBIX BUHTOB, ONpPENEISIeMbIX KHHEMATHYECKUMU
LensiMu JaHHOTro MexaHu3Mma. [IlpuMeM Bo BHUMaHUE,
YTO TIepBas KUHEMaThyeckas LeNnb HMEeT MATh
KMHEMaTUYeCKUX Map IMSITOro Kiacca, OHa Hajlaraer
OJIHy CBSI3b Ha JBW)KEHHE BBIXOJHOTO 3BEHa. JTa
KMHEMaTH4ecKkass Iefmb TNpu  3ahUKCHPOBAHHOM
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MPHUBOJIE COOTBETCTBYET MABYM CIJIOBHIM BHHTAM,
BO3ZCHUCTBYIONINM Ha BBIXOJHOE 3BEHO.

MokHO mMOKa3aTh, YTO OJWUH CHUJIOBOH BHUHT
JIEHCTBYET BIOJb OCH JUHEHHOIO JABUTATENS, APYTroi
CUJIOBOM BHHT JIOJKCH MPOXOJUTH Yepe3 Touky Bi u
OBITh MApPAJUICIBFHBIM OCH IAPHUPA, COCTUHSIIOIICTO
JIaHHYI0 KHHEMAaTHYeCKyI0 1elb C BBIXOJHBIM
3BEHOM.

JlefiCTBUTENbHO, HMCKOMBIE CHJIOBBIE BHUHTHI
JOJDKHBI  OBITH COHAIIPaBIICHBI C OpPTAMH OCEH
HETIPUBOTHBIX ~ KHMHEMATHYECKHX TMap. TakoBBIX
KHHEMATHYeCKUX TMap dYeThlpe (CUMTas BCE Iaphl
OTHOTIO/IBMKHBIMH). TpH KHHEMaTHYECKHE Mapbl —
BpaliareibHble, Mepecekatonecss B Touke B, emé
OJIHa KMHEMaTHuecKas Tapa — TakkKe BpallaTesbHas
nepecekaet TOUKy Ai. M3 U3M0KEHHOTO CIIEyeT, YTO
nBa cwioBbix BHHTa R1,R2, ypaBHOBemmBaeMbie
peakuusMyd B HEMPHUBOJHBIX Mapax TEepBOH IEnH,
TaKOBBI: OJJMH U3 HUX MPOXOIUT uepe3 Touku By u Ay,
a Ipyroi mapajuresneH ocu mapaupa Ai(puc. 2, 5).

B cooTBeTCTBHM C W3J0XKEHHBIM, ONpPEACTIM
TUTFOKKEPOBBl  KOOPIMHATHL IS CIJIOBEIX BHHTOB
NepBOM KMHEMATUYECKOM LIETH.

KoopanHaThl BEeKTOPHOH YacTH TEPBOTO
CHJIOBOTO BHHTa R1 ompenensrorcss Kak KOOPAHHATHI
BEKTOpa, MPOBEIEHHOTO M3 TOYKU Bi B TOUKYy A,
MOJEJICHHBIE Ha JJIUHY YKa3aHHOTO  BEKTOpa.
MoMeHTHasl 4acTh YKa3aHHOI'O BHUHTA OMPEIeNsIeTcs
KaK BEKTOPHOE MPOU3BEICHHE PaJNyC-BEKTOPa TOUKH
B1 Ha TOJBKO UYTO HAWAEHHBIM BEKTOP (BEKTOpHAs
4acTh CHJIOBOTO BHHTA).

Pucynok 5
st BTOpOTO CHIIOBOTO BUWHTa R2 mepBbie Tpu
KOOPJUHATHI OMPENEIAIOTCS KaK KOOPAUMHATHI ocH Y’
MOABUHOI CHUCTEMbBI KOOpPJIMHAT B HEMOJBM)XHOU

CUCTeMe KOOpIuHAT. BrTopeile TpH KOOpPIAHHATHI
ONPENENAIOTCS  KaK  BEKTOPHOE  IPOU3BEICHUE
paanyc-BEeKTOpa TOYKH Bi1 Ha BEKTOPHYIO 4YacTh
CHJIOBOTO BUHTA.

Hus Bropoit memm (puc. 2, 6) ompenensem
BEeKTOp R3, SBIAIONIMIACSA TPETHUM CHIIOBBIM BHHTOM
— peakuueit. OYEBHUIHO, YTO ITOT BEKTOP HOJDKCH
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MIPOXOIUTh Ye€pe3 TOUYKH B2 U Ar, TaKk Kak B 3TOM
Cllyda€ OH TIIepeceKaeT OCH BCEX HEMPHBOIHBIX
KMHEMaTU4eCKUX Tap.

Haiiném koopaunatel Touku Ap. [lyis 3toro
paccmoTpuM (puc. 3 U 5) CKaJspHOE MPOU3BEACHUE
BEKTOpa, MPOBEAEHHOT0 OT Touku Cp 10 TOUKU B, U
€IMHUYHOTO BEKTOpa, NMPOBEICHHOTO BIOJb ocH X .
OTO0 MpOoU3BEACHUE BBIPAXKAET MPOEKIUIO YKa3aHHOTO
BEKTOpa Ha yKa3aHHYyI0 och. COOTBETCTBEHHO caM
YKa3aHHBI BEKTOP MOXET OBITH IPEACTAaBICH Kak
TeOMETpUYECKasl CyMMa MPOU3BEACHUS JAHHOU
MPOEKINH (CKajsp) HA €OWHUYHBIA BeKTOp ocH X’
IUTIOC TIPOEKIINS BEKTOPA, IPOBEIECHHOTO OT TOUKH (2
JI0 TOYKH B>, Ha 0OCh, NEPHEHIUKYISIPHYI0 ocu X,
YMHOKEHHYIO Ha €JUHUYHBIN BEKTOP 3TOH OCH.

Pucynok 6

YnoMmsHyTass  OCb  DAacCHOJIOKEHA  BJOJb
BEKTOpPA, MPOBEACHHOTO OT TOYKU C2 O TOYKHU A».
IIpoexuust paccMaTpUBaeMOro BEKTOpa Ha OCh 3BEHA
(24> paBHa TEOMETPUYECKOM Pa3HOCTH BEKTOPA,
MpOBeJEHHOr0 OT TOYkM (2 0 TOYKH Bz, U ero
npoekuuu Ha ocb X'. 3Hasg JuiMHy 3BeHa (2 Ao,
HaXOJUM KOOPJIHUHATHI TOUKH A2.

OrnpenenuM IUTIOKKEPOBbI  KOOPJIMHATBI ISt
€MHNYHOTO  CHJIOBOTO BHHTa BTOPOM  IICTIH.
KoopaunaTel BEKTOpHOW YacTH OIpeAesuM Kak
KOOPJMHATHI BEKTOPa, MPOBEJICHHOTO OT TOYKH B2 K
Touke Az, JeNEeHHbIe Ha MOAYJIh OTOTO BEKTOpA.
MOMEHTHYI0O YacTh OINpeaeluM KaK BEKTOPHOE
MPOU3BEICHUE TOJILKO YTO HAWJEHHOI'O €IUHUYHOIO
BeKTOopa (BEKTOpPHas 4YacTh CHJIOBOTO BHUHTA) U
paanyc-BeKTopa TOUKHU Ba.

[TmokkepoBbI KOOpPJIUHATBI €AMHUYHBIX
CUJIOBBIX BUHTOB JUIsl TPEThEH, YETBEPTOU U MATOH
KMHEMaTUYeCKUX Iernel HaiizeM aHaJOrHuYHbIM
obpazom.

Ha  0a3e  HaliIeHHBIX  TUTFOKKEPOBBIX
KOOPJMHAT MPOBEAECM aHAIN3 CKOPOCTEH MeXaHU3Ma.
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OCHOBBIBasACH Ha 3aBHCHMOCTH MEXIY yriamu B, Y 1
YIJIIOM ¢, MOXXHO BBIBECTH COOTHOIICHHE MEXIY
MPOU3BOJHBIMU OT 3TUX BEIHUYUH. YTOJI OBBIpa)KEH
yepe3 yrasl Wy [pU pelIeHuH 33/a4ud O
nojoxeHusx (cM. puc. 3). Bzaumocsssp Mexny
9TUMU YIJIaMH OIIpeJesieHa TeM, 4TO TOUku A1, By, u
C1 nexar B IJIOCKOCTH, NMEPHEeHIUKYJSIpHONH ocu Z’
MOJBIDKHOM  CHCTEMBI  KOOpAMHAT.  YKa3aHHas
3aBUCHMOCTh MOXXET OBITh BBIp@KE€Ha B BHJIE
HESIBHON (YHKIINH
F(a,B,y) = 0,

KOTOpasl 3aBHCHT OT I[IapaMeTpOB MEXaHW3Ma H
MOJIOXKEHHS BBIXOJHOTO 3BEHA.

B3sB uyacTHble NPOM3BOAHBIE OT  3TOHU
(GYHKIMH, MOXXHO BBIPa3HTh CKOPOCTh HM3MEHEHUs
yriiao 4yepe3 CKOpOCTH M3MEHEHUS YIiIoB 3 1 v:

da/dt = —[(dF/dB) (dB/dt) + (dF /dy) (dy/dt)]/(dF /da).

VYkaxeM Ha B3aHMOCBSI3b MEXAY CKOPOCTSIMH
W3MEHEHHS YIJIOB 0, 3, Y ¥ MPOSKIHAMH ®©x, My, ©;
BEKTOpa YIJIOBOM CKOPOCTH Ha OCH HETOABM)KHON
CHCTEMBI KOOpPJHHAT. ITocnenoBarensHOCTB
MIOBOPOTOB OT TOJBIKHOM CHCTEMBI KOOPIMHAT K
HENOJBUKHOM MPOU3BOIUTCS Yepe3 ypaBHEHUE [2]:

@) (cos(B)-cos(y) -sin(y) 0) (o,

B |=| cos(B)-sin(y) cos(y) O] ®,

Y -sin(P) 0 1) o,
Orcrona, 0  W3BECTHBIM  CKOPOCTAM

W3MEHEHHsI yIJIOB O, [ W Yy HaiiieM TNpoeKIHnu
YIJIOBOM CKOPOCTH Ha OCH HETOJBIKHOH CHCTEMBI
KOOpPJHHAT:

cosy siny ol ..
®y cosf cosP o
o, |=| -siny cosy Op].
®, cosy-tgB siny-tgB 1|y

3Hasi CKOpPOCTHM H3MEHEHHs yIioB o, [, Y,
MOXXHO OIPENEIUTh MPOEKIIMH BEKTOpa YIIOBOH
CKOPOCTM Ha KOOPJMHATHBIE OCH HETOJBUKHON
CHCTEMEL.

3ameTuM, YTO O3TH  HOPOCKIMHA  OyayT
COOTBETCTBOBAaTh TPEM IUIFOKKEPOBBIM KOOpIAMHATAM
KMHEMaTU4YeCKOro BHHTA BBIXOJIHOrO 3BeHa. Jlpyrue
TPH ITUTFOKKEPOBBI KOOPJIMHATHI (MOMEHTHAs 4YacTh
KHHEMaTHYECKOTO BHHTA) ONpeIeIsTcs Kak
MPOEKLUMH JIMHEHHOW CKOPOCTU LIEHTpa MOJBUKHON
CHUCTEMBI  KOODJMHAT  BBIXOJHOTO  3BEHA  Ha
KOOpAWHATHBIE OCH HETOJBWKHOM cucTeMbl. B
pesynbrare OyJeM HWMETh BHHTOBOE YpaBHEHHE B
MaTpPUYHOM BHJIE:

(EY(Q) = (q),
3aech () — KHHEMATHYECKH BHHT BBIXOJHOTO
3BeHa, (E) — MaTpuma IDIFOKKEPOBBIX KOOPIHMHAT

CHJIOBBIX BHHTOB, IE€PEIaBAEMbIX KHHEMATHYCCKUMHU
nermsiMi, () — BEKTOp OOOOIIEHHBIX CKOPOCTEH B
MPHUBOAX.
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3amaauM  BEKTOp OOOOIIEHHBIX CKOpOCTEHi.
Bymem wumers BBumy, 9To BTOpas 0000mEHHAS
cKopocTh paBHa (. DTO CBsI3aHO C TEM, YTO B MEPBOM
KMHEMAaTUYECKOHM 1M UMEIOT MECTO JIBa CHJIOBBIX
BuHTa. OIMH U3 HUX OOYCIIOBICH CBS3BIO,
HaymaraeMou 3toil nenblo. IlodToMy 0000IEHHO
CKOpPOCTH B JAHHOM CJIy4ae HET.
PaccmoTtpum cunoBoit ananu3. g atoro
HY)KHO  B3ATh  TPAHCIIOHHPOBAHHYIO  MATPHILY
TUTIOKKEPOBBIX  KOOPIMHAT, a 3aTeM pa3JIoXKHTh
CUJIOBOM BUHT, IEUCTBYIOIIMHM Ha BBIXOJHOE 3BEHO,
10 3THM IUTIOKKEPOBBIM KOOPAMHATAM.
[nst  ompenenenust cuwi, AEUCTBYIOLIUMX B
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HccnenoBanue JIMUHEHOM CKOPOCTH KOHYCHOI'O Ae3MHTErparopa

L Ipymmun Myrup T'ymeposnu*®, 2Xa6u6ymmun ®annns dapratoud

1.2 KazaHckuii HAIMOHATBHBIN HCCIIEI0BATEIBCKIH TeXHNUecKHii yHuBepcuTeT nM. A.H. Tymnomnesa-
KAU (KHUTY-KAN), r.Kazaus, yn.Kapna Mapxkca, .10,
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Abstract

Researched the parameters of the linear velocity of the
characteristic points of the working body. Defined the
values of the linear velocity on techniques: analytical
calculations, CAD/CAE analysis, experimental
measurements. Analyzing the values of extreme points
obtained by all three methods.

KiaroueBbie ciioBa: mexanusm bennerra,
mapajjiejorpamMm, anHTumnapajaijiiejorpamm, JIMHeHHas
CKOpPOCTb, TOYKA IKCTPpEMYMaA.

BBenenue

KonycHbIft Ae3uHTerpaTop IpoOJeHHs, UMEIOINN B
NPUBOZIE HapajeiuiorpaMM M aHTHUNApaJIeIorpaMM
Bennerra (cM. puc. 1) [1], B oTIHYUM OT Ae3WHTETpaTopa
[2] 3a cuer HepaBHOMEpPHOrO BpaLICHHUS BEIOMbIX
kpuBommmoB [3-7] obecneunBaeT Oojee KaueCTBEHHOE U
3¢ deKTHBHOE TPOOIICHIE MaTepHraa.

Puc. 1. CtpykrypHas cxema ae3uHTerparopa
HEpaBHOMEPHOTO JIPOOIIEHUS
W3yuenne  mapaMeTpoB — JIMHEHHOH  ckopocTu
XapaKTEpHBIX TOUEK KOHYCOB KaK OJHOTO M3 OCHOBHBIX
(bakTopoB, BIMAMOLIMX Ha npouecc apobnenus [8],
SIBIIsIETCSA BEChMa aKTyalbHOM.
JIuneiinple  ckOpOoCTM M HX
OTIPEJEITIUTS 10 CIEAYIOLIUM METOAM:

CBOMCTBA MOYKHO
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1. AHanmUTHYECKHE PAaCUETHI;

2. CAD/CAE ananus;

3.OKcriepuMeHTaIbHBIC N3MEPCHUS.

C nenpio obecrieueHUs TOYHOCTH M aJCKBATHOCTH
CPaBHMBAaEMBIX  pE3YNBTATOB  YKa3aHHBIMH  BBIIIC
METOZaMH{, BBEIEM IIOHATHE <«XapaKTepHBIC TOYKI,
pacrioyio’)keHHbIe Ha 00pa3yroleil JTHHUKA KOHyca dYepe3
(UKCHUPOBaHHHBIE paccTOsHHUSA. Jost ymobcTBa
TEXHUYECKUX U3MEPCHHUI, B HAIIMX HCCICAOBAHMIX
XapaKTepHbIC TOYKMA TPUHATHI COMJIACHO PHUCYHKY 2,
npyyem  h=15 wmm, L,=90 wmm, L=115 ™M n,
COOTBETCTBEHHO, 1[=60 MM, ry =57,19 MM, rz3=45,9 MM,

a TaK)KC 4aCTOTy Bpall€HUsA BEAOMOI'0 3BCHA IMPHUHHUMACM
n=120 o6/muH. YrjoBas CKOPOCTb ONPEACSICTCS IO

dbopmyne (1):

270 2.3,14159.120

W= =12,566 pan/c. (1)
60 60
N
3
Puc. 2. KoopanuHaThl pacriooKeHus
XapaKTepHBIX TOUEK Ha paboueM KOHyce
MeTon aHAIMTHYECKHX PACcYeTOB
3HayeHue CcpeiHEH  JIMHEHHOM  CKOpOCTHM  Ha
BBIOPAaHHBIX XapaKTEPHBIX TOYKAX OINpEIeIsieTcsl o
dopmyne 2:
Vr?lmid =W-ry )

IZie w- yriaBasi CKOpOCTh KOHyca, pajy/c;
' - Paauyc KOHyca Ha XapaKTEePHOH TOUKU, MM.
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v 4 =w-r; =12,56-0,06 = 0,7536 M/c =753,6 mm/c;
VI g =W-rp, =12,56-0,057 = 0,717 M/c = 717,1 mm/c;
VI 4 =W-ry =12,56-0,046 = 0,576 M/c =576,5 mm/c.

Metox CAD/CAE anauau3sa
PaccMOTpHM  KOMIBIOTEPHYIO MOJEIb, B KOTOPOii
BpalllaTeIbHOE  JBWKEHWE OT BEAYLIEro 3BeHa K

BEIOMOMY 3BEHY Iiepeaetcs uepe3 MexaHu3Mm beHHerTa.
Benymuii kpuBowMm Bpamaercs co CKOpocThio 120
00/MuH. OmnpezenseM MOCTYNAaTeNbHYI0 CKOPOCTh Ha
HOBEPXHOCTH KOHyca mpu =60 MM, rp =57,19 MM, rg

=45,9 mm. CAD/CAE ananu3 mMO3BOJISICT IOJYYUTh
rpad¥K M3MCHEHHI TMHEHHBIX CKOPOCTEH B XapaKTEPHBIX
TouKax (CM. puc.3).

A
V, mm/c
1000
o, Kb“= t
900 /../,_\\..\ y' ( f()
800 '/ N
\’ / /"' \ \ LIH) f(t)
700-INS /
“\. 2 /‘\ \ g
600 o\ w-‘ CAEG) f (t) -
500 \.\ -"/' \,\‘
400
0,25 0,5 te

Puc. 3. I'paduk n3mMeHeHUIT THHEHHBIX
CKOPOCTEH B XapaKTepHBIX TOUKAX
AHamu3 Tpaduka W3MEHCHHH JIMHEWHBIX CKOPOCTEU
MOKa3bIBAaeT, YTO BEJOMBII KPHBOIUMII BpAIIAeTCs C
MEPEMEHHOIl  CKOpocThI0. MakcuManbHas — JTHUHEHHas
CKOPOCTb XapeKTepHONH TOYKH NpH paauyce =60 MM
paBHa 984 MM/c, MUHMMAaJIbHasl JIMHEHHAs cKOpocTh 580

mm/c.  CpemHee  3HAYCHHWE  JIHHEHHOH  CKOPOCTH
ompenensiercst no gpopmyae (3):
CAE CAE
CAE _Vl—max V1 min
Viimid = @)

2
AHAJIOTHYHBIM CITIOCOOOM OTIPEENAIOTCS apaMeTPs
JMHEHHOM ckopocTu mpu rp =57,19 MM, r3=459 mm
(cm. Tabm. 1).
Tabmuua 1. 3HaueHust TMHEHHBIX CKOPOCTEH,

nonyyeHHbIXx CAD/CAE ananuzom
CAE

In ’ r-n 1 VnCAE > MM/C Vn mid *

MM MM MM/C
max 984

115 60 min 580 782
max 936

90 57,19 min 556 746
max 750

15 459 min 446 598
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Tabnmma 2. 3HaueHHs THHEHHBIX CKOPOCTEIA,
MOJTYYSHHBIX SKCIIEPUMEHTAJILHBIM ITyTEM

ex| exp
In VEP , M/MEH VR® Vn—mid’
MM MM/C MM/C
max | 50,02 833,666
115 min | 44,974 | 749,566 791616
90 m?X 48,38 806,333 765.333
min | 43,46 724,333
max | 39,59 659,833
1 min | 36,112 | 601,866 630,849

Tabnuma Ne3. 3HaueHUsT THHEWHBIX CKOPOCTEH,
nonyueHHbix aHanutuaeckuM, CAD/CAE u
AKCIEPUMCHTATEHBIM METOAAMU

Ino | Vi id VAR, vexel,

MM ,MM/c MM/C MM/C
mgx/ mid mgx/ mid
min, min,

115 753.6 984 782 833,666 791,61
580 749,566 6

90 7171 936 746 806,333 7653,33
556 724,333
750 659,833 630,84

15 | 5785 746 5% 01866 | 9

MeToa dKCIepUMEHTATBHBIX U3MePeHUit
W3mepeHuss JNMHEHHON  CKOPOCTH  IIOBEPXHOCTH
BHEITHETO KOHyCa MPOU3BOAWINMCH JJIsI  TEeX IKe

XapaKTepHbIX TOYeK, T.e. npu k=15 mm, |,=90 mm, L=115
MM, TIPU COOTBETCTBYIOLIMX UM pajauycax [=60 MM, r,
=57,19 mm,

TaxXoOMETp

r3 =459 mm. Ilpu msmepenusx nudposoi

ATT-6001 mokas3plBaj:  MaKCHUMAJbHYIO

exp
ex| . T
Vn—pmax , MUHHUMAaJIbHYIO Vn_mm U CPCIHIOK JIMHEUHYIO

exp
V., Zinid CKOpoCTH, M/MHH.

C menpio mosydeHHs 0Oojiee TOYHOTO CpPETHEro
CYMMapHOTO 3HA4YeHHS MaKCHUMAaJIbHBIX W MHHHMAIIBHBIX
rnapaMeTpoB  JIMHEWHOW  CKOpPOCTH  HA  KaxJaou
XapakTepHOU TOYKE, HN3MEPEHUs MIPOBOIMIINCH
IATUKPATHOU MOBTOPSAEMOCTHIO. [lomydueHHbIE TapaMeTpsl
TIPE/ICTaBIICHBI B TAabHIE 2.

AHAJIN3 N0JYy4eHHBIX JaHHBIX

Jlns aHanu3a U CpaBHEHUsI Pe3yabTaTOB UCCIEAYEMBIX
JUHENHBIX CKOPOCTEH, MOJyYEHHBIX BBIIIE YKa3aHHBIMU
MeToAaMu, puBeeHa Tabnuma Ne3 u pucynku 4,5.
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A
V, MM/c
00
=T
- S
s
750~z <~
s NN
= N

.\ p—
th
.\\<l(
\,

B
N k'J&E

60 57,19 45,90 1, Mm
Puc. 4. T'paduk m3MeHEHUI cpeqHEH THHEHHON CKOPOCTH
B 3aBHCHUMOCTH OT PaZlyca XapaKTepPHBIX TOYEK Ha
MOBEPXHOCTH KOHYCa

Ha rpaduke w3MeHeHH# cpemHedl ITHMHEHHOU
CKOpPOCTH 10  BEPTHKAIBHOM OCH  IPECTaBIECHBI
rapaMeTpbl JIMHEHOI CKOpPOCTH (MMm/c), o

TOPU30HTAJILHON OCH MPEACTaBIEHBI TApaMeTphl pajauyca
BHEIIHEro KoHyca (mm). HeOomblinas pasHHIa MEXay
CpeTHUMU 3HAYEHUSIMU XapaKTEePHBIX TOYEK
TEOPETUYECKUX, KOMIBIOTEPHBIX U IKCIEPUMEHTAIHHBIX
JAHHBIX TIOATBEPXKIAeT JOCTOBEPHOCTh MOITYYCHHBIX
pe3yIBTAaTOB.

MaxkcuMmanpHBIE W~ MUHHMAJbHBIE  HapaMeTphl
(3KCTpeMyMBbI) JHHEHHOW CKOPOCTH HEPaBHOMEPHOTO
BpaleHnss KOMIBIOTEPHOH MOJENH JTOJDKHEI COBMANATh C
COOTBETCTBYIOIUMH MaKCHMAIILHBIMA M MAHUMAIbHBIMHU

HapaMeTpaMI/I, HOHy‘IeHHLIMI/I 3KCHepI/IMeHTaHBHBIM
yTeM.
CAE eX|
AWn_max = WnZmax — nﬂ'nax =0
_ CAE exp
AWn_min =WnZmin — Wy_min = 0

Ha ocHoBe mapameTpoB, HOJIy4eHHBIX IIpU ;=60

MM, TTIOCTPOCH rpa)uKk TOYEK IKCTPEMYMOB, TIPUBEACHHBIN
Ha pUCYHKE 5.
V, mmM/c

1000

950

900

850

800

750-

700

650

600

550

vr=£

K= Kr=£0

=t S
N\ T
%tl' =/,‘(’) l’,.,\ _j;(f)

|

0,25 0,5
Puc. 5. I'paduk, mocTpoeHHBII HAa 3HAYSHISIX IKCTpEMyMa
IS XapakTepHo# Todukn ;=60

t,c
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Ha rpaduke mo BepTHKanbHOW OCH TpeACTaBICHA
MOCTyNaTelbHask CKOPOCTh B MM/C, a 10 TOPU30HTAJIBHON
OCH TIPEACTAaBJICHO BpeMsi B CEKyHIaX C YYETOM, 4TO
BegioMoe 3BeHO 3a 0,5 CeKyHIy coBepllaeT OAMH IOJTHBINA
000poT.

AHanu3 rpaduKOB CKOPOCTEH MpEACTaBICHHBIX Ha
pucyHke 4 TIOKa3blBaecT, YTO MaKCHUMalbHas pa3HUIA
MeXIy CpeTHIMH 3HAYCHUSAMH CKOPOCTel paBHa 38 MMm/c,
yTo cocTaBisger He Ooiee 4,92% OTHOCHUTECIBHOM
MOTPEITHOCTH. Pa3HuIa MexIy 3HaUCHHUSIMH dKCTpeMyMa
(MakcuManpHBIC, MHHUMANBHBIE) cocTaBisieT 16,53 %
OTHOCHUTEIIFHOW TOTpeImmHOCTH. YTO OOBICHATCS CHIIOH
HWHEpLMU KOHYCA, cuJion HWHEPpUMU 3BCHHBCB U BJIMAHUCM
HEpaBHOMEPHOT'O BPAI[CHHUS BEJIOMOTO 3BEHA Ha BEAyIee
3BEHO.

VYMeHbIlIeHHe  HEPaBHOMEPHOCTH  KOHyca  Juist
peaHbHOﬁ YCTaHOBKH 110 YKa3aHHBIM BbIIIEC HNPUYINHAM
ITOJIOXKUTECJIBHO BIIUACT Ha JUHAMUKY paGOTLI
Ne3NHTErpaTopa, TeM HE MCEHee, HEPaBHOMEPHOCTh
BpaImeHus KOHyCa MOJOXXHUTEIBHO BIUSACT HA JHHAMHUKY
mporiecca paspylleHHs MaTepuana. Takum oOpasowm,
pe3yIbTaTEl HUCCICNOBAHHUA KHHEMATHKH XapaKTEPHBIX
TOYEK KOHyCa JE3WHTErparopa SBISIOTCS: BO-TIEPBBIX,
HCXOIHBIM MAaTEepHAJIOM [UIA WCCICJOBAaHUS IHHAMHUKHU
npoOsieHHsi, pexuma paboThl U MPOU3BOJIUTEIBHOCTH
YCTPOMICTBA; BO-BTOPBIX, INOATBEPAKAAET IPABUIBHOCTH
TMOJTYYCHHBIX TCOPECTUYCCKUX, KOMIIBIOTEPHBIX u
OKCIICPUMEHTAJIbHBIX HCCHGHOBaHHﬁ.
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Kunemaruka ABYXITOABHKHOI'O IIJIOCKOI'O
INATU3BCHHOI'0 MEXaHHU3Ma MAHUIIYJIATOPA
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Abstract

The mathematical model of the kinematics of a planar
five-link mechanism with two degrees of freedom. Shown
the equations describing the velocity and acceleration of
the characteristic points of the mechanism. Determined
velocity and acceleration characteristic points E and K by
using the system of symbolic calculations and CAD/CAE
analysis. The results obtained kinematics in the form of
graphs.

KiroueBble cj10Ba: NATH3BEHHbIE pbIYa’KHbIC
MeXaHHM3Mbl, ABYXIIOJABHKHOCTh, KHHEMAaTHKA,
MAHHIIYJIATOPLI.

BBenenue

OpmHUM W3 IyTeH COBEPIIECHCTBOBAHMS COBPEMEHHBIX
MaIlliH SBISETCS NPUMEHEHHE B HHX MEXaHH3MOB,
MMEIOIINX YIIydIIeHHBIe KHHEMaTHYeCKHe ITapaMeTphl
(xapaxtepuctukn). [Ilupokoe HCIONB30BAHUE B TEXHHUKE
MONMYYMJIN  IUIOCKHE  OJHOIOJABIIKHBIE  PBIYAXKHBIC
MEXaHU3MBL. Hcnons3oBanue xKe MIIOCKUX
JBYXTIOABIKHBIX PBIYAXHBIX MEXaHHU3MOB B KadyecTBE
6a30BOro  MexaHW3Ma  Pa3IMYHBIX  MEXaTPOHHBIX
YCTPOMCTB M  MaHUIYISTOPOB  SBISETCA  BECbMa
NEePCHEKTUBHBIM.
CTpyKTypa H NOJBUKHOCTH

PaccMOTpUM CTPYKTYPHYIO CXEMY IBYXIOIBIKHOTO
IJIOCKOTO PBIYKHOTO TSTHU3BEHHOTO MexaHu3ma (puc.l).
OH o0pa3oBaH Ha OCHOBE W3BECTHOTO INAPHUPHOTO
YeThIPEX3BCHHMKA IyTeM O00pa3oBaHMA B MmapHHpe A

119

COOCHBIX JBYX BpalaTE€IbHBIX Map BMECTO OJHOH H
IMpEBpalleHs B CTOWKY BaJl STHX KMHEMAaTHYECKUX Iap
[1]. Takum oOpa3om, B HOBOM MEXaHH3ME 10 CPAaBHEHUIO
OJIHOTIOJIBUKHBIM UETBIPEX3BEHHHKOM HMEEM: MEPBOE
3BEHO OCTaeTcsid BeIyIUM KPHBOIIMWIIOM, MIAaTyH 2
ocTaeTcd IIaTyHOM, 3BE€HO 3 — OaJaHCHP CTAHOBHTCS
IaTyYHOM, 3BEHO 4 CO CTOWKH MpeBpaliaeTcs BO BTOPOU
BEAyIIMH KPHUBOIIMI, a BaJl COOCHBIX BpAIlaTEIbHBIX
KMHEMaTH4YECKUX Tap B MmapHupe A obpa3yercs B CTOHKY.
Y

N

Z X
Puc. 1. [Tnockwuii ABYXITOIBMKHBIN MATU3BEHHBIN

PBIUAXKHBIA MEXaHU3M
CreneHb  CBOOOABI,  IOJYYEHHOI'O  MEXaHH3Ma
omnpezensercs no Gpopmyie YeObimera n Oyaet paBHa

W =3(m-1)—2p; —p,, 1)
rae m — 4YHCIO 3BEHBEB; pP;-UUCJIO BBICIIUX
(OTHOMIOIBMKHBIX) KHHEMATHYECKUX IIap; p,-4uCIo

HU3IIHUX Iap.
Torma numeem:
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W=3(5-1)—-2x5=2.

[MTockonbKy MEXaHU3M UMEET JIBa BEYIINX 3BEHA, €T0
KMHEMaTHKa BeCbMa CJIO)KHA M HMHTEPECHA, I03TOMY
UCIIONIb30BAaHUE €ro CBOMCTB B MAaHUIIYJSTOpaX M B
pa3IMYHBIX YCTpoiicTBax [2-5] sBisieTcs MepCeKTUBHBIM.
Jlnst mpakTHYEeCKOTO HCIOJb30BaHMS 3TOI0 MEXaHH3Ma
Hanboee WHTEPECHBIMA SIBIISTFOTCSI Hanboee
OTHaJeHHbIE XapaKTepHble TOUkU — E n K, Ha KOTOpBIX
MOTYT OBITH YCTaHOBJIEHBI paboume oprassl. [IocKOIBKY
JBYXIIOJBIDKHBIA TISTH3BEHHBIA PBIYAXHBIH MEXaHHU3M
00pa3oBaH 3aMKHYTOH KWHEMAaTHYECKOW LETBI0 M MMEET
JIBa BXOAHBIX 3BEHA: BXOJHBIMU 3BCHBSMH €TO SIBISIOTCS
BeIyIIMHA KpUBoUIMI | U Bexymuil crepskeHb 4. OyHKIUN
TIOJIOKEHUS 3BCHLBEB U XAPAKTCPHBIX TOYEK MEXaHU3Ma
OTIPEETISIIOTCSL OT BXOJHBIX KOOPIMHAT ¢ U @,(puc.2),
KOTOpbIC NPECTaBICHBI Kak QyHKIMU OT BpeMeHH ¢1(t) u

2(t) [6].
Kunemarnka MaHunyJsTopa
Jns  HaxoXAEHHA CKOpPOCTE M yCKOpeHUil

HEOOXOIMMO PEIINTh 3a/1ady OIPEIeICHUS IOI0KESHUI
XapakTepHBIX TOYeK MexaHusMma. [lockoibKy 3TH
KUHEMAaTUYECKUE MapaMeTphbl SBJSIIOTCS  CIPaBOYHBIM
MaTepuajgoM i1 NaTbHEUIINX HCCIEHOBAaHUM, Mpexe
BCETO JUHAMUKH, Kak MEXaHu3Ma, TakK u
TEXHOJIOTUYECKUX MPOIECCOB YCTPOWCTBa Ha 0aze ITOro
JIBYXTIOJIBM>KHOTO MSTU3BEHHOTO PHIYAXKHOTO MEXaHHU3Ma.
3amaua pemaercs, e 3BeHbs CTEP)KHEBBIX MEXaHU3MOB
3aMEHUTh COOTBETCTBYIOIIMMHM BEKTOpaMHd M Ha HX
OCHOBE IOCTPOUTb BEKTOPHbI KOHTYp. BekropHas
HWHTEpIpeTanys 3BeHhCB MEXaHU3Ma H300pakeHa Ha pHC.
2.

Puc. 2. BextopHbie KOHTYpHL: a) A-D-F-E-A
0) A-B-N-K-A

PaccMoTpyuM 3aMKHYTBIH BEKTOpHBIA KOHTYp A-D-F-
E-A (puc.2a) u crpoerupyeM ero Ha KOOPAWHATHBIE OCH
OX wu OY. Ilonoxenue xapaktepHoil Touku E Oyner
ornpenensaThes KoopanHaraMu Xe U Yg. Torna BeKTOpHBIH

KOHTYp PaccMaTpUBaeTCsl KAK CyMMa BEKTOPOB:
AD + DF + FE = AE. (2)
CocTaBUM TPUTOHOMETPHUYECKHE YpPaBHEHHSA IS
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KMHEMAaTU4YECKOr0 aHaju3a XapakTepHoH Touku E.
CnpoeunpyeM BblpakeHue (2) Ha OCH HEMOJBHXKHOU
cucremsl koopaunHat OXY, yumteiBas, uto AEy = Xz u
AE, =Yg
(Xg = AD cos ¢, + DF cos(y + ¢,) +
+FEcos(B+y+ ¢3);
Yy = AD sin ¢, + DF sin(y + ¢,) +
+FEsin(B +y + ¢,).
st aT0i cucteMbl ypaBHeHU# (3) mpuMeM, 4To @, =
w,*t, mpuieM w, =const; a [ =90° npuHATO
KOHCTPYKTHUBHO Ui yI0OCTBA, MOCKOJIBKY OTPOCTOK FE
JKecTKo cBsizaH co 3BeHoM CD. VYron y wumeer
3aBHCUMOCTH OT BXOIHBIX KOOPAHMHAT (0 U (Q,, TIE @ =
(1 — (P, ¥ BBIYKCISAETCS BhIpaXeHHeM [4]:
BC2.cD2

1
. 1
(AB sin (p—iBCJ-@
' 1-AB2—AD2+BC2+2-AD-AB cos ¢+CD2
v )

@)

(~AB2-AD2+BC?+2AD-AB cos ¢+CD2)2\ 4)

y=2tan™ ™
\AB cos p+CD-AD—3

371ech TakKe MPUHATO, YTO P = w4 * t U w, = const.
3HaueHHusd w, U W, — B pacdyeTax 00OCHOBaHHO Oepercs B
3aBUCHMOCTH OT HEOOXOAMMOTO TEXHOJOTHMYECKOTO
pekrMa paboThl MEXaHM3Ma yCTPOHCTBA.

[pomuddepenuposas cucrteMy ypaBHeHHd (3) mo
BpPEMEHHU U y4uThIBasi, uTo cos § = 0, sin f = 1 nonyyum
NPOEKIMH CKOPOCTH  XapakTepHod Touku E Ha
KoopauHaTHBIe ocu OXY:

V& = AD (—sin@,)@,’ + DF (—siny cos @,y’ +
+ cosy (—sin@,)p,’) — DF(cosysing,y’' —
—siny cos ¢, ¢,') + FE(—siny sing, y' +
+ cosy cos p,¢,") + FE(cosycos g,y —
) —sinysin@,0,"); 5)
VY = AD cos ¢, ¢, + DF(—sinysing,y’ +
+ cosy cos@,p,') + DF(cosycos@,y' —
—siny sin@,¢@,') — FE(—siny cos p,y' —
—cosy sing,@,") + FE(cosysing, y' +
+siny cos @, @,").

AHaNOTHYHEIM ~ 00pazoM
MPOCKINH YCKOPEHUs Toukh E:

MOJYYUM  YypaBHEHHE
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af = (V§)' = AD(—cosp,)(¢2)? + DF(—cosy
cos @, (y")? +2siny sin @y’ @,’ —siny cos @,y" —
cosy cos ¢, (¢, )? + DF (siny sin @, (y")? — 2cosy
cos g, ', —cosysing, y" —siny sin gy (¢2')?)
+FE((—cosy sin@,(y")? — 2siny cos ¢,y —
—sinysing,y"” — cosy sin @, (¢, )?) + FE(—
—siny cos @, (y")? — 2cosy sin g, @,'y' +
+ cosy cos @, ¥ — siny cos @, (¢,)?); (©)
al = (V¥)' — AD sin @, (p,")? + DF (—cosy sin ¢,
(y')? —2sinycos@, @, y' —sinysing,y" —
—cosy sing, (¢;)?) — DF (+siny cos ¢, (y')? +
+ 2cosy sin @, @,'y' —cosy cos @,y + siny
cos @, (¢, )?) — FE(—cosy cos @,(y")? + 2siny
sin @,y @, —siny cos @,y —cosy cos @, (¢,)’
+FE(siny sin @, (y')? — 2cosycos g,y ¢, —
—cosy sin @,y — siny sin @, (¢,)?).
IMockomeKy auddepeHIpOBaHie BBIIIE YKa3aHHBIX
TPUTOHOMETPUYECCKUX  ypaBHeHu#  (4-7)  sBisieTcs
JIOCTATOYHO TPYAOEMKHM, JUIS PEIICHUs STHX ypaBHEHHH
OblTa WCIIOJIB30BaHA CHCTEMa CHMBOJBHBIX BBIUYMCICHHI
Maple 17 u CAD/CAE ananu3za B cucteme SolidWorks
[11]. Pesynbratrsl perieHuit ypaBHEHU PeACTaBICHbI Ha
rpagukax, a UMEHHO B BHJE CpaBHEHHs TpadUKOB
MOJTyYCHHBIX B JABYX Pa3HBIX CHCTEMAax BBIUMCIIEHUH (pHUC

3).

A

Caopocns roam E

Cropocti, Tk F
350

290
250
‘I,L] 20
| cer | 170
130
90
50
10
-30 1 2 3 ] 6
=70 teex

QiU
150
190

-230

=270

310

-3s0

[—0X — 0V — Beaununa | S ———
a) 0)

Puc.3. I'paduku ckopocTn xapakTepHOU
TOYKH E: a) — rmoydeHsl B cicTeMe CUMBOJIBHBIX
BeryucieHnid Maple 17, 6) — nosy4eHs! B
cucteme SolidWorks
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Vexaponsie Torkn E Sopesne o E

~

-130
-180
-230
-280
-330
-380
-430
450

[——0X — OV — Benuna | s
a) 0)
Puc.4. I'padukn yckopeHHs XapaKTepHOU
TOYKH E: a) — momy4eHbl B CUCTEME CUMBOJIBHBIX
BeryKcieHuid Maple 17, 6) — nosy4eHs! B
cucteme SolidWorks
[MpencraBnennsle rpaduku Ha pucyHkax (3 u 4)
0TOOpakaroT pe3yIbTaThI pacueToB CBOMCTB
KHHEMaTHYEeCKUX IapaMeTpoB Ha npoMexyTke 0 <t < 6.3
(cex). 3mecy mpuHATO w; =2cC Y, w,=1c ! (ana
MPOCTOTHI M yN00CTBa pacyeToB) u t=6,3 cek., KaK Bpems,
3a KOTOpPOE XapakTepHas Touka E MeXxaHH3Ma COBEpIIacT
MOJHBIA IUKJI [JBIKEHUS B HEMOJABW)XHOHW CHCTEMe
KOOpJMHAT.
Jns  onpeneneHus 3aKOHa  JIBIDKEHHS  JIPYTOH
xapakTepHOi Touku K paccMOTpUM BEKTOPHBIH KOHTYD
A-B -N-K-A, umeronmii ypaBHEeHHE:

AB + BN + NK = 4K. )
DTO0 ypaBHCHHE B MPOCKIHUSIX HA OCH CHCTEMBI
koopauHat OX u OY umeeT BUL:

Xy = ABcos¢@; + BN cos(y + ¢,) +
+NKcos(a +¢ + ¢,);

Yy = ABsing, + BN sin(y + ¢,) +
+NKsin(a + ¢ + ¢4).

(®)

B ypaBuenuu (8) mpuHsT yron ¢ = w4 - t, KOTOPBIiA
SIBIISICTCS. BXOJMHOW KOOpAWHATON Beaymiero 3BeHa AB,
riae w; = const. Yron a = 90° npuHAT KOHCTPYKTUBHO,
a yroJ1 ) UMeeT 3aBUCUMOCTh OT BXOJIHBIX KOOPIUHAT (01
U @, Beaymux 3BeHbeB AB 11 AD cooTBeTCTBEHHO, TakKe
or mnporuBosexammx yrioB < ADC u <DCB u
BBIPAKACTCS YPAaBHCHHUEM:

—2m——cos—1(BE2-AD?~AB? +k+CD?)
Y=2m-¢-cos 2-BC-CD

-1 _1(CD%2-BC2+AD2+AB2-k
tan ( )—COS
2CDVAD2+AB2 -k

©)

ABsin @
AD—-ABcos ¢

A€ TPUMEHEHBI CJICAYIOMNE COKpAIICHUA:
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@© =@ — @, k=2-AD - AB cos ¢.

Huddepennupyss  ypaBHeHue (8) mo BpeMeHHU
MOJyYMM MPOCKIIMU CKOPOCTH XapakTepHoil Touku K Ha
koopauHaTHbie ocu OX u OY':

V& = AB (—sin¢,)¢@,' — BN(—sin cos @3’ +
+cosy (—sin@;)p,") + BN(cosysing, ' +

+siny cos @, ;") + NK(—siny sinp; Y’ +

+ cosyp cos@p,¢,") + NK(cos cos o, ' —
—siny sin @, ¢;");

VY = AB cos ¢, ¢;' — BN(—siny sing, ' +
+ cosyp cos@,¢,) —BN(cosycosqp,y' —
—sinysin@,¢;") — NK (—siny cos ¢y’ —
—cosy sin@,¢,") + NK(cosy sinp, ' +

\ + siny cos ¢, @;').

(10)

[pomuddepenmupyem momydennoe Beipakerue (10)
U OINpe/eNIUM YCKOpeHHe TOYKH K B MPOECKUUSIX Ha OCH
koopauHaTHOH cucteMbl OX u OY':

ai = (V) = AB (—cos ¢1)(¢1')? + BN (cos
cos @, (¥")? —2sin sin @' @, + siny cos @, P’
+ cos P cos ¢, (¢ )? + cosP sing; ¢;"") + BN
(—siny sin @, ()% + 2cosy cos P’ @, +
+cos sin @, " — sinp sin @, (@ )? + siny
cos @, ;') — NK(cos sin @, ()% + 2 siny
cos @Y’ @, +siny sin " + cosp sin @, (¢;")?
+ cos cos @, ¢1"") — NK (siny cos o, ()% +
+2 cosy sin@ '@, —cosy cosp, P +
+sin cos @, (¢1)? + sinyP sin g, 0,"");
al = (V¥) = —ABsin,(¢;")? + BN(cos
sin @, (¥")? + 2 siny cos g3’ @’ + sin sin "’
+ cos Y sin @, (@ )? — cosy cos o, ;") +
+BN (siny cos ¢, (¥')? + 2 cosy sing ', —
—coscos @, " + siny cos @, (@)% + siny
sin;0,"") + NK(cos cos @, (3p")* —2sin i sin ¢,
Y @, + sinycos p" + cos cos @, (@, )? +
+ cos sin @, ¢,"") + NK(—sin sin o, (")* +
+2cosy cosp Y’ " + cosysing P’ —
—siny sin @, (¢,)? + siny cos @, ¢,"").

(11)

Ha ocHOBaHMM BBIBEJEHHBIX CHCTEM YpPaBHEHHUH
ObUTH TONy4eHBI TpadUKH CKOPOCTEH W YCKOPEHUH B
CHCTEMe CHMBOJIBHBIX BBIAnciIeHn Maple 17 u B cucreme
SolidWorks:
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Cinpocns Towat K

290

260

230

200

ey W
’|‘m,\ 140
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30

50

20

10

10

70

100

-130

-160

<10

220°

250

280

— OX —— OY —— Beautuma s

a)

—Ct —Cy

0)

Puc.5. I'paduku ckopoctu xapaktepHoii Touku K:
a) — MOJIy4YEeHBI B CUCTEME CUMBOJIBHBIX
BerauciieHuit Maple 17,
0) — nony4enst B cucreme SolidWorks

400
=3

"o

-200

-400

R —

0)

—— OX —— OY —— Beanuuna

a)

Puc.6. I'paduku yckopenus xapakrepHoi Touku K:
a) — MOJIyYEeHBI B CHCTEME CUMBOJIbHBIX BBIYHCICHUH
Maple 17,

0) — nony4ensl B cucreme SolidWorks

Huddepenuupys ypasuernus (4) u (9) mo Bpemenu t
MOXXKHO HAWTH YpaBHEHUS I OINPEICICHHUS YTIIIOBBIX
ckopocteii m yckopenuii 3BeHbeB BC m CD. Hwxke
MPEICTAaBICHEI STH YPABHCHHUS:

d?y
dt?’

a2y

dy .
dat?”’

ay
Wpe = 477 Wep = 45 (12)

Epc = Ep =

Ha pucynkax (7) un (8) mpencraBieHBl pe3yibTaThl
pacueToB  YIJIOBBIX CKOPOCTEH M  YCKOpPEeHUH Ha
npoMexyTke BpeMeHn 0 < t < 6.3 (cex), peuleHHBIX ¢
MOMOILBIO IBYX Pa3HBIX CUCTEM BBIYUCIICHUIL:
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Frosax ckopucts sseuses BC 1 CD Vimosas Gopocts esses BCu CD
5

16

1 2 3 4 3 6

teex)

pan

W 1 7 105
cex )
165

‘T710BAA CKOPOCTD 31 C
Yizianan ckopoer, sena CD

a) 0)

Puc.7. I'pauxu yrmoserx ckopocreit 38eHbeB BC u CD:
a) — MOJIYYCHBI B CHCTEME CHUMBOJIBHBIX BBIYHCICHUH
Maple 17,

0) — monyuens! B cucreme SolidWorks

Yiciomoe yesapenne seesben BC 1 CD

41
X 1350

an 280
281
251
2

U‘- ) | 101

ez | 161 X
131 0
L B0
arl R
0413 bl
0. 80
0.1 T 3 & §

fieag

— ¥1uo80¢ yexaperue sena BC
—— Yionoc yexopenne sncia C1) o TACBOE VOO S EC YRGB YA SHHECD

a) 0)

Puc.8. I'padmku yrimoBeix yckopenuii 3seabeB BC u CD:
a) — MOJIYYCHBI B CHCTEME CUMBOJIBHBIX BBIYHCICHUN
Maple 17,

0) — nmonyuens! B cucreme SolidWorks

Vesosoe ycanpetite speses BC 1 CD

& (w/oex)

BriBoabI

Ha ocHoBanuu aHanuza rpadukoB (puc. 3-8)
YCTaHOBJICHO, YTO PACUYEThl KWHEMAaTHYECKUX MapaMeTpoB
JIMHEHMHBIX W YIVIOBBIX CKOPOCTEd M  YCKOpPEHUH,
BBIUMCIICHHBIX ~ JABYMS  pa3JIMuHBIMH  CIIOCO0aMwy,

MTOJTHOCTBHIO COBMAJAIOT MEXIY COOOH. DTO MOKa3bIBacT
KOPPEKTHOCTb MOJTYYEHHBIX aHATUTHYECKUX YPAaBHEHHH.

Ha ocHoBanmm aHamu3a TrpaduKOB IONyYCHBI
CJIEIYIOIIHE BBIBOJBIL:

1. Xapakrtepusle Toukn E wm K gBmwxkytcs c
MIEPEMEHHBIMHU CKOPOCTSIMH U YCKOPEHUSIMHU.

2. PaBHOMEpHOE BpamaTelbHOE TBHKCHHE BEIYITUX
3BeHbeB AB u AD mpeoOpasyeTcss B HEpaBHOMEPHOE
BpamatenbHoe nBmkeHne 3BeHbeB BC um CD ¢
[IEPEMEHHBIMU YTJIOBBIMU CKOPOCTSIMH W YCKOPEHUSMHU
OTHOCHUTEJIbHO HETIOABM)KHON CUCTEMBI KOOPIHUHAT.
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3. Iomyaennsie Gopmynsl (2-12) u UX pe3yiabTaTH B
BUJie TPa(h)UKOB MOKA3BIBAIOT, YTO XapaKTepHbIE TOUYKH E
n K  [IBYXHOIBMXHOTO  IUIOCKOTO  PBIYaXKHOTO
ISTU3BEHHOTO  MEXaHM3Ma  COBEPUIAIOT  CJIIOXKHOE
IUIaHETapHOE JIBIKEHUE.

4.Pe3ynbTaThl pacyeToB MOIYYEHHBIX Ha OCHOBAHUH
pelLIeHus] ypaBHEHUH KHHEMATHKHU [TOKa3bIBAIOT CJIOKHBIH
XapakTep IBIKCHHS, KaK XapaKTepHBIX TOYEK, TaK H

HIaTyHOB, qTo ABIISICTCA OCHOBOM npeamnoaraTb
TNEPCIIEKTUBHOCTH HCIIOJIb30BaHUA ABYXIIOABHUXKHOT'O
IUIOCKOr0  MATHU3BCHHOTO  PBIYAXXKHOI'O MCXaHU3Ma B
Ka4y€CTBC 0a30BBIX MEXaHU3MOB npu CO3JaHUH

Pa3IUYHBIX MEXaTPOHHBIX YCTPOMCTB, MHHOBALIMOHHBIX
TEXHOJIOTUH B MallIMHOCTPOECHUH, CEJIbCKOM XO3SIICTBE, B
CTPOUTENBCTBE, B MEIUIMHE M JAPYIHX OTPaciix
MIPOMBIIIJICHHOCTH.

[lonmydeHHple  HaMHM  ypaBHEHHMS  KHHEMAaTHUKU
SBIIIIOTCSL  YHMBEPCAJNBHBIMH W NPUTOAHBI IS
ONpENENICHUSI TOJOXEHUH, CKOPOCTEH U YCKOPEHMM
XapakTEpHBIX TOYEK MU JBYXIOJBIKHBIX IUIOCKHX
MATU3BEHHBIX MEXAaHU3MOB.  OTH YPaBHEHHUS MOTYT
OPUMEHATBCA AN PasHbIX CTPYKTYpHBIX MapaMeTpPOB
3BEHBEB, U1 Pa3IMYHBIX BXOJHBIX KOOPIWHAT, U OHHU
MPE/ACTABICHBl B yNOOHOM [UIi HHXXCHEPHBIX PacdyeToB
BUJIE.
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HecuMMeTpUYHBIN aIaITUBHBIN IJIAHETAPHBIA MEXaHU3M

NBAHOB KOHCTAHTHUH
AJIMaTUHCKUN YHUBEPCUTET SHEPIeTUKU U CBsI3U, MHCTUTYT Mexanuku u MamnHoBegeHus PK
Kasaxcran, Anmarel, yi. baiitypcsiHoBa, 126
E-mail: ivanovgreek@mail.ru

AHHOTAIUSA.
OOBeKT ucCeNOBaHMS — O3TO NPUHIWIHMAIGHO HOBBIN
HECUMMETPUYHBIA IIJIAHETApHBIM MexaHu3M. HoBeli

IJITAHETapHBIM MEXaHW3M CO3JaH Ha CBOICTBE JABYX
HE3aBHCHMO BpalllalOIUXCs 3BEHBEB UMETh HEKUU LIEHTP
COBNAJCHUS JIMHEWHBIX CKOpPOCTEH. DTOT LEHTP B BHJIE
MOJIFOCAa  3alleIUICHUs] JBYX 3yOUaTBIX KOJIEC, KECTKO
CBSI3aHHBIX C HE3aBHCHMO BpAallaOIIUMUCS TENaMH,
CO3Ja€T JAOMNOJHUTENIBHYIO CBSI3b MEXIY HHMH, HE
U3MEHSS IBUKEHHS 3BEHHEB HMCXOJHOM KHHEMATUYECKOM

nernu.  Jlokmam — mocBAmeH — aHanusy — (eHoMeHa
JIOTIOJTHUTENBHON CBA3M B IUIAHETAPHOM MEXaHH3ME U
CO3JIaHUI0 HOBBIX IUTaHETapHBIX a/IalITHBHBIX
MEXaHU3MOB.

KiroueBble cjioBa: HeCHMMETPHYHbIN NJIaHeTAPHBIH
MeXaHHU3M, J0TOTHUTEIbHAs CBA3b, CHIIOBAS.
aganrTaunus.

1. BBegenue

[InanerapHplii  MexaHu3M, Kak wu3BecTHO [1],
COJIEPKHUT BOJIMJIO, CATEJUIUT U JIBa IEHTPaIbHBIX Kojeca.
IInanerapHblii ME€XaHHU3M C HECKOJbKHUMHU CaTeJNIUTaMu
nMeeT CUMMETPUYHOE pacrnonoxxeHue 3BEHBEB
OTHOCHUTEJIbHO LIEHTPaIbHOUN OCH.

B mocnenHee Bpems MilaHETapHbIE MEXaHU3MBI OBLIH
KCIOJIb30BaHbl UIsl CO3JaHUA Nepeady C HEelpepbIBHBIM
M3MEHEHHEM IIepelaTOYHOT0 OTHOIIeHUs. 300peraTenu
co3Jad psifl MATEHTOB, B KOTOPBIX JBYX IOABM)KHAs
IUTaHeTapHas KWHEMaTW4ecKas IIelb  O00eCIeYnBacT
OeccTyneHUaToe U3MEHEHHE MEPEIaTOYHOTO OTHOIICHHS
B 3aBUCHMOCTH OT Harpysk# [2-7].

W3BeCTHO, 9TO AJIST OTMPEACIMMOCTH JIBHYKEHUSI YHCIIO
CTEIEeHER CBOOOAB KHHEMATHYECKON IIEMU JOJDKHO OBITH
paBHO YHCITy BXOIHBIX 3BeHbEB [ 1]. [ToaToMy HagexxHOCTH
U OMPEeAeIMMOCTh 3alMaTeHTOBAHHBIX CXEM C OJHUM
BXOJIHBIM 3BE€HOM BBI3bIBAJIa COMHEHHUs. B 3THX mareHTax
nzoOperarenen TEOPETUIECKOE OTIFICAHUE JIBYX
MTOJIBMYKHOW KHHEMAaTHYEeCKOH Iemu OBUIO OCHOBAaHO Ha
3aKOHOMEPHOCTSIX ~KHHEMAaTH4YeCKOW I1enu ¢ OJHOM
CTCIIEHBI0 CBOOOJBI, YTO HE MOIJIO COOTBETCTBOBATh
MPUHLMITHUAIBLHO HOBBIM SIBJICHUSIM.

ABTOp JOKJIaZla [JoKa3ajJl Ha OCHOBE MpUHIMIA
BO3MOXHBIX  NEpPEeMELIEHUH, 4YTO  ONpeAeNTuMOCTb
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JIBIDKEHUSI JIBYX TOABM)KHOM IIEMM C OJHUM BXOJOM
co37aeT MOJBUKHBINA 3aMKHYTBII KOHTYpP, COCTaBICHHBIN
13 3y0UaThIX KOJIEC U HAKJIABIBAIOIINN JOMOIHUTEIEHYIO
cBs3b. MBano K.C. monyuusa TpUHIUIUAIBHO HOBBIE
TEOPETUYECKUE PE3YJIbTAThl, OINHUCHIBAIOLINE SIBJICHUE
MEXaHMYECKOM ajantalud K CWIOBOM Harpyske B
PaBHOMEPHOM pexume JaBrkeHus [8-11].

Ha ocHOBe mTONy4eHHBIX 3aKOHOMEpPHOCTEH OBLI
pa3paboTaH W 3alaTeHTOBAaH aIaNTHUBHBIA 3yOdaTHIN
Bapuatop [12, 13].

BrInoHEHHBIC UCCIICIOBaHMS OBUTH MPEICTABICHBI B
BUJE€ TEOpPUU CHUJIOBOM ajamnTalyyd, OCHOBAaHHOW Ha
HaydyHOM OTKpeITHH [14-18]. CymHOCTE OTKPBITHS:
3yOuaThlil MIIAHETAPHBII MEXaHWU3M C JABYMS CTENEHSIMU
CBOOOJIBI, UMEIOMIMA OJWH BXOJ (BXOJHOE BOJAMIO),
3aMKHYTBI ~ KOHTYp, cOAEpXalluid MpOMEXYyTOUHbIE
3yOuatble KoJieca, W BEIXOJHOE BOJIIO, OO0JamaeT
CBOMCTBOM  ONPEAEIMMOCTH  ABMXKEHHS,  KOTOPOE
oOecrieynBaeT aJanTalii0 MeXaHH3Ma K MepeMEHHOMN
Harpyske.

OnHako Hajduyue 3aMKHYTOIO KOHTypa OmIpelessieT
JIOTIOJTHUTENIFHYIO  CBSI3b  TOJIBKO  TEOPETUYECKH U
OTpaKaeT JIUIIb HEOOXOIUMOE YCIIOBHE OMPEACITMMOCTH.
B Ompolecce  HMCCIAEeNOBaHUS  JABYX  MOABMKHON
IUTaHeTapHON mepenadn ObUT 0OHApY)KEH HEOXHIAaHHBII
(eHOMEH — HaWJeH HeKUil LIEHTP COBIMAAEHUS CKOPOCTEeH
JIByX HE3aBHCHMO Bpallalluxcs 3BeHbeB [19]. DrtoT
LEHTP B BHIC TOJFOCA 3alleIUICHUs ABYX 3y09aThIX KOJIEC,
JKECTKO CBSI3aHHBIX C HE3aBUCHMO BpPAILAIOLIUMUCS
TeJaMH, CO3AAET OIMOJIHUTENbHYIO CTPYKTYPHYIO CBSI3b
MEXJAy HHUMH, HE HU3MEHSs OTHOCHUTEILHOIO JBMXKEHUS
HCXOJHOM KHHEMAaTHYeCKOM menu. JlomoiaHuTelbHas
KOHCTPYKTHMBHAsT CBSI3b  00ECIEYMBAET JOCTATOYHOE
yCIIOBHE OTIPEAICIIUMOCTH JIBHOKEHMS HCXOHOM
KMHEMATHYECKOH IIECTIH.

Hatinennpiii  deHOMEH MO3BOJSIET  3HAYUTEIHHO
YOPOCTUTh HUCXOAHYIO JBYX IMOJBIKHYIO TUIAHETAPHYIO
KHHEMAaTHYECKYIO IIeMb IMyTeM OTKa3a OT CUMMETPUHU U
€O3/1aTh YIPOIICHHBIN aJanTUBHBIA MexaHu3Mm [20].

Cratbs MOCBSILIEHA  PACUIMPEHHOMY  aHAJIHU3y
(eHOMEHa JOTIONHUTEIBHON CBS3M B  IUIAHETAPHOM
MEXaHHU3ME U ero MPaKTUUeCKON peau3alum.
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2. IlenTp coBnmageHusi cKopocTeii

IleHTp coBmazeHHs CKOPOCTEH — 3TO TOYKa JABYX
HE3aBUCHMO BpalllalOIIUXCS Tel, B KOTOPOH BEKTOPHI
JIMHEHHBIX CKOPOCTEH Ten coBmanaror. IloHsTue uneHTpa
COBIAJICHUA  CKOPOCTEH  OIpelelsaercs  Cleayouei
TEOPEMOM.

Teopema 1 0 LIeHTpe COBNAAECHUM CKOPOCTEH.

JlBa HE3aBHCHMO BpAIAIONIMXCS Tella UMEIOT LIEHTP
COBINAJICHHUS BEKTOPOB JIMHEMHBIX CKOPOCTEN Ha JIMHUH,
COEIUHSIOMEN EHTPBI BPALICHHUS.

Ha puc. 1 tenma 1 u 2 Bpamarorcs C 3aJaHHBIMHU
HE3aBUCHMBIMA CKOPOCTSAMH ¢ M @, BOKPYT LICHTPOB

BpAIICHUS O1 " 02.

Puc. 1. K Teopeme o neHTpe coBnageHuN CKopocTen

I[locTpoum  maHbl  JUMHEHHBIX  CKOpPOCTEH  Tex
OTHOCUTENLHO JiHUK  O,0, , COEIUHSIOUEH UEHTPbI

BpaleHus. JIMHUM, OrpaHUYMBAIOIIKME KOHIBI BEKTOPOB
JIMHEWHBIX CKOPOCTEH, EpECEKArTCA B HEKOTOPOH TOUKe
c. Mepnenauxynsap CC, mpoBeneHHslit U3 TOUKH ¢  Ha
smuuio O, 0, , OIPEAEISIET BEKTOP CKOPOCTH TOYKU C.
Touka C npunannexur onHoBpeMenHo Teny 1 u temy 2.
BekTopsl mMHEHHBIX cKOpocTel Touek Tesl 1 U 2, B Touke
C V) =V,
HE3aBHUCHMO BpAaIalOMINXCS Tela MMEIOT OOIIYI0 TOUYKY
C  coBmajeHns BeKTOPOB JIMHEHHBIX CKOpOCTeil Ha
JIUHUN Oloz, COEIMHSIONIEN LIEHTPBl BpallleHUs O1 "

COBIIAAAOT CHC}IOBaTeJ'II)HO, JBa

O,, ut0 u TpeboBanoch nokasarb. Touky C o6yuem

Ha3bIBaTh IIEHTpOM coBmaaeaus ckopocreit (LICC).
ITonoxenne Toukn ¢ 1ICC onpenensiercs mo Gopmyne

[0
@ + 0
3. lIpakTnyeckas peamusanus I{CC

@)

IleHTp coBmajgeHUsI CKOPOCTEH WMMEET HEKOTOphIe
CBOHCTBa, KOTOpPBIE MOTYT OBITh WCIOJIB30BAHBI IS
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MPaKTHYeCKUX Iejeld. OTH CBOWCTBA OMPEHEISIIOTCS
CIEIYIOUIMMHU TeOpEMaMH.

Teopema 2. Cucrema [BYyX BpalIalOIUXCA Ted C
JIByMsI CTETIEHSIMH CBOOOJBI MOKET OBITh NMpeoOpa3oBaHa
B CHCTEMY C OJHOM CTENeHbI0 CBOOOABI 0e3 M3MEHEHMs
COCTOSIHUSL JBIDKCHMSI, €CIM B LEHTPE COBIAJEHUs
CKOpOCTEl pa3MeCTUTh BBICUIYI0 KMHEMaTHYECKYIO Iapy,
00ECIIeUNBAONIYI0  CYIIECTBYIOIIEE  KHHEMAaTHIECKOE
B3aNMOJIEUCTBHUE TEII.

Puc. 2. IIpaktuueckas peanuzauus LICC

Jlns nokasatenbcTBa pasmectuM B Touke C  momoc
3ameruieHus Byx 3yOuaTtbix kosec. Komeco 3 »xecTko
CBSI3aHO C TeJIOM 1 , Kojieco 4 JKECTKO CBSI3aHO C TEJIOM 2.
Komeca 3 u 4 wumeroT yrioBele ckopoctd Ten | u 2.
JInneitasie cxopoctn Ten 1 u 2 B Touke C  pasmbI
Mexny coboi: V), =@, -O,C,V, =0O,C. Orcrona
Ten 1 wmw 2

OTHOIIICHHE

MOJyYNM  IepelaTOYHOe
u,, =0,C/0,C.

3yOuaThIx Kosec 3 u 4 OKaKeTCsl paBHBIM MEPEAATOUHOMY
OoTHOIIEHHMIO Tea 1 u 2 Ugg = Upyp- CnenoBaTeabHO,

OTHOILICHHC
IIepenarounoe

Koseca 3 W 4 o0eclevrBalOT PeajbHO CYIIECTBYIOIICE
KMHEMaTH4Yeckoe B3zauMmoeicTeue Ten 1 u 2. Bmecre ¢
TEM BBEJICHUC KOHTAaKTHON TOYKH 3yOuaThIX Koiec 1 m 2
JOOABIISIET OJHY CBSI3b, UTO NPHBOIANT K YMCHBIICHUIO

9rciaa CTENEeHEeH CBOOOIBI WCXOJHOW CHCTEMBI Ha
enuHUIy. Takum  oOpa3oMm, BBEJCHHE  BBHICHICH
KHHEMAaTHIEeCKOM napsl, obecrieunBaromnie

CYIIECTBYIOIYIO KMHEMATHUKY, MPUBOJUT K MOJYYCHUIO
CHUCTEMBI C OJTHOU CTENEHBIO0 CBOOOIBI, UTO M TPEOOBAIOCH
JI0Ka3ath.

Teopema 3. Bpeaenume BwicHIedi Tapsl B BHUIE
3youaroro 3aremieHuss B [[CC obecriednBaeT CHIOBOE
B3aUMO/ICHICTBHEC HE3aBHCUMO BPAIAFOIIUXCS TEII.

JlokazaTenbCcTBO TEOPEMBI OCHOBAaHO HAa MPHUPOC
3yOuaroro 3arerieHus. 3y04aroe 3aleruieHue o0ianacT
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CHOCOOHOCTBIO IIPOU3BOJIEHOTO PacIoIoKEHHS
KOHTaKTHOW TOYKM 3yOb€B Ha JIMHUM 3allCIUICHHs. JTO
CBOHCTBO  o0ecneywBaeT  aJamlTalMi0  IOJIOXKEHHUH
KOHTAKTHBIX TOUYEK HECKOJBKHX B3aMMOAECHCTBYIOLINX
3y04aThIX Iap ¥ BO3MOXKHOCTH OJTHOBPEMEHHOT'O TOYHOTO
CHJIOBOTO B3aUMOJICHCTBHSI HECKOJIBKUX Hap 3yObeB
3yO4aThIX  KOJIEC C  OJMHAKOBBIM  II€PEAATOYHBIM
OTHOILEHHEM.

[TomokeHne KOHTaKTHOH TOYKH 3yOBEB Ha IJIMHHUH
3alEIUIEHUs]  MOXKET OBITH MPOU3BOJIBHBIM B
OTIPEICTICHHBIX TpeJeNax, KOTOpble BCeraa OOecIedeHb
napaMeTpamy 3anerienus. [lepexada ycunns B 3yddarom
3alleIUIEHUM HE 3aBUCUT OT IMOJOXEHHS KOHTAKTHOI
TOYKH Ha JIMHUW 3alCIIJICHUSA. HOE)TOMy BBCJICHUC
BhICIICH mapbl B BUne 3ybuartoro 3auerienus B L[CC
Bceraa  oOecredrMBaeT  CHJIOBOE  B3aMMOJICHCTBHE
HE3aBHCHMO BpAIAIOUIMXCS TeJ, 4YTO M TpeOoBaioch
JI0Ka3aTh.

IIpuMepoM peabHOrO CHJIOBOTO B3aMMOJACHCTBHSA
3BEHBEB C HCHOIb30BAHUEM HECKONBKHX OJHOBPEMEHHO
peanpHO KOHTAKTHPYIOLINX 3BEHBEB SIBIIETCSA
IUTAaHETAPHBIN MEXaHU3M C HECKOIBKHMH caTeIuTaMu. B
9TOM CJIy4ae IHOSBICHHE IONOTHHUTENBHBIX BBICHIMX
KHHEMAaTH4YEeCKUX Map MPUBOIUT K PAa3JEICHUI0 YCHIIHS
BSaHMOHeﬁCTBHﬂ HCHTPAJIBbHBIX KOJIeC Ha YUCJIO
B3aMMOJICHCTBYIOLIUX T1ap.

Takum oOpazom, LICC moxeT ObITh HCIIOJIB30BaH B
Ka4yecTBe peanbHOM JIONOJIHUTENbHON CBSI3H,
COXpaHﬂIOHIEﬁ HC3aBHUCHUMBIC JBHXXCHUSA 3BCHBCB

HCXOIHOH KhHemarnmdueckoii mern. Ecim B Touke C
Pa3MECTHTh TOIIOC 3aICTUICHUS 3y09aThIX KOJIEC, KECTKO
CBSI3aHHBIX € TedaMu 1 W 2, TO paccMaTpuBaeMas
cucreMa ¢ JOBYMS CTENCHSAMH CBOOOIBI TpHOOpeTeT
JIOTIOJIHUTENbHYIO CBSI3b U NMPEBPATUTCS B ONPENETUMYIO
KUTHEMATHYECKYI0 W CHJOBYIO CHUCTEMY C OJHOM
CTEIEeHbIO CBOOOIBI.

IlocTpouM HOBBII HECUMMETPUYHBIN IUIAHETAPHBII
MEXaHHU3M Ha OCHOBE HailICHHBIX 3aKOHOMEPHOCTEH.

4. HecuMMeTpUYHBIH MJIAHETAPHBII MeXaHU3M

LleHTp coBmaseHUsI CKOPOCTEH MO3BONAET CO3JaTh
HOBBIH IUTaHeTapHbIM MexaHu3M. Ha puc. 3 mpencrasnen
OOBIYHBIN TUIAaHETApHBIH MEXaHW3M C ABYMsSI CTETICHSIMHU

CBOOOJIBI, COJEPIKAIIN BOJIUIIO H , caTeummT 2
COJIHEYHOE KOJIECO 1 U DIUIMKINYECKOe Kojeco 3.
CopaBa OT MexaHW3Ma MPEJACTABICH IUIAH JIMHEHHBIX
ckopocreit. Toukn A, E, B, D... Ha BepTHKambHOI

JINHUN COOTBCTCTBy}OT TOYKaM, CKOpOCTI/I KOTOpBIX paBHBI
Hya0. Mansie OykBel €, b, d...onpenensior KoOHIBI

BEKTOPOB JIMHEHHBIX CKOpPOCTEeH TOoUYeK, 0003HAYCHHBIX
O6ompmmMu  OykBaMHM  Ha  BEPTUKAIBHOM  JIMHHH.
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HaknonHbple IMHUH H, 1, 2, 3 Ha IIaHe JIHMHEHHBIX
CKOpOCTeﬁ OIPCACIIAIOT JIMHUU  YTJIOBBIX CKOpOCTeﬁ
3BCHLCB.

Pasmectnm Ha Bomuie H €1e OAWH HECUMMETPUIHO

pactionoxxeHHbI# cateunt 4. Ha nepeceuernn nuamii 3 n
4 MOCTPOMM TOUKY C,, — KOHEIl BEKTOpa ILEHTpa

COBIIAZICHUS CKOPOCTEH C,, 3BEHbEB 3ud.

N

D | -3 D g

Fl g 4,
X o>/ /
4
3’
Cs4
a) b)
T/

Puc. 3. HecuMmMeTprIHBIHA TUTaHETAPHBIH MEXaHU3M

Ckopoct 3BeHbeB 3 U 4 B TOUKE C,, COBIAMAIT.

Pa3smectm B TOuke c34 BBICITYIO KHMHEMATHYCCKYIO

napy B BHJe 3y0Ouaroro 3aneruieHus: Kosieca 3’ , JKeCTKO
cBA3aHHOrO ¢ KkojecomM 3 u koseca 4. Ilomydmm
HEKOTOPYIO JOTIOJTHUTENBHYIO napajuieIbHO
CYIIECTBYIOIIYI0 KHHEMAaTHYeCKyl Ielb, KOTOpas He
M3MEHSIeT KHHEMaTHYECKHX [TapaMeTpoB 3BeHbeB. O1HaKO

3Ta Ilelb, HECOMHEHHO, OYAeT BBI3BIBATH CHJIOBOC
B3aMMoOJelicTBUEe 3BeHbeB 4, 3 U H aHAJOTUYHO
B3aMMOENCTBUIO JIOTIOJTHUTEILHOTO careJuiMTa

(aHAJIOTHYHOTO caTEJUIUTY 2) ¢ KOJIECOM 3 U BOJHMIIOM H
B CUMMETPUYHOM IUTaHETAPHOM MEXaHU3Me.
[TonyueHHBI TIAHETApHBIH MEXAaHU3M COJCPXKUT JBE
HE3aBHCHMBIE NapajuleJIbHble KHHEMaTHYECKHEe IICIH,
Hepefarole JABWXKEHHE OT BXOAHOTO BOJWIA K
BBIXOZHOMY 3BeHy. OH oTiMyaercsi OT OOBIYHOTO
IUTAHETAPHOTO MEXaHM3Ma C HECKOJIBKHUMH CaTeJUIMTaMH
TeM, 9YTO TMapajulelbHble KHHEMAaTHYeCKHe  IIeTH
ACHIMMETPUYHBI ¥ HMEIOT pa3Hble T'€OMETPHUYECKHUE
mapameTphl.
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Ha puc. 3b ¢wurypa DbeAfkc, , onpesienser miax

JIMHEHHBIX CKOPOCTEH MEXaHU3Ma B COCTOSHUHM C OJHOM

CTETICHBI0 CBOOOIBI TIPH HETIOIBI>KHOM Koutece 3

(w3 =0).
Qurypa

d''be'" Af''kc'';,0mpenenser  IUIaH

JIMHEMHBIX CKOpOCTeﬁ MEXaHu3Ma B COCTOSHHUH C OJHOM
CTCIICHBIO CBO60,I[LI IIpU COBMECTHOM BpaIICHWH BOAWIA

H

BSaHMOHeﬁCTBHe 3BCHBCB IIpU COBMCCTHOM BpalICHUUN

u konec 3 u 1 (wy=aw =awy) Cuiosoe

BOAMIIA H u xomec 3 u 1 oTpeieNIAeTCsl yCIOBUEM
603 = a)l = a)H .
urypa d'be' Af'kc',, onpenernser TIaH

JIMHCHHBIX CKOpOCTeﬁ MCXaHu3Ma B MPOMCEKYTOYHOM
COCTOSAHHNHA C JABYMs CTCIICHAMMA CBO6OI[LI npu

Pa300IIeHHOM BpalleHUH BOIMJIA H
Wy # O # @y )-
PaccmoTpuM B3auMoneWcTBUE 3BEHHEB MEXAHU3MA.

n komec 3 u 1 (

By,I[eM CUHUTATh BOAUIIO H BXOAHBIM 3BC€CHOM, a KOJIECa 1
u 3 BBIXOJHBIMH 3BCHBAMMU. I[OHOJIHI/ITGHBHEIH CHJIOBaA
CBA3b B TOYKE C34 NIpUBOAUT K CTaTHICCKOM

ONPENETUMOCTU CHCTEMBI.
BsaumogeiicTBue BBIXOIHBIX 3BEHBEB 3 U 4 MOYKHO
OTIPEJETINTH CIEAYIOIUM 00pa3oM.
Bynem cuutath, 4TO paccMarpuBacMblii MEXaHU3M
COCTABJIEH U3 ABYX MEXaHU3MOB: BEPXHEIO U HUXKHETO.
BepxHuil MeXaHU3M PACIIOJIOKEH BBIIIE LIEHTPAIILHON

ocn A— A, Himkeuil MexaHH3M DAaCIIONIOKEH HHKE
LIEHTPAJILHOU OCH A-A.

BzanMojielicTBiEe 3BEHBEB B COCTOSHHM C JIBYMS
CTETEHSIMA CBOOO/IBI OTIpeIeNseTCsI YCIIOBUEM
pacrpeeseHus SHEPTHHU 110 3aKOHY COXPAHEHHs] SHEPTUM.

Jlnst BepxHero Mexanusma (Upper)

M@y = Mgy@; + My + My, - (2)

Jnst nwokHero mexanusma (lower)

@)
3necy s BepxHero (uHmekc U) W Uit HUKHETO
(uumexc L) mexanmsmoB M, - [BWKYIIMH MOMEHT,

My oy =Mz 03+ My o + My @, -

M, M,, M - MOMEHTBI CONIPOTHBJICHHS.
Jlst BCero MeXaHW3Ma IOCie CIIOXKEHWs YpaBHEHUi
(2) u (3) moyuum
My oy + Mgw; = My + My, + My @, -
4

31ech

IIpaBas vacte ypaBHeHus (4) mpencraBisier coboit
CyMMY MOIIHOCTEH BHYTpeHHHUX ciil. Kak OpUT0 TTOKa3aHo

My =My, +My, Mg =My, + My, M; =My, + M,pTKpBIBaeT
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B pabote [5] cymma pabot (MOITHOCTEH) BHYTPEHHUX CHII
OKa3bIBaeTCs PaBHOM HYJIIO.
M@y + My, @,y + My @, =0 ®)
JleBast wacte ypaBHeHus (4) mpezncraBisieT co00i
cymMMy MolHocTeld BHemHuX cuil. C yuerom (5)

Myoy +Mzw; =0. (6)
JomonHutensHas CcuiIoBas CBA3b  00ECIICUUBACT
pacmpelielieHue CKOpOCTed  Todek D v« E &

COOTBETCTBHH C CHJIOBBIM BO3JCHCTBHEM Ha 3BCHbA 1 U1 3,
KOTOpbIE C TIOMOUIBIO JIONOJHUTEIBHON CBA3M Cs.

00BETMHECHBI B 3aMKHYTBIN MOABMKHBINA KOHTYp 1-2-3-4’-
4. TlonyueHHBII MEXaHU3M HUMEET OJIHY CTCIICHb CBOOOIBI
u obnamaer CTaTUYECKOU u KHHEeMaTU4eCKOU
OTPEICTUMOCTHIO.
U3 dhopmysel (6) cnenyet
a3 =My, I Mj . (7
®opmyna  (7) ompenmenser  3h¢GeKT  CHIOBOM
aJlanTaliy: TMPH TOCTOSIHHOW BXOJHOW  MOIIHOCTH
M, @, BBIXOIHas YIJIOBas CKOPOCTh aJaNTUPYETCs K

NEPEMCHHOMY BBIXOJJTHOMY MOMCHTY CONIPOTHUBJICHUS.

dopmyna @) BEIpaKaeT AHATUTIHYCCKU
JIOTIOTHUTENbHYIO CBSI3b, KOTOpas HMeEEeT MecTo B
KMHEMAaTHYECKOH LIeMH ¢ ABYMS CTEIICHSIMH CBOOOIBI.

Takum  oOpazom, I[CC  mo3BomseT  co34aTh
aJalTUBHBII IUIAHETAPHBII MEXaHU3M.

CymiecTBytolue 3yOuaTble BapuaTOPBl  SIBJISIOTCS
CIIOKHBIMM  IUIAHETAPHBIMU ~ MEXaHU3MaMH C JIByMs
BOJIJIAMH M C IBYMSI OJIOKaMH KOJIec.

HoBprit  HecuMMeTpu4HBIM  3y09aTeIi  BapHaTop

SIBJIsIeTCST OoJiee MPOCTHIM (C OJJHUM BOJAMJIOM U C OJHUM
0JIOKOM KoJTeC).

3aki04yeHue
Haiinennsie 3aKOHOMEPHOCTH IIOCTPOEHHUS
HECUMMETPUYHOTO IIJIAHETapHOIO MEXaHU3Ma

ONpPEEIAI0T HAJIUYUE JONOTHUTENbHOU KUHEMATHYECKON
CBSI3M B BUJIE LIEHTPA COBMAJICHHUS CKOPOCTEH 3BEHBEB.
IleHnTp coBmajeHus: CKOPOCTEH MOXKET OBITh TPECTABICH
KOHCTPYKTUBHO B BHJIE T€OMETPUYECKOM CBS3M JIBYX
3y04aThIX KoJieC. JTa TeOMETPUYCCKAsl CBSI3b HM3MEHSCT
CTPYKTYPY MEXaHH3Ma M YHCJIO CTCIeHEH CBOOOEI.
KOHCTpYKTUBHO BBINOJHEHHAs] JAONOJHUTENbHAS CBSI3b
oOecrieuynBaeT HAJICKHOCTh (DYHKIIMOHAIBHOTO JCUCTBUS
aJJaliTUBHOTO MEXaHU3Ma B COCTOSIHMU C OJJHON CTENEHBIO
CBOOOJIBI TIPU MYCKE U B COCTOSIHMH C JIBYMsI CTEMEHSIMU
CBOOO/IBI B DKCIUTYaTAI[AOHHOM PEXHIME.

Hayumas  peammsamms  HaiimeHHoro  3ddexra
IIPUHIUITNAIIBHO HOBBIC TMEPCIECKTHUBBI
CO3JIaHUSI  CaMOPETYIHUPYIOUIMXCS ~ MEXaHH3MOB U

MEXaHHYECKHX CHCTEM BO BCEX OTPACIAX TEXHUKH (B
ABTOMOOWJILHOH NMPOMBIIUIEHHOCTH, B POOOTOTEXHHKE, B
BETPOIHEPreTUKE, B METAJUTypTUH, B TOPHOJO00bBIBaONIEH
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MPOMBIIICHHOCTH, B
CTaHKOCTPOEHUU U JP.).

[MpakTnyeckass peanuzanus HaiineHHOro 3¢ ¢exTa
OTKpBIBA€T  NPUHLUIHAIBHO  HOBBIE  IEPCIEKTHUBBI
CO3/aHUsl MAIIMHOCTPOUTENIBHBIX HPOM3BOACTB. OmHUM
n3  HamOoyiee  TEpPCIEKTUBHBIX  BHJIOB  HOBOMU
caMoperyaupyooumeics TEeXHUKU SIBIISIETCS
CaMOPETYIUPYIOLIHICS 3yOUaThIit BapuaTop,
3aMEHSAIOMNI TSDKEIYI0 M TPOMO3JKYI0 KOPOOKy mepenad
aBTOMOOMIIS.

ITpocrora u naeaNbHas a/IeKBaTHOCTh
caMmoperyiupylomerocss ~ 3yOodaroro  Bapuaropa K
YCJIOBHSIM PabOTHI CO3JAI0T HEOCTIOPHMBIE IIPEUMYIIIECTBA

pa3BemodyHOM  OypeHHMH, B

mepesi  YOpaBIIEMBIMH  CTYICHYATHIMH  KOPOOKaMU
nepenayd ¥ GPUKIHOHHBIMU BapHATOPAMH.
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AHHOTAN NS
B nmamHOW paboTe crmenMadMCTaMH  IpeajiararoTcs
MHHOBAIIMOHHEIE CII0COOBI Teperpy3Ku

TETUIOBBIJCISIFOLIETO AIEMEHTa H/WIIN TeTUIOBBLACISIONINX
JJIEMEHTOB M [Ip. M3 MPOMEKYTOYHOI'O KOHTEWHepa ¢
TBEP/IbIMU BBICOKOPAIMOAKTHBHBIMHU OTXOJaMH B MOJIOCTh
(MOJIOCTH) OCHOBHOTO KOHTEHHEpA, W3TOTOBICHHOIO U3
6JI0Ka KPEMKO# TOPHOW MOPOJBI, PEATH3AIMI0 KOTOPOTO

MIPEeIyCMaTPUBAETCS OCYLIECTBIATh C HPUMEHEHHEM
MHpPOBOTO  YPOBHS  HMHHOBAIIMOHHOM  KOHCTPYKLIHMH
Tpex(danaHroBoro 3axBaTHOrO  YCTpOMCTBa  cXBaTa

MaHUITYJIITOpa MPOMBIIIJIEHHOTO poboTa
KuioueBble ciioBa: KoHTeiiHep, (paanra, cxsar,
YAep:KUBAKOUIUI 3y0, TENI0BbIIEJISTIOLIUI 3JIeMeHT.

1. Beenenue

Ilo nanHpiM BcemupHON aTOMHOI accouuanuu B
HACTOSIIIMI MEepUoJ BPEMEHH BO BCEX CTpaHaX MHpa
sKcmryatupytorcss 449 atoMHBIX peakTopa, eme 62
ATOMHBIX peakTopa cTposTcs U oKkosno 150 aToMHBIX
peakTopoB  3alUIAHUPOBAHbI sl  CTPOHUTEIBCTBA.
MHupoBBIM JTHIEPOM B ATOMHON SHEPreTHUKE SBIISIOTCS
CHIA, rme oskcrutyatupytorcss Oonee 100 aTtoMHBIX
peaxkTopoB. bBbIcTpee Bcex «MUpPHBIM aTOM» pPa3BHBAET
Kuraii. B Kwurae crpositcs 27 aroMHBIX PEaKTOPOB,
Bo3BezeHue eme 50 aTOMHBIX PeaKTOPOB 3aIUIAHHMPOBAHO
B 3TOM cTpaHe B Oy IyIIHii IEpHO] BpEMECHH.

[Ipu skcuryatannu aToMHO# AnekrpocTaniun (ADC)
00pa3yroTcsi TBepHble BBICOKOPAJNOAKTUBHBIE OTXOJBI
(TBPAO), SIBJISIFOLIIUECS TETUTOBBIICIIAIOIIUMU
anementamu  (TB3JI-amu) TteroBbIaensrommx cOOpoK
aTOMHBIX PEaKTOPOB.

Pagronyknunel, cogepxamecs B TBPAO,
IyOWTENBHO JCHCTBYIOT Ha Oumocdepy 3eMii U pe3Ko
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YXyJIIIAIOT  3KOJOTHIO  OKpyXkaromed cpeasl. B
HACTOSIINH TIeproO. BpPEMCHU CTCTIHATACTAMHA
MpeAyCMaTpUBAETCSl OCYIIECTBIATH 3axopornernrne TBPAO
B IMOI3EMHBIX XpaHwiumax (MormwibHukax) TBPAO. ITlpu
OCYIIECTBIICHUH JTOH  TEXHOJOTHYECKOW  OIepaIui
TBOJI-pl 3arpyxarorcsi B NPOMEXYTOUHBIA KOHTEHHED,
KOTOpEI TpaHcmoptupyercs oT ADC 10 cOOpoYHO-
neperpy3oudoro nyakra (CIIII), coopyxeHHOTo BO3JeE
noj3eMHoro xpanwimiia (MmormnsHuKa) TBPAO. B CIIII
u3 MIPOMEKYTOYHOTO KOHTelHepa TBPAO
MEPErpyKarTcs B MOJOCTh (IOJI0CTH), CHOPMHUPOBAHHYIO
B Tele OCHOBHOTO KOHTeWHepa (KOHTEHHEpOB),
M3TOTOBIICHHOTO W3 OJIOKa KPEMKOil TOPHOI mOpoasl. DTy
TEXHUYECKYIO OTIepanuio TpeyCMaTpUBaCTCS
OCYIIECTBIITE  pabounMm  (pabo4ynMMM) BpPYYHYIO C
MPUMEHECHHEM CIICIHABHBIX PUCIIOCOONICHHM, KOTIa OH
(oHM) HaxommwTcs ~ HemocpencTBeHHO Bo3re TBPAO.
BesyciioBHO, TpW BBIIONHEHHH JTOH OINEpaldd HE
obOecrieunBaercsi  Tpebyemass  0€30MacHOCTh  Tpyaa
pabouero (paboumx).

B macTosmwmii mepuoJi BpeMEeHH ~CHelUaINCcTaMu
CO3/1aHBl MHHOBAIIMOHHBIN croco0 meperpy3ku TBDOJI-
a wum TB3JI-oB u gp. U3 IMPOMEKYTOUYHOTO
koHTeitHepa ¢ TBPAO B momnocTh (TOJIOCTH) OCHOBHOTO
KOHTeHHepa, U3rOTOBJIEHHOTO M3 OJIOKAa KPENKOW ropHOH

MOPOJIBI, peaU3ali0 KOTOPOr0 MPEAyCMAaTPHUBACTCS
OCYIIECTBIIATh C TNPUMECHEHHEM MHPOBOTO  YPOBHS
WHHOBAI[OHHOTO cxBara MaHUITYJIATOPA
npomsinuieHHoro pobora (IIP) u WHHOBAIMOHHAs

KOHCTPYKIMS Tpex(aJlaHrOBOTO  aJalTHBHOTO CXBaTa-
3aXBAaTHOT'O yCTpoMcTBa MaHumysstopa I1P.

Jlns HaydHO-000CHOBAaHHOTO BRIOOpPa W OOOCHOBaHHSA
FeOMETPUYECKHUX, CTPYKTYPHO-KHHEMATHYECKHAX H
JVUHAMHYECKUX [mapaMeTpoB KOHCTPYKTHBHBIX
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3JIEMEHTOB WHHOBAIIMOHHOTO cXBaTa MmaHumyssitopa [1P
paspaboraHa MaremaTHyeckas MOJAENb MX pacyera c
Y4E€TOM CTOXAaCTHYECKHX MPOIECCOB MX B3aUMOJEUCTBUS

¢ oObexkroM, T.e. ¢ TBDJI-om. To4HOCTH OILICHKHU
onpeeNeHus F€OMETPUUECKHUX, CTPYKTYpHO-
KUHEMAaTHYeCKUX W JIMHAMUYECKHUX  TapaMeTpoB
KOHCTPYKTHUBHBIX 3JIEMEHTOB Tpex(alaHroBoro

aJanTUBHOTO cxBata MaHumymistopa [IP ¢  yuerom
CTOXAaCTUYECKHX TMPOIECCOB B3aWMOJIECHCTBHS €ro C
BepXHHM ydacTkoMm Tenma TBDOJI-a mpowmsBoamTcs Ha
OCHOBE  ONpEHCICHHUS ONTUMATILHOTO  BECOBOTO
koa(dunuenra Kanmana [1-4].

2. OcHOBHOE coliep:kaHue

B HacTosmmii nmepuox BpEeMEHM CHELUaIUCTaMU
co3MaH WHHOBAIIMOHHBIA crmoco0 meperpy3ku TBOJI-a
/v TBDJI-0B 1 p. W3 MPOMEKYTOYHOTO KOHTEHHEpa
¢ TBPAO B mosiocth (I0JIOCTH) OCHOBHOTO KOHTEHHEpa,
HM3TOTOBJICHHOTO W3 OJIOKa KPEImKOW TOPHOW MOPOJIBL,
peanuzanuio KOTOpPOTO IpenycMaTpuBaeTCs
OCYIIECTBJIATh C MPUMEHEHHEM WHHOBAIIMOHHOT'O CXBaTa
Manunyisropa I1P.

Konctpykuus TBOJI-a, Hampumep, peakropa PEMK
npuBeaeHa Ha durype 1.

=L ifiim=)rm
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\ \
\L. 2. \L \4 \s \&

®ur. 1. Koncrpykuus TBDJI-a peakropa PBMK: 1-
3aryIyIika; 2- TableTKy JHOKCHIA ypaHa; 3-000104Ka 13
LUMPKOHHUS; 4-TIPY’KHHA; 5- BTYJIKA; 6-HAKOHEYHUK

B xomomHoM cocTosHMM oOmas JUIMHA cTojba
tabnetok B TBOJI-e cocraBmser 3530 mm. [{nuHa TpyOKu
TBDJI-a paBua 3800 mwm. [TonoxkeHne cToyida TOTUTUBHBIX
TabNeToK (UKCUpYeTCs pPa3pe3HbIMH BTYJIKAMH U3
HepKaBerolen cTam u MpYy>KUHOM, HE
MPENSTCTBYIOIMMH TEILUIOBBIM NEpeMeIeHusM [5-6].

MHHOBaIMOHHBIH JUCTAHIIMOHHO YIpaBIIsieMblil
moOmnbHeld  [IP (durypa 2) ¢ WHHOBAIMOHHBIM
aJaNTUBHBIM HWCIIOJHUTENIbHBIM MEXaHM3MOM CXBara
COCTOUT U3 ONOPHBIX CTOEK 1, TrOpHU30HTANIbHON
MepeKIauHbl 2, CpeACTBA TMepeaBIDKeHUS 3 (KOJIECHOE,
TYCeHMYHOE, [Iaraiomiee 1 T.1.), K KOTOpOMY MpPHUKPEIieH
Manumyisatop 4 IIP, mMmeromuil HECKOJIBKO CTemeHei
CcBOOOIBI TTOJIBIPKHOCTH, TTOJIOOHO denoBeueckol pyke. K
KOHeYHOW uacth MaHumyistopa 4 IIP  mpuxperuisercs
MHHOBAIIMOHHBIM cXBaT 5 . MIHHOBAaIMOHHBIM CXBaTOM 5
TBDJI 6 u3BnekaeTcs U3 MPOMEXYTOUYHOTO KOHTeHHepa 7
U IIeperpyaercs B OCHOBHOM KOHTeHHep 8.
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@ur. 2. Cxema neperpysku TBOJI-a TBPAO u3
MIPOMEKYTOYHOTO KOHTEHHEpPa B OCHOBHOW KOHTEIHHED C
[IPUMEHEHUEM MHHOBALIMOHHOT'O CXBaTa MAHMITYJISTOPA

IIP: 1 — onopHas croiika; 2 — ropu30HTaIbHAs

NepeKnaanuHa; 3 — CpeACTBO NepeaBUKEHUS; 4 —

MaHHUIYJISTOP; 5 — UHHOBAIMOHHBIN cXBat; 6 —
TeruIoBbLIesIonui anement (TBOJI); 7 —
MIPOMEKYTOUHBIN KOHTEHHEpP; 8 — OCHOBHOI KOHTEHHEp

Ha ocHoBe anammsa pabot [7-26] choenuanuctamu
CO3/1aHa MUPOBOTO YPOBHsI HHHOBAI[MOHHAS KOHCTPYKITHSI

Tpex(hallaHrOBOr0  aJAaNTHBHOIO CXBaTa - 3aXBaTHOIO
ycTpoiicta (3Y) Mmanunymnsatopa I1P.
WMHHOBAaIMOHHAS ~ KOHCTPYKIIHS (purypa  3)

Tpex(allaHrOBOTO AJaNTHBHOTO CXBaTa MaHUITYJIATOpA
COCTOUT M3 CIEAYIOIUX KOHCTPYKTUBHBIX 3JIEMEHTOB:
IUTUTKA-OCHOBaHUE | IS KperureHus (hajaHr — PhIYaroB
CXBaTa, KOTOpasi MPUKPEIUISIETCS KPENEKHBIM phlyarom 2
K KOHEYHOW YaCTH MaHUITyJISATOpA.

@wr. 3. TpexdananroBelil afaNTUBHBIN CXBAT
manunyssitopa [P s neperpyskun TBOJI-a n/ummn
TB3JI-0B U3 MPOMEKYTOUHOTO KOHTEITHEpa B OCHOBHOM
koHTeliHep anst TBPAO npu 3axopoHeHuu ero B
oJ3eMHOM XpaHuiuiie (MormibHrke) TBPAO: 1 —
TUINTKa-OCHOBAHME JUIsl KPEIUICHNsI OCHOBHOM (haslaHru
ppluara cxBara; 2 — KpenexHbI! pplyar MaHUITYJISATOPa; 3-
OCHOBHas (hajanra; 4 — cpeHss Gajianra; 5 — KOHEUHAs
(basanra; 6- MAPHUP KPETJICHUS CMEKHBIX (DaJTaHT MEXILy
co0oif; 7 — cTaruBaromas IpyxuHa; 8§ — yIep >KUBatOIIHA
3y0; 9 — THOKWH TATOBBIN AJIEMEHT.

3Y cocronT W3 HECKONBKHX KOHCTPYKTHBHBIX
JJIEMEHTOB, TaK HAa3bIBAEMBIX CXBATHIBAIOIIMX THOKHX
pBIYAaroB  cxBara, KHHEMaTH4eckass cXxema paboTsl

KaXJa0ro "3 KOTOPBIX YCJIOBHO OTOXACCTBIISICTCA C
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(YHKIMOHWPOBAaHMEM  OTHCNFHOTO  THallblla  PYKH
yenoBeka. Kaxnelif cxBaThlBaromMi THOKUII pbryar
cXBaTa COCTOMT, Hanmpumep, u3 3-X (ajaHr: OCHOBHOM 3,
cpenHeit 4 u xoHeuHod 5. Bce damanrn 3-5 mexny
co0oil coexuusitorcs mapHupamu 6. Hikaee ocHoBaHMe
Ka)XJJOH OCHOBHOW (hasaHru 3 CXBaTHIBAIOLIETO THOKOTO
pplyara CcxBaTa KpEeNMTCS IIapHUPHO K IUIMTKE —
ocHOBaHMIO 1. Mexay BceMH CMEXKHOPACIIONOKEHHBIMU
¢amaaramu  3-5 KOKIOTO  pblyara  cXBara
YCTAaHABJIMBAIOTCS  CTATHBAOIIME TpyxuHel 7. Ha
yJacTKax BHYTPEHHEH MOBEPXHOCTH Kax 0¥ (hamaHru 3—
5 KaXIoTro phlYara cXBaTa YKPEIUISIOTCS YICpP KUBAIOIIIEC

3yObs 8.
3axBaTbIBaHHE INpeaMeTa, Hampumep, T1B3JI-a,
MpeJHa3HAYEeHHOTO  JUI  TEpeMeIleHHus  ero W3

IIPOMEKYTOYHOIO KOHTEHHEpa B OCHOBHOH KOHTEHHED
s TBPAO, ocymiecTBisieTcsi CICAYIOMIMM 00pa3oM.
CxBatbiBaroIue rMOKHAE phlYard CXBara, HAPUMEp, TPH
CXBaTbIBAIOIIUX THOKHX phlyara cxBaTa
MO3ULMOHUPYIOTCSL «pyKoW» Manumynaropa I[P wHag
BepxHUM y4dacTkom Tena TBOJI-a, Haxopmsmierocs B
MIPOMEKYTOUHOM KOHTEIHepe. 3areMm OHU
MEPEMEILAIOTCS CBEPXY BHHU3 Ha TEJIO BEPXHETO y4acTKa

TBOJI-a u (QUKCHPYIOTCS HANpOTHB HETO TaKuM
oOpazoM, 4YroObI OH OBLI  pacHoOJOKEH  MEeXIy
CXBaTHIBAIOLUIMMH T'MOKUMH pbl4araMu CXBaTa. B

3aBHCUMOCTH OT KOHKPETHBIX YCJIOBHH, HampuMep, C
OJIHOM CTOPOHBI BepxHero ydactka tena TBJJI-a OynmyT
pacroyIo’keHBl JIBa CXBaTBHIBAIOIIMX THOKMX phlyara
CXBaTa, a C TPOTUBOIOJIOKHOW CTOPOHBI €ro—OAHH
CXBaTBHIBAIOIUIA THOKUH phryar cxBaTa. B Tenme kakmoit
¢danmanrn 3-5 kaxgoro pelyara cxsara (opmmupyercs
OTBEpPCTHE, NPOJAOJIbHAS OCh KOTOPOTO COBIAAAeT C
MIPOJIOJBbHON Ochbio (hanmanru. Ilocnme coeamHeHUst Bcex
¢amanr 3-5 Mexay coboit  mapHUpaMH 6 KaxIoro
pBIyara cxBaTa, B KaXIOH M3 HUX pa3MeliaeTcss TMOKuit
TATOBBIM 3eMeHT 9. IlepBblil THOKUI TATOBBINA 3JIEMEHT
9 pasmemaercs B oTBepcTHsX (amaHr 3-5 oT BepxHero
OCHOBaHHsI KOHEYHOH (aslaHru 5, MpOoXoJs BJOJb Hee B
OTBEpCTHH, cPOPMUPOBAHHOM B cpenHed Qamanre 4, B
OTBEpCTHH, CHOPMHUPOBAHHOM B OCHOBHOH (hamanre 3, u
MIPOTUBOMOJOXKHBIM €ro KOHEll pa3MellaeTcs 3a ee
npeaenamu. KoHerr BToporo ruOkoro TArOBOTO 3JIEMEHTa
9 3akperuisiercst B BEpXHEH 4acTu cpenHel dananru 4,
pa3memiaeTcss B OTBEPCTHH, C(HOPMHUPOBAHHOM B Telle
OCHOBHOH (payaHru 3, W NPOTHUBOIOJIOKHBII KOHEI[ ero
pa3meraercs 3a ee npeaenamu. Konen tperbero rudkoro
TATOBOTO 3JIeMeHTa 9 3akperuisieTcss B BepXHEH dwacTu
OCHOBHOH (pasaHru 3, yCTaHaBIMBAETCS B OTBEPCTHH,
c(hOpMHUPOBAHHOM B Tele €€, U TPOTHBOIOIOKHBII
KOHEeI ero pasMelaerca 3a ee mnpeaenamu. Kaxapii
IIPOTUBOIIOJIOKHO PACIOJIOKEHHBIM KOHEUHBIH Y4acTOK
rHOKOTO TSATOBOTO  3JIeMEHTa 9 3akperursiercss Ha
CHEelMalbHOM NPUBOJE, YCTAHOBIEHHOM B IIYHKTE
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yrpaBieHus Maaumyasitopom [IP.  Ananorudaasim
00pa3oM yCTaHaBIMBAIOTCS THOKHE TATOBBIE 3JEMEHTHI
9 Bo Bcex (pamaHrax 3-5 IPYruxX CXBAaTHIBAIOINIUX THOKHX
phluarax cxpara.

B 3aBHCHMOCTH OT KOHKPETHBIX YCJOBHI B IMOJIOCTH,
c(OpMUPOBAHHOI B OCHOBHOM KOHTEHHEpE, MOTYT OBITh
pa3MelneHsl ouH, 18a U 6onee TBDJI-0B w/wimm ux yactu
n np. Pasmemenne TBOJI-a w/wmm TBOJI-oB u ap. B
IPYTUX TIOJIOCTSAX, C(HOPMHUPOBAHHBIX B OCHOBHOM
KOHTeHHepe, IpexycMaTpUBaeTCS OCYILIECTBIIATh
aHAJIOTUIHBIM 00Pa3oM.

[Ipu ocCyIIEeCTBICHNH TEXHOJIIOTHYECKOH Omepariu
3axXBaThIBAHWUS CXBATHIBAIOIIMMH THOKUMH pblYaraMu
CXBaTa BepXHero ydactka Tena TB3JI-a omepatopom Ha
MTyHKTE yrpaBIeHUS CIEIUATbHBIM MIPUBOJIOM
OCYILECTBJIICTCSI HATSDKEHHE BCeX THMOKHX TATOBBIX
JJIEMEHTOB 9 CXBaTBHIBAIOIIMX TMOKMX PHIYAroB CXBaTa
IUIsL OCYIIECTBIICHUSI TMPWKATHUA BHEIIHUX BHYTPEHHUX
MOBEpXHOCTEH BceX QayiaHr 3-5, ¢ MPUKPEIUICHHBIMH K
KaXIOM W3 HHUX yICp)KHUBAIOIMMMU 3yObsMu  §,
CXBAaTBHIBAIOIINX THOKUX PBIUAroB CXBaTa K MOBEPXHOCTH
BepxHero yvactka Ttena TBOJl-a u obOecrieucHUs
TpeOyeMoro  ycHius  B3aUMOACUCTBHAL MEXTY
COOTBETCTBYIOIMMH TIOBEPXHOCTSIMH BcexX (aiaHr 3-5, ¢
MPUKPETJIEHHBIMUA K KKIOW W3 HUX YACPKUBAIOIIUMHU
3yObsIMH 8, CXBaTBHIBAIOMIMX THOKHUX pBHIUAroB CXBaTa U
060KOBOW TIOBEPXHOCTHIO BepxHero ydactka TBOJI-a mms
€ro HaJIe)KHOTO yJepXKaHus 1 0a3UpOBaHMUS.

3arem manumnymsatopom [P TBOJI momaumaetcs
BBEPX U3 ITPOMEKYTOYHOTO KOHTEHHEpa U MaHHITYISATOP
[P ¢ TB3JI-om nepemeniaercs no TPaHCIOPTHOMY IYTH
0  MecTa  YCTaHOBKHM  OCHOBHOTO  KOHTEWHepa,
pasmemieHHoro Ha CIIII. OH ycraHaBiuBaeTcs Haj
COOTBETCTBYIONIEH  IOJIOCTBIO, C(OPMUPOBAHHOH B
OCHOBHOM KOHTEIHepe, TaKuM 00pa3oM, 4TOOBI HIDKHEE
ocHoBaHue TBD3JI-a coBMenanoch ¢ y4acTKOM BEPXHETO
OCHOBaHHMsI IIOJIOCTH, COPMHUPOBAHHOH B OCHOBHOM
KOHTEMHepe.

B crnenyromryro odepenp, omeparop, HaXOIsACh Ha
MTyHKTE YOpaBJIE€HUS, IUCTAHIIMOHHO OCBOOOXIAeT
KOHITbI THOKUX TATOBBIX DJIEMEHTOB 9 OT 3aKperuieHus] Ha
CleUaIbHOM MIPUBOJIE B IIYHKTE YIpaBJICHHUS.
CxBaThIBalOIIMEe THOKUE PBIYArd CXBaTa IIOJ JCHCTBUEM
CWJIBI YNPYTrOCTH CHEUUAIbHBIX YOPYTHX 3JIEMEHTOB -
NPYXUH 7 OTOJIBUralOTCS OT IIOBEPXHOCTH BEPXHEro
yudactka Tena TBOJI-a. IIpu atom TBOJI mox neiictBueM
COOCTBEHHOTO Beca OImycKaeTcs B M0JIOCTb,
chopMHpOBaHHYI0O B  OCHOBHOM  KoHTeitHepe. [lox
JIEHCTBUEM CWIbl YIPYTrOCTH HPYXUH 7 Kaxnplil
CXBaTHIBAIOIINN THOKHWI pbIYar cXBaTa BBITIPSIMIIIECTCS U
IpOAOJIBHAS  OCh  K&KIOTO0 W3  HHUX  3aHMMAaeT
TOPU30HTAJIBHOE W/WIM MPAKTUYECKH TOPHU3OHTAIBHOE
MOJIOKEHNE, BO3Bpallasichk B HCXOAHOe Hepabouee
COCTOSIHUE.
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Jns  moBbimieHus 3O (QEKTUBHOCTH — pa3MEIICHHS
TBOJI-a w/mmu TB3JI-oB w ngp. B  monocry,
c(hOpMUpPOBAHHOW B OCHOBHOM KOHTEHHepe, B Hell
MIpeIBAPUTEIHLHO yCTaHaBJIUBACTCS CICIMATBHBIN
HATIPABJISIONUN  3JICMEHT, HaTpUMep, BOpOHKa,
U3TOTOBJICHHAS U3 METaJlIa W/WIH U3 TUIACTHKA U JIp.

[lpuMeHeHHE JAaHHOW  TEXHOJIOTUYECKON  CXEMBI
neperpy3kn  TBDJI-a w/mmm  TB3JI-oB u Op. u3
MPOMEXYTOYHOTO KOHTEHEpa B OCHOBHOW KOHTEHHEp
MTO3BOJISIET O0ECIICYUTh BBICOKYIO CTEIIeHb 0€3011acHOCTH
3axopoHeHnss TBPAO wm Oe3omacHble yciaoBHs paOOTHI

NepcoHana.

Jns  BeiOOpa ©  OOOCHOBaHHMS  ONTHMAJbHBIX
CTPYKTYPHO-KHHEMATHUECKHUX rnapamMeTpoB
KOHCTPYKTHUBHBIX 9JIEMEHTOB KOHCTPYKLIUU
manunynatopa I[P ¢ cxBarTbiBalomuMU  THOKUMH
pblyaraMm cxsaTa pa3paboTaHbl HAyYHBIC OCHOBBI
AMUTAMOHHOTO MOJCIMPOBAHUS  ()YHKIIMOHUPOBAHUS
MHOTO(YHKIIMOHATBHOTO ~ THOKOTO  phlYara  cXBara

MaHumyisitopa [IP, agantupyromerocss K pasMepaMm U
¢bopmam TBDJI-a, mis ero Oe30macHOW MEpPerpy3Kd B
OCHOBHOM KOHTEHHEpP;  MaTeMaTHYEeCKUH  METOoJ
MOCTPOCHHUS ONTHMANBHOTO BapHaHTa KOHCTPYKIUHU
CXBaTBHIBAMOIIETO THOKOTO phIYara cxpara MaHHITYISATOpA
IMP  nns neperpysku TBDJI-a w/unu TB3JI-0B 1 ap. Ha
OCHOBE peIlleHNs] MUHHUMAaKCHOW 3aJ1a4¥l OMpPE/IEIeHUS ero
ONTUMAJILHBIX TMapaMeTPOB TPHU COCTABJICHUU CBEPTCKU
CHUCTEM OTpaHHYEHHH B 00OOIIEHHBIH MX KPUTEpUH I

obecrieuenus HaJIe)KHOT'O YIAEPKUBAHUS TBOJI-a
CXBAaTBIBAIOIIUMH THOKUMH ppluaraMmu cXBaTa
MaHUIYJISTOpa I1P; MaTeMaTH4yecKas MOJeHb

MOJIETIMPOBAHMSI CTOXaCTUYECKHX IIPOLECCOB pabOoThI
BBICOKOD(D(DEKTUBHOTO ¥  HAJEXKHOTO  CXBATBHIBAHMS
TMOKMMH pblYaraMm cxBaTa MaHumyistopa [IP s
neperpy3ku TBOJI-a n/unn TBDJI-0B u np. B OCHOBHOM
KOHTEHHep; IIPOTpaMMHOE obecreueHue
JUCTAaHIIMOHHOTO YIPaBJICHUS PabOTON CXBATBHIBAOIIETO
ruOKOro pblyara cxBaTa MaHUITYJSITOpa IIP  nua
neperpy3ku TBDJI-a w/unu TB3JI-0B u ap. B OCHOBHOM
KOHTEWHEep C HCHOJB30BAHWEM CETEBBIX IPOTOKOJIOB H
CO3/IaHKe €r0 UMUTAIIMOHHOM Motenu [2-4].

Cuna  mpwxaThs  BHEIIHMX  BHYTPEHHHUX
MIOBEPXHOCTEH KaxJ10i (ananru 3—5, ¢ IPUKPEIIeHHBIMH
K K&XI0H U3 HUX yIEpKUBAIOIIMMHU 3yObSIMH 8, KaXK10ro

pelyara cxaaTa K BHEIIHEH OrpaHUYMBaIOUIEH
MOBEPXHOCTU BepXHero yuactka Tema TBOJI-a 10
(purypa 4) onpenensercs no Gpopmyore:

P=K*G, (1)
rne P — coxumaromas cwia, H; , K — kosdduiment,
YYHTHIBAIOIITHHA XapaKTePUCTHKH MaTepHaIoB

KOHCTPYKTHUBHBIX AJIEMEHTOB phIYara cxsata, G — Bec
neperpyxkaemoro TBDJI-a, kr.
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@ur. 4. TpexdanaHroBelil aanTUBHBIA CXBAT
MaHUTTyJIsATOpa poboTa s neperpysku TBOJI-a u3
MIPOMEKYTOYHOTO KOHTEITHEpa B OCHOBHOM KOHTEHHEP
nnst TBPAO mipu 3aXOpOHEHUH €ro B XpaHUITHIIE
(morunpaEKe) TBPAO: 1-muMTKa-0CHOBaHUE IS
KpeIUICHUs OCHOBHOH (payaHry prplyara cxpara; 2-
KPETIeXHBIN peIYar MaHUIYJIATOPa; 3-0CHOBHAS (haslaHTa;
4-cpennsist hananra; S-koHeuHas (anaHra; 6-IapHUAp
KPETUIEHHSI CMEXHBIX (haaHr MeXy co0oii; 7-
CTATHBAIONIAS IPYKUHA; 8-yAepKUBAIOIIHHA 3y0; 9-
ruOKuii TAroBoii daement, 10 — TBDJL.

Jlnst ocBOOOXKICHHST BEpXHEro ydacTtka tena TBDOJI-a
10 ot kaxzao# Qamanru 3-5 KaXIOTO pelyara cxBara Ha
mynpTe ympaBieHus (Ha ¢urype 4 He IIOKa3aHo)
MEXaHUYEeCKON pykoil Manunyastopa [IP KaXKIbIH
KOHEYHBIH Y4YacTOK THOKOro TATOBOTO »JjeMeHTa 9
OCBOOOXKIACTCs OT HATSHKCHHA ((UKcalHy) Ha TPUBOJC
NyHKTa ynpasieHus. IIpu sToMm cuna npukatus Kakiaou
¢ananru 3 — 5, ¢ IPUKPEIUVICHHBIMU K KaXXIOH M3 HUX
YIEpKUBAIOIUMHU 3yObsIMH 8, KaXKJOr0 pblyara cxBaTa K
MIOBEPXHOCTH BepxHero ywactka Tema TBO3JI-a 10
craHoBUTCS paBHOM Hymo. Ilon nelicTBuem CHJIBI
YOPYTOCTH  COKMMAOLIE-PA3KUMAIOIIEH  HPYXKUHBL 7
BHEITHME BHYTPEHHHUE IOBEPXHOCTH KaXI0i Qananrn 3-
5, ¢ TpHUKpEIUIEHHBIMH K  KaXJIOoW U3  HHUX
YIEpKHUBAIOIUMH 3yObsIMH 8, Ka)KIOro pelyara cxBaTa
OTOJIBUTAIOTCS oT BHEIIIHEH OrpaHUYMBAOLIEH
MOBEPXHOCTH BepxHel vactu Tena TBOJI-a 10.

W3 ypaBHeHUs1 paBHOBECHUSI BCEX CHJI, JEHCTBYIOIIMX
Ha cxBaT MexaHudyeckoil pyku IIP, ompenpensercs cuia,
HeoOxomuMast TSt CMBIKaHHS Bcex (amanr, C
MPUKPETUICHHBIMA K KaXA0H W3 HUX YAEPKUBAOIIUMH
3yObsIMH 8, Ka)XKJIOTO pblUara cXBaTa BOKPYT MTOBEPXHOCTH
BepxHero y4actka tema TBOJI-a.

VYpaBHEHHE MOMEHTOB CHJ, IEHCTBYIOIIMX Ha
OCHOBHYIO, CPEIHIOI0 M KOHEUHYIO (ajlaHTy KaxKIoro
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ppluara cxpara MexaHudeckod pyku [IP oTHocutenbHO
O (04, Oz, O3), uMmeer BHUI:

> Mo (9)=0,

Pa(p)=Rkib(p)+fRc(p)+mgl(e),

@
©)

rae P-cuna, TpeOyemass JjIsl HAJC)KHOTO 3axBaTa BCEMHU
¢danaHramMu, ¢ TNPHUKPEIUICHHBIM K KaXIOW M3 HUX
YICPKUBAIOIIUMHU 3yObsIMH, KaKIOIO pbluara cxpara
BepxHero ywactka tenma TBDJI-a, H; ¢ - oboOmieHHas
YTII0Basi KOOPAWHATA, OTIPEICIITIONIAst TOJIOKEHHS phryara
cxBaTta, pai.(Ha ¢urype 4 He mokazana); R-  cuia
pPEeaKIuyu CO CTOPOHBI MOBEPXHOCTH BEPXHETO YYacTKa
TBDOJIa Ha BHYTPEHHIOIO MOBEPXHOCTHh KAKAOW (haslaHTH,
C MPHUKPEIUIEHHBIMU K KaXXIOW M3 HHUX YIEP KUBAIOIIMMHU
3yObsSIMH Kaj)JIOTO pblyara cxpara, H; a, b, cu 1- mieun
neiicteust cun P u R oTHocutenbHo ocu maphHupa O
KaXJO0H (ajlaHrd, ¢ MPUKPEIUICHHBIMU K KaXA0H M3 HUX
YICPKUBAIOIIUMH 3yObSIMH, KaXKIOTO phluara-cxpara (Ha
pHucyHKe 4 He MoKa3aHo), MM; f — KOI(PHUIUEHT TpeHUs
MEX]ly TOBEPXHOCTSIMU BepxHero ydactka TBOJla u
BHYTPCHHAMH TIOBEPXHOCTSAMH Kaxaod damanrm, ¢
MIPUKPEIUICHHBIME K KaXAOH W3 HHX YACPKUBAIOIIAMHU
3yObsSIMH, KaXIOTOo phldara cxBaTa  (Kak MpaBHIIO,
BEJIMYMHA KOA(POUIMEHTa TPEHHUS CKOIBKCHHUS MEXIY

MIOBEPXHOCTSIMU KOHCTPYKTHUBHBIX JJIEMEHTOB,
W3rOTOBJICHHBIX W3 METAJUIOB , HAIPUMEp, CTalH, paBHa
0,5).

Cwia P  mpwkatus  kaxnaod — damanrum, ¢

MIPUKPEIVICHHBIMH K KaXXAOH W3 HUX YAEPKUBAIOIINMHU
3yObsIMHM, KaXXAOTO pbluara cxBara K IIOBEPXHOCTH
BepxHero yuacTka TBDJI-a ompenensercs mo ¢popmyre:
P=(a(p)) {Rkb(p)+fRc(p)+mgl(p)}.  (4)
Ilo craTucTHUECKUM SKCIEPHUMEHTAIbHBIM JIaHHBIM,
MOJyYEHHBIMH NPH HUCCIENO0BAaHUU ONEpalM MPUKATHS
KaXJ0H (aJlaHrd, ¢ MPUKPEIUICHHBIMU K Ka)KIO0H M3 HUX
YACPKUBAIOMIMMHU 3yObSMH, KOKIOTO pbluara cxaara K
MMOBEPXHOCTH  BepxHero ywactka Tenma TBOJl-a,
MIPOBEICHHBIMU B J1a0OPATOPHBIX YCIOBHAX, IIOJy4eHA
cilenyromas ASKCHEPUMEHTANbHAs 3aBHCHMOCTh MEXIY
cuinoii P w BenwumHOW AMWHBI Kaxmod ¢amaHrd, ¢
MIPUKPEIUICHHBIMH K KaXXAOH W3 HHX YAEPKUBAIOIINMHU
3yOBsIMH, Ka)KJIOTO pblYyara cxpara:
P(X)=3,35X+ 0,05, (5)
rie X — paccTOsHME MEeXIy TOYKOH YCIOBHOHW OCH
mapHupa O, pacroNoXeHHOTO MEXAY KaXIbIMH JBYMS
CMEXHBIMH  (pasmaHramu, U TOYKOI KOHTaKTa
BHYTPEHHEH  TOBEPXHOCTH  Kaxmod  ¢amanrm, cC
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HNPUKPETUIEHHBIMA K KaXA0H W3 HUX YAEPKUBAIOIIUMHU
3yOBbsIMM, Ka)KIOTO pblYara CxBaTa C OrpaHHYHBAOLIEH
MOBEPXHOCTBIO BepXHero yyactka tena TBOJI-a, M.

I'pacduk 3aBHCHMOCTH /711 YCIOBHOTO ITpUMeEpa MEXIY
cuwioil P u paccrosaneM X wmexay ocbto mapaupa O u
TOUKOIl KOHTaKTa BHYTPEHHEH MOBEPXHOCTH KaKIon
GdanaHry, C NOPUKPEIVICHHBIMHM K KaXIOH U3 HHUX
YAEpKHUBAIOIUMH 3yObSIMH, Ka)KAOTO phIYara-cxBaTa C
OTPAaHMYMBAIONIEH MMOBEPXHOCTBIO BEPXHETO yd4acTKa
tena TBDJI-a npuBeneH Ha urype 5.

Hns TIOBBIIIICHHS TOYHOCTH OTIpe/ICTICHAS
TCOMETPHUYECKHUX, CTPYKTYPHO-KHHEMATHIECKUX u
JIMHAMHUYECKUX napameTpoB Tpex(halaHroBOTo

ajanTUBHOrO cxBara Manumysnaropa IIP ¢ yuetom
CTOXAaCTUYECKUX IIPOIIECCOB B3aMMOJICHCTBUSA €ro C
MOBEPXHOCTBIO  BepxHero ydactka Tema TBOJI-a
npeaaraeTcss MeTOA UX OleHku [ 2-4, 25-26].

05k

0 01 0z 03 0k 05 06 01 Lomm
Qur. 5. I'paduk 3aBUCUMOCTH JUIS  YCIOBHOTO
mpuMepa Mexay cwioil P u paccrosHuem X — Mexny
TOUYKOI ycnoBHOM ocu mapHupa O U TOYKOM KOHTaKTa
BHYTPEHHEl  MOBEPXHOCTH  KaxIod  ¢amaHru, ¢
HNPUKPEIUICHHBIMA K KaXA0H W3 HUX YyAEPKUBAOIIUMHU
3yOBsIMM, Ka)XKJJOrO pblyara-cxpaTa C OTrpaHHYMBArOLICH
MIOBEPXHOCTHIO BEpXHEro yyactka Ttena TBOJI-a.
Bemnuuna cuner P, T.e. Pk , ¢ KoTopoil cxBar
B3aUMOJICHICTBYeT ¢ BepXHUM yuacTkoM Tena TBOJI-a,
OINpeneNnaeTcs U3 CIeAYOUIed CUCTEMB] ypaBHEHUI:

(6)

Prs1=Prt+uityk,

Zk=Px+dx, ©)
rne Pk - Benmumna cmiubsl P, ompenensemas ¢ y4eTom
ClydailHOW OIMOKM €€ OTKIOHCHHS B «UACaIbHOM
Mozaenuy; Py+1- BenmmumHa cuiel P, ompegensemas ¢
y4eTOM CIIyJaiHOH OImMOKM €€  OTKJIOHEHUS B
«HieaTbHOW MOJIENM» B JPYrOoM BPEMEHHOM HHTEpPBAJIE;
Uk - BETMYMHA CWJIBI P, KOHTPOJHMPYIOIIAsl JBOOIHIO
MaTpHIIBI COCTOSSHUS W3MEHEHHs €€, C KOTOpPOW CXBar
B3aUMOJICHCTBYET C TOBEPXHOCTHIO BEPXHEro ydacTKa
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tena TBDJI-a, koTopas omnpenensercs aHATUTHISCKH 10
¢dopmyne (4); zx - BenuuuHa cuibl P, onpexpemnsemas
9KCIIEPUMEHTAILHO C YYETOM CHCTEMAaTHYECKOM OLIMOKH,
oOycnaBnuBaeMoin TOYHOCTBIO N3MEPHUTENBHBIX
npubopoB; Yk M Ok — COOTBETCTBEHHO, OIINOKH

MaTeMaTHYeCKOW MOJENN aHAINTHYECKOTO pacdera U
9KCIEPUMEHTAIBHOTO OIIpEeNICHHs CHIIB P, m3mepsiembie
TEXHUYECKUMHU CPEICTBAMH H3MEPEHHUSA, W KOTOpHIE
onpenensoTes mo Gopmynam (6) u (7).

[Ipu o>TOoM  caiydaifiHple  OMMOKW, BBI3BAHHBIC
OTKJIOHEHHEM CIIPOSKTHPOBAHHOTO  TpeXx(allaHroBOTO
aJalTUBHOIO MEXaHu3Ma cxBaTra MaHumyssatopa IIP ot
€ro «HuIeajJbHOW» MOJIENH, U MPEACTaBIIOIUE CcOo00M
ciy4aiHble OIIMOKH, ONPEAENSIOTCS CTaTUCTUYECKUMU
MOMeHTaMH Myj, BEIMYUHBI KOTOPBIX M HMX 3aKOHBI
pacmpezieneHus He 3aBHCAT OT BpeMeHH (Homepa
UTEpaluH 1); CpeIHUE 3HAYCHHs OIIMOOK PaBHBI HYIIO:
Myi=M&i=0; caM 3akoH pacmpeeicHus  CIy4YaiHbIX
BEJIMYNH MOXET OBITh W HE HM3BECTEH, HO U3BECTHBI MX
JUCIepcUH oy’ M 0%, HpeAnonaraercsa,  4To BCe
CITydaiiHbIC OIIMOKU HE3aBUCHMEL.

[Ipennonaraercs, 9Yro Ha i-OM Iare HaHACHO
OoTUIFTPOBAHHOE 3HAUYEHHE C ceHcopa Pi°®, kotopoe
mpUONMKAeT HWCTHHHYIO KOOPAWHATY CHUCTEMBI P
Hewssectnas BennunHa Pi+1 onpenensercs mo gopmye:

Pir1=Pi+Uui+yi, (8)

e U — BEIMYMHA, KOHTPOJHPYIOMIAS 9BOIOUIO
ManI/H_U)I COCTOAHHUA UBMCHCHUHS CHUJIBI P.

I/I}]eﬂ COCTOUT B TOM, qTOGBI HOJIleI/ITI; HaI/IHyII]_Hee

NpUOIMKEHHE K HWCTUHHOW —KOOPIMHATE Pix

BBIOMpAeTCS TAK HasbiBaeMas «30J0Tas» CepenHa

MEKy TMOKa3aHUEM Zi+1 UCTOYHHKA ¢ ceHcopa u PiP+u;,
SBISIIOLIMMCSL  €ro npexackazanueM.  [lokazanmio ¢
ceHcopa maercs BecoBoit kodddumment Kammana K, a Ha

npenckazannoe 3Hadenune (1-K)  Benuumna POy
omnpejensiercst o popmyie:
PPl 1=K Ziag +(1-K)# ( POPSus), 9)

rie K — BecoBoit xo3dp¢unment Kanmana, BenmnunHa
KOTOPOTO BBIOMPAETCS TaKOH, YTOOBI TOIYYHBIICECS
ONTHMAJbHOE 3HAYEHHE KOOPIMHATHI Py GBI GBI
Hambosee ONM3KO K BENUYMHE HCTHHHOW KOOPIMHATHI
Pi+1. Hampumep, ecnu W3BEeCTHO, UTO TOKa3aHHS C
CeHCOpa OYEHb TOYHBIE, TO CTEIEHb JIOBEpUS K HEMY
Oyzer Oonbllle W 3HaueHHE Zi+1 UMeeT Oonbmmii Bec (K
omu3ko enunuie). Eciu ke ¢ ceHcop, HA00OPOT, COBCEM
HETOYHBIH, TOTr/1a He0OX0ANMO OOJIbIIE OPUEHTHPOBATHCS
Ha TEOPETHUYECKM MpeJCKasaHHOe 3HaueHue PiP+u;. B
oOmem ciydae, 4YTOOBl HAliTWH TOYHOE 3HAYEHHE
koa¢pdunmenta Kanmana HE0OXOAMMO MHUHUMHU3HUPOBATH
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BEIMYNHY CIyYalHBIX U CUCTEMAaTHYECKUX OMIMOOK i U
di.

B obmem cimydae, 9ToObl HAWTH TOYHOE 3HAYCHHE
koappunmenTa Kaamana HE0oOX0IMMO MUHHUMH3UPOBATH
BEIIMYMHY €j+1 CPEOHEr0 3HAYEHHs MaTeMaTH4YeCKOIro
OXKUJIaHUS OT KBaJIpaTa OUIHOKU:

ei+1=Pijs1- Pira (10)
ITocne moxacranoBku B ypaBHenue (10) dopmyner (9)
MOJTy9aeTCs:
eirn=(1-K)*(ei+yi)-K*i+1. (11)
MuHUMHU3HpYETCS CpenHee 3HAaYCHHE MaTeMaTHIeCKOTO
OKHIaHUS OT KBaJIpaTa OUIHOKH:
M(ei+1 2) —min. (12)

MaremaThueckoe OXHAaHWE KBajpaTa BeJIHMYUHBI
omuOKUd  ompeaeneHus cuibl P B3auMojeWCTBUs
TpeX(i)aJ'IaHFOBOFO AIalnTUBHOTO CXBaTa MAaHUILYJIATOPA
[P c BepxHum ydactkom Tena TBOJI-a mpu meperpyske
€ro M3 MPOMEXKYTOYHOIO KOHTEHHEpa B OCHOBHOM
KOHTEHHep ompenensercs no Ghopmyie:

M(€%i+1)=(1-K)(Me?+52)+K?c52. (13)
OTO BBIpOKCHHE TPHHUMACT MHHAMAIBFHOE 3HAUYCHUE
MIPH YCIIOBUH:

Kis1=(Mei+ e,2) Mei*+ 6,2+65° . (14)

s onpenenenus BecoBoro koddduimenta Kanmana

HEOOXOAUMO  BBIYMCIIMTHL CTAaTUCTHYECKHE MOMEHTHI
Clly4aliHbIX OIMHOOK MaTeMaTHYECKOU MOJEIHN U
CHUCTEMAaTHYEeCKHUX  OMMOOK  W3MepeHuid  cuiasl P

TpexGhallaHrOBOTO AJANTHBHOTO CXBaTa MaHHUIIYISATOpa
IIP npu B3auMMOZIEMCTBUM €0 C BEPXHUM YYaCTKOM Tella
TBO3JI-a. Takum oOpa3oMm, peamu3yercsi alIropuTM
pemieHust pa3pabOTaHHOW MaTeMaTHYeCKOW  MOJelu,
OLIGHKM  CTOXaCTHMYECKOM CHUCTEMBI  JHUHAMUYECKOrO
mporecca B3aUMOJICHCTBUS Tpex(haraHroBoro
aJanTUBHOrO cxBara MaHumynstopa [IP ¢ BepxHum
Y4aCTKOM tena  TBOJI-a c HCIOJIb30BaHUEM
UTEPAIMOHHON (OPMYINBI Ui BBIYHCICHHS BECOBOTO
kodddurmenta Kanmana [ 2-4].

Pesympratel  pacdyera  3aBHCHMOCTH  3HAYCHHH
GbyHKIMH ciydaifHOTO mporecca W3MEHEeHHs CHiibl P oT
nmapamMeTpoB  TpexdamanroBoro cxBara [IP  mpu
B3aMMOJICHICTBHHN €T0 ¢ BepXHUM ydacTkoMm Tena TBOJI-a
IpU Heperpy3ke ero U3 OJHOr0 KOHTelHepa B Ipyroi
NIPUBEJICHBI B TA0JHIIE.
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I'padux 3aBUCUMOCTH 3HaYCHUI bysKIMi
cIydaifHOTO Ipoliecca H3MEHEeHus cuibl P oT mapameTpos
tpexdananrosoro cxsara [IP npu B3aumoneiicTBiM ero ¢
BepXHUM yuyacTkoM Tena TBOJI-a npu neperpyske ero us
OJTHOTO KOHTEifHepa B ApYroii mpuBeseH Ha durype 6.

Tabnmuma.  PesympraThl  pacueTa  3aBUCHMOCTH
3HauUeHUH (QYHKIUH CIIyJaifHOTO Ipolecca H3MEHEHUS
cuibl P oT mapamerpoB TpexdananroBoro cxsata [1P mpu
B3aMMOJICHCTBUH €0 ¢ BEpXHHM ydacTkoMm Tena TBDOJI-a
IIPH TIEpETPY3KE €ro M3 OJHOTO KOHTEHHepa B IPYTOi.

[IpoaomKUTENbHOCTh TIEPUOJA BPEMEHU
u3MepeHuss cuiabl P TpexdanaHrosoro
ITokazarenu cxBara  MaHumyjnsropa  [IP pu
B3aUMOJICHCTBUM €T0 C  BEPXHUM
yuyactkoM Tesa TBOJI-a, ¢
T1:O 132:5 ‘E2:10 T3:15 T5:20
DyHKums 282 |22 0,04 03 0,05
xoppemsauu  B(t)
B 3aJaHHbIN
MepuoJl BPEMEHHU
B3aMMO/ICHCTBHS
Tpex(haJaHrOBOTO
cxBara npu
B3aMMO/ICHCTBHU
€ro ¢ BEpPXHUM
YY4acTKOM  Tena
TBOJI-a, 1, ¢
P.H
A
il
18
\ j A
!
14 \ /
\/
P
10 -
zF v
[ " 2
6 /
L
//
P ol
2 X, MM
72625 30 35 a0 a5

@wr. 6. ['padux 3aBucumocti cunbl P ot X -paccTosHus
OT OCH IIapHUpa U TOUKON KOHTAKTa BHYTPEHHEH
ITOBEPXHOCTH KaXKIOH (pajlaHrH, C IPUKPETTICHHBIMHU K
KaXI0H U3 HUX yIePKUBAIOUINMH 3yObSIMHU, KaXKIOTO
pBIYara cxBaTa C OrpaHHIHBAIONICH TOBEPXHOCTHIO
BepxHero ydacTka Ttena TBOJI-a.
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3. O01mue BLIBOAbI

B nmanHoil pabore mpejacTaBieHa —MaTeMaTHYecKas
MOJENb ~ pacyera  IapaMeTpoB  Tpex(aJlaHroBOTO
aJanTUBHOIO cxBaTa MaHunyssropa IIP g neperpysku
TBO3JI-a U3 NMpoMeXyTOYHOTO KOHTEWHepa B OCHOBHOII
KOHTEIHep.

Pa3paboTansl MaTeMaTHYeCKHE METOABI pacdeTa M
BBIOOpA CTPYKTYPHBIX, Pa3MEpHBIX W  PEKHUMHBIX

napameTpoB Tpex(}aJaHroBOTO aJalTHBHOTO CXBaTa
MaHumnynsatopa I[P ¢ yderom CTOXaCTUYECKUX
MIPOIIECCOB ero B3amMmojeiictBusg ¢ TBDJI-om,
MeperpyX’aemMoro M3 MPOMEKYTOYHOTO KOHTeilHepa B
OCHOBHOI KOHTEHHED.

Co3maHa  MHUPOBOTO  YPOBHS  HHHOBAIlMOHHAA
KOHCTPYKIIUS Tpex(alaHroBOro aJanTHBHOTO CXBaTa

Manunyiaatopa IIP ¢ yderom ero B3auMOIEHCTBUS C
TBDJI-oMm, mpuMeHsieMOTO  TIpU Teperpy3ke ero u3
MPOMEKYTOUYHOIO KOHTEHEpPa B OCHOBHOM KOHTEHHED.
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Abstract

The method of decomposition is a useful method for
function generation with multi-loop mechanisms.
Recently introduced correction methods applied together
with the method of decomposition allows the designer to
cancel out the errors in the first loop of a two-loop
mechanism with the errors in the second loop. In this
study, the decomposition and correction method is applied
for a Watt Il type planar six-link mechanism with
prismatic output. Five design parameters are defined for
each loop resulting in ten design parameters in total. The
design parameters are determined analytically. The
generation error is decreased by adjusting free parameters
such as limits of some joint angles and parameters due to
the decomposition of the function to be generated, while
considering several constraints such as link lengths ratios
and ranges of the joint variables. The success of the
method is illustrated with a numerical example.

Keywords: Function generation, decomposition and
correction method, planar Watt 11 mechanism with
prismatic output.

1. Introduction

Recently Kiper et al. [1] introduced a new kinematic
synthesis method for function generating multi-loop
mechanisms based on the decomposition and correction
method. For a two-loop mechanism, a function y = f(x) is
decomposed into two as w = g(x) and y = h(w) = h(g(x)) =
f(x) [2]. The loops of a two-loop mechanism are used to
generate the decomposed functions w = g(x) and y = h(w).
In general for mechanisms with more than two successive
loops, the function to be generated, may be decomposed
into as many functions as the number of loops. The three
different correction methods introduced in [1] aim
neutralizing the generation error of the first loop by
matching the errors due to the second loop. The correction
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method can be generalized for mechanisms with more
than two loops as well. Kiper et al. [1] compare their
methods with other function generation methods in the
literature [3-5] and demonstrate the superiority of their
methods for generation with less errors.

In [1], a Watt Il type planar six-link mechanism with
revolute joints only is used for an application of the
decomposition and correction methods. Via numerical
examples it is demonstrated that in general correction
methods #2 and #3 provide superior results compared to
correction method #1. Correction method #3 requires
making use of the derivative of the loop closure equations
and hence it is a relatively more complex method to apply.
Therefore we choose to use correction method #2 in this
study to formulize the function generation of a Watt Il
type planar six-link mechanism which comprises six
revolute joints and a prismatic joint. The prismatic joint is
the output of the mechanism. Such mechanisms are quite
common in applications, where the first loop is a crank-
rocker type four-bar loop and the second loop is a slider-
crank loop. Some deep drawing, blanking and knuckle-
joint presses comprise such mechanisms. It is not a
straightforward task to formulize the design of such
mechanisms as a function generation synthesis problem.
Such formulizations are kept out of scope of this paper.

The paper is organized as follows: The description of
the Watt Il type six-link planar mechanism with prismatic
output and the formulation for function generation is
presented in Section 2. The correction method is
explained in Section 3. A numerical example is given in
Sections 4. Section 5 concludes the paper.

2. The Mechanism and Function Generation
Problem Definition

The Watt Il type planar six-link mechanism in this
study comprises two ternary and four binary links
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connected to each other by six revolute joints and a
prismatic joint (Fig. 1). The input/output (1/0) equation of
a four-bar mechanism is not affected by the scale of the
mechanism, and the four-bar loop A¢ABBy can be scaled

independent from the slider-crank loop BoCD, so without
loss of generality we assume |AoBo| = 1. Once the
synthesis task is done, the designer can scale the four-bar
loop AcABBy with any desired scale ratio.

7 \ T
/- \ ~—
y‘ b _~ -
b
_—
o ‘ 1
AOV //"/ ("_,
pa ] : pi ] : »x

q

Fig. 1. Kinematic diagram of a Watt Il mechanism

The origin of the coordinate frame is at A¢ and the x-
axis is along AoBo. The link lengths of the mechanism for
design are |A¢A| = a, |AB| = b, [BeB| = ¢, TBB.C = a,
BoC| = d, |CD| = e and the distance of point D to the x-
axis is f. In Fig. 1, it is assumed that the slider
displacement direction is along the x-axis, i.e. along AoBo.
In general there might be a constant angle, say 3, between
the x-axis and the sliding direction of D. However, notice
that the total effect of the constant angles a and B to the
I/O equation of the slider-crank loop is cumulative,
therefore without loss of generality one may assume 3 =0
as in Fig. 1. If the designer wishes to have a nonzero 3
after the synthesis computations are performed, it is
possible to select and arbitrary angle B and modify angle
TBB,C as o.— P instead of o..

The input of the mechanism is angle ¢ and the output
is the distance q. Angle v is an intermediate variable to be
used as the output of the four-bar loop and at the same
time, the input of the slider-crank loop. In general the
input angle can be measured from an inclined reference
axis which makes an angle ¢* with the x-axis. ¢* can be
used as a design parameters along with the link lengths.
Similarly, angle y may be measured from a reference axis
which makes an angle y* with the x-axis. Also, the
distance q may be measured from a constant distance q*
measured from Bo.

y = f(x) is to be generated for xo < x < Xr using the six-
link mechanism. The function y = f(x) is decomposed into
two as w = g(x) and y = h(w) = h(g(x)) = f(x). The
intermediate function g() can be selected arbitrarily.
Limits of w and y are computed as wo = g(x0), wr= g(X1),
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yo = f(x0) and yr = f(xg). Let AX = X — X0, AW = Wf — Wo
and Ay = yr— yo. The function variables x, w, y are related
with the mechanism variables ¢, v, q linearly as follows:
d—bo _X=X, , V=Yoo W-W, ’ =% _¥Y—Y¥o (1)
Ad AX Ay Aw AQ Ay

where ¢o < ¢ < ¢, Yo <y =<7, o < q < qr and Ad = ¢r — do,
Ay = vr — Yo, AQ = qr — qo. The limits of the mechanism
variables can be chosen arbitrarily. For given desired
values of the function variables x, w, y, the corresponding
mechanism variables ¢, y, q can be determined from Eq.
(1) as:

Ad

_B0. _ Ay
(I)_AX(X X0)+¢o Y

m(w—wo)ﬂ/o,

(2)
A
WZA_\;j(y_yo)‘*Wo

Eq. (2) is used for determining the precision points of
the I/O equations. Conversely, x, w, y can be determined
in terms of ¢, y and q as

X:_ix(d)_d)o)"‘xo ) W:AW(Y_V0)+W0 )
¢ Ay 3
~Yig-qg,)+ ©
y_Aq q-0o)t Yo

Eq. (3) is used after the synthesis procedure for
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checking the error between the desired y(x) and the
generated y(q).

3. Formulation of the Design Equations and the
Correction Method

In [1], three correction methods are presented for
function generation with two-loop mechanisms.
Correction method #1 assumes zero variable references
o*, v*, q*, etc., whereas correction method #2 assumes
nonzero variable references. The precision points (points
of zero error) for both loops are chosen to be common in
these two correction methods. In correction method #3,
the synthesis procedure for the first loop is the same as the
other methods; however instead of equating the precision
points of the two loops, the points which correspond to the
extrema of the error in the first loop are used for the
second loop. It is possible to use all three correction
methods for the mechanism in Fig. 1, but for brevity only
one correction method is used in this paper. As explained
in Section 1, correction method #2 is used.

The I/O equation for the four-bar loop A¢ABB, reads

el 8- AA=

_1+a2—bi+c2 ac¢:c¢_as¢:s¢+
2ccy coy ccy oy (4)
oW1 () BT
cy* cy*

where ¢, s and t are short for cosine, sine and tangent,
respectively. Eq. (4) can be written in polynomial form for
five precision points as

6
> Pf(x)-F(x)=0 fori=1,...,5 5)
=1
2 _p2, A2 *
where x; = {di, 7i}, Pl:_w pzzﬂ’
2cey* cey*
as¢™ * —y* * _*
P3:_¢’ p4:ac(¢ Y),Pszas(q) Y)’ P5=tY*,
CC'Y* C,Y* C,Y*

fL(x)=1 f,(x)=cd» f(x)=-sb> F,(x)=c(vi—d)
fs (Xi ) =s(7i -, ) > e (Xi ) =SY; and F(Xi ) =Cy; - There
are five design parameters (a, b, ¢, ¢* and y*) in Eq. (5),
so there should be five precision points: Xi, X», X3, X4 and
xs. However there are six P;’s, hence they cannot be
independent of each other. Indeed, P4(P; — P2Ps) = P5(P> +
P3Ps). The problem can be linearized by using a
Lagrange’s variable A. Let Ps = A and P; = m; + n;A for j =
1,2, 3,4, 5. Substituting into Eq. (5):
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m, +n A +(m, +n,1)co, — (M, +nh)s, + } N
SY
(m,+n)c(y, — )+ (mg+ngd)s(y, —6,) '
{m +n%+(m, +n,1)cd, —(m, +n,1)s0, + }
=Cy, —Asy,
m, +n)c(v, =0, )+(mg+nk)s(y, —9,)
M, +nA+(m, +n,0) o, — (M, +n ) )so, +
= ¢y, —Asy, (6)
(m, +n,2)c(y; =05 )+(mg+ngh)s(v; - ;)
m, +nA+(m, +n,d)ch, —(m, +n,1) s¢4 .
S
(m,+nx)c(y, —0,)+(my +ngh)s T
m, +nA+(m, +n,L)co - (m3+n3k)s¢5+
=Cys —ASy,
(m, +n,2)c(ys— s )+(mg+nk)s(vs —d5)

In order for Eqgs. (6) to be satisfied for an arbitrary A,
the coefficients of A and the rest of each equation should
be equal to zero. In matrix form:

_1 C¢1 _S¢1 c (Yl - ¢1 ) S (Y1 (I)l) I m, 1T Cy, 1
1 cp, —s¢, C(Yz _¢z) S(Vz ¢2) m, Cy,
1 chp; —s¢;, ¢ (Vs — 0, ) S (Ys s ) m; | =1 Cy,

1 co, —so, ¢ (74 -, ) S (Y4 o, ) m, cy,

_1 Chs  —Shs C(Ys _¢5) S(Ys ¢5) Mg | [CYs |

and (7)

1 chp, —s¢, ¢ (Y1 -0 ) S (Vl o, ) | n 171 -1, |
1 cp, —s¢, C(Yz _¢2) S(Yz ¢z) n, =SV,
1 C¢3 _S¢3 c (Y3 - ¢3 ) S (V:«; ¢3 ) Ny | =| —SY3
1 C¢4 _S¢4 C(Y4 - ¢4 ) S (YA ¢4 ) n, —SY,

_1 Chs =S5 C(Ys _¢5) S(Ys ¢5) [Ns | | —SVs

m;, mp, m3, M4, ms, nj, Ny, N3, n4 and ns are solved
from Egs. (7) by matrix inversion. A is solved from
P4(P3 — P2P6) = P5(P2 + P3P6)Z

(nyng +n,n,)2°

+[myn, +m,n, +n, (m;+n,)+n,(m,-n

) ]2

+[m, (M, +n,)+m,n, +m, (m, —n,)-m,n, |1

=0 (8)
+m,m, —m,m,

Eq. (8) is a cubic equation in A and can be solved
analytically. Either there are one real and two imaginary
solutions or three real solutions. In case of multiple
solutions either solution can be used. Then, Pj = m; + njA
are determined for j = 1, ..., 5. Finally, the design
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parameters are computed as y* =tan™ Py, ¢*=atan2(P,,P,)

_ acd)’; and b=./1+a’+c*+2ccy*P, .

P,cy

_ Pcy
Cc(or-r)

y*=tan'P, +m

is also possible. Once y* value is

selected, ¢*, a, ¢ and b are uniquely determined in terms
of the P;’s, provided that b is real. a or ¢ may be negative,
in which case the limits of ¢ or y should be increased by .
The resulting error variation 1is zero, that is
81 = Waesired — Weenerated1 = 0, at least at five precision points
(X1, X2, X3, X4 and Xs) if there is no branching problem, i.e.
if 8; = 0 at all precision points in the same assembly mode
of the loop. The variation of &; with respect to the
function input x looks like the curve in Fig. 2.

'y

— 01

_— 82 . 8y

Fig. 2. Error curves for the loops (8; and ) and function
output (Sy)

In order to be able to compare the errors due to both
loops, we assume that the outputs of both the four-bar and
the slider-crank loops are link BBoC and the output
variable is y. Hence we assume that slider displacement q
is the input of the slider-crank loop and hence q is known
as a linear function of the desired y values. The resulting y
as the output of the loop, and hence w values are obtained
from the I/O equation of the slider-crank loop. Let &, =
Wdesired — Weenerated2 a8 the error for given yaesired(X) and the
corresponding linearly related q values. For the
dimensional synthesis of the slider-crank loop, the same
precision points as the four-bar loop are used and &, and
5 are forced to be approximately equal by changing the
free variables such as the angle limits ¢o, ¢r Yo, Yt
Changing linear variable limits qo, qr only affects the scale
of the slider-crank loop, but has not effect on the amount
of the generation error. The I/O equation for the slider-
crank loop is given by
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ol -5
q** +d° —e* +f?
2dc(y*- o)

q*
de(y*

(x)q

(.
. t(v*—
*ade(pay " e

+[q*t(y* —f]sy—[q*+ft(y*—(z)]cy

©)
=qcy

Eq. (9) can be written in polynomial form Eq. (5) for

five precision points where X = {yi, qi},
g +d?—e?+f? g B 1

v 2dC(Y*—a) dc(y*—oc) > 2dC(y*—(x)

s Po=t(y*—a), P =q*t(v*—a)-f, P, =g*+ft(y*—a),

f.(x)=1, f,(x)=0a, Ff(x)=a9 Ff,(x)=0q:5y>

fo (X)) =sv,» fo(x)=—cy, and F(x;)=acy, - The five
precision points are selected as a function of y;, hence as a
function of x; for i = 1, ..., 5, where x; are the precision
points used for the four-bar loop. There are six Pj’s in
terms of five design parameters: a, d, e, f and q*. P;’s are

interrelated as P, (1+ P42 ) - 2P, (P4P5 + Pe) =0.LetPy=2

and Pj=m; + njA forj =1, 2, 3, 5, 6. Substituting into Eq.

)

m, +nA+(m, +n,1)q, +(m, +n1)q,’
{ ( )1 ( P )1 :q1CY1_}‘q15Y1

+(mg +ngh)sy, —(mg +ngh ey,

m, +nA+(m, +n,4)0, +(m, +n1)q,’
’ P :qZCYZ_}‘qstZ

+(mg +ngh)sy, —(mg +ngh)cy,
) =0,CY; —A0,8Y; (10)

{ )
M, +NA+(m, +n,1)q, +(m, +nL)

+(mg +ng)sy, —(mg +ngh)cy,
{ )

m, +n,A+(m, +n,1)q, +(m; +n 1
) P =0,Cy, _MhSYA

q }
qf}
q
+(mg +ngh)sy, —(mg +ngh)cy,
m, +nA+(m, +n,1) 0 +(m, +n 3 ) gy’

=05Cy5 —AGsSY
+(mg +ngh)sys —(Mg +ngh) ey, } e T

Separating the coefficients of A and the rest of each
equation in Eqs. (10) and writing in matrix form:
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2

g ¢ sy oy |m I 4;€v, |
1 g, 9 sy, —Cy,||m, 0,Cv;,

1 q, qaz SY;  —Cys || M3 | =| 5CY3

1 q4 q42 SY4 _CY4 m5 qACYA
_1 0Os QS2 SYs —Cys ||Mg ] [UsCVs |

and (11)

1g 9 s -ty n, | [-asy, |
19, a° sy, =y, ||n, —0,57,
1 q, q32 SY; —Cys || Ns |=| —UsSYs
19, a° sy, —Cy||ns —0,5v,
11 G G5 SVs Y5 ][N | [ —UsSYs |

me, N1, N2, N4, Ns and ne are
by matrix inversion, A is

After m;, mp, my, ms,
solved from Egs. (11)
determined using

P,(1+P)-2P, (PP, +P,)=0:

(nz _Znsns)}‘3 +[m2 _2(m3n5 Ny (m5 * n6))}k2
=0 (12
+|:n2—2<n3m5+m3(m5+n6))]k+m2_2m3m6 "

Eq. can be solved analytically and results in either one
or three real solutions for A. Once A is determined or
selected, P; = A and P; = m; + njA are determined for j =1,
2, 4, 5, 6. Finally the design parameters are solved as
a=y*—tan'P, or a=y*—tan" P, +m,

d=1/(20(y*—a)P3)’ q*=P,/(2P,), f=q*P, P, and

e=\/q*2+d2+f2—P1/P3. o is selected so that d is

positive. e, f and q* are determined uniquely provided that
e is real.

Representative 8; and d, curves versus the function
input x are illustrated in Fig. 2. As a result of the whole
design process, the q output values of the 6-link
mechanism result in corresponding Yeeneraed Values as the
output of the generated function. For given function input
x, and hence corresponding mechanism input angle ¢, the
error variance Oy = Ydesired — Yeenerated 18 also depicted in Fig.
2. Definitely 6y, = 0 at the precision points X1, X2 and Xs.
There may be other points where 8, = 0 whenever 8, curve
intersects 0, such as x* in Fig. 2.

The closer 6; and &, curves, the lower are the &,
values. In order to obtain lower O, error values the
designer can adjust several freely selected parameters
such as the limits ¢o, ¢r, Yo, yr of the input joint variable ¢
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and intermediate joint variable y of the mechanism. Also,
it is possible to adjust the intermediate function g(-) for
most of the functions. When a software such as Microsoft
Excel® is used for the computations, the designer can
make use of spin buttons for varying the limits of the ¢, y
and q and, if available, the intermediate function
parameter(s) for g(-). By continuously changing the free
parameters, the designer can immediately see the tendency
of change in the error variations &1, 62 and Jy. At the same
time, it is possible to monitor a proper norm of the error,
such as the maximum error |3y|max OF rms error of 4y and
minimize it. Meanwhile, certain design considerations
such as maximum link length to minimum link length
ratio, transmission angles, etc. can be monitored.

4. Numerical Example

The formulations in Section 3 are implemented in
Excel and a design environment is constructed which can
be used for any arbitrary function. For the example in Fig.
3, the function to be generated is y = x? for 1 < x < 5. The
intermediate function is g(x) = x*, where k is an
adjustment parameter for the designer. The synthesis
computations described in Section 3 are implemented in
the Loopl and Loop2 sheets. In the sheet shown in Fig. 3
the designer can adjust the joint variable limits ¢o, s, Yo,
Y, qo, qr With spin buttons; the configuration of the loops
(configl and config2); and select the Lagrange variable
values A; and A, for the two loops — each out of three
possible solutions from their respective cubic equations.
By these adjustments, error variation curves 81, 62 and &y
are monitored simultaneously. Also the maximum error
|0y|max and the ratio of the longest link (better less than 10)
to the shortest link is monitored. Also the joint variable
ranges A¢ and Ay should not be too small (better more
than 20°). Also the mechanism is drawn and its motion
can be simulated with a spin button. A good result is
obtained usually in less than in hour — in less time than
running any numerical optimization algorithm.

After several trials, a good result for the maximum
erTorT [8y|max = 2.6 X 10 is obtained for |AoBo| = 1,
|AoA| =a=0.379, |AB| =b =2.090, |BoB| = c =2.702,
¢0* =230.1°, y* =78.6°, [BoC| =d =2.994, |CD|=¢ =
1.483, Dy =f=1.251, o= 10.6° and q* = -4.253. The link
lengths 1, a, b, ¢ of the four-bar loop can be scaled
arbitrarily. It is observed during the computations that the
limits of the slider variable q has no effect on the error
variations. The designer can adjust Aq = qr— qo in order to
scale the slider-crank loop link lengths d, e, f. The slider
direction can also be adjusted by modifying the angle o as
described in Section 2.
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A B C D E F G H 1 J K L M N o P Q
1 configl 1 Loopl ¢mm:¢94<[ﬁ 90 Ymin=Yo ;l;l 90 gmin=90 41| 0 X Y
2 config2 1 Loop2 ¢max=¢5_‘m 0 Ymax=Ts g 66 Omazx=0s ;l;l 1 Ay 0 0
3 -1 Eink Loop 1: Loop 2: Selection of the L's: A -0,30103 -0,36042
4 T 1% e 1 13 B -1,48751 1,9378
5 |k 11 <« » Checkl Checkl c2n 0 T2 n By 1,23777 0
6 | Xmin=Xo 1 Wmin=Wp 1 ¥Ymin=Yo 1|Check2 Check2 Y] 32 33 C -0,84011 2,15595
7 |Xmax=Xs 5 Wmax=Wg | 5,87300 Ymax=Ys 25| Maximum Error: 0,00026 5 D -2,01513 1,25084|
8 Link length ratio: 7,12097 s N
9 Loopl Loop2 Scaled: /K‘ \x o 4/»| 0
10 |P, -3,8118  11,7469|AgBy 1 1,23777243|d 2,99428 Ea’ \Q\ 70,9662
11 (P2 -0,45484 -3,78221|a 0,37939  0,4695968|e 1,4832 B \\ g 0,99999
12 Py -0,54457 0,44466|b 2,08957 2,58641351(f 1,25084 o \\
13 [Py -1,68533  2,46799|c 2,70161 3,34398287|a 0,18574 10,6419| J; 15 b s 1 4 s 1 s
14 |Ps 0,91331 -11,7469¢* 4,01654 230,130629|q* -4,25289
15 (Ps 4,95262 -1,16582|y* 1,37156 78,5846939
16 |x Woeesired L} i 1 Vdesired W, 1 ol aesired "fzeneratedz 82 q Yeenerated Ydesired Ay
17 1{ p,0006 8
18 1,04 —581 ---82 0,0002 ¥
19 1,08| 0.0004 p /\
20 1,12 f\\

0,0002
21 1,16 / \ 57 - /
22 12| g ‘ :

23 1,24 ! 15 \ 2,5/,/3 3,5
24 1,28|-0.0002 -
25 1,32
0,0004
26 1,36
27 14]-0,0006
28 1,44
29 1,48|-0,0008

AV

-0,0001

-0,0002

-0,0003

Loopl | Loop2z | six-link ®

Fig. 3. Excel design sheet

5. Conclusions

In this paper, the method of decomposition and
correction is applied for a Watt II type planar six-link
mechanism with prismatic output. An analytical method
for determining five design parameters for each loop,
hence a total number of ten design parameters is
presented. There are several free design parameters, such
as the limits of the input and intermediate angles of the
mechanism and the parameter or parameters that appear
during the decomposition of the function to be generated.
Also there may be multiple solutions due to the solution of
the nonlinear equation in terms of Lagrange parameters.
These free design parameters and options for the Lagrange
parameters gives a great amount of flexibility to the
designer in order to minimize the generation error while
considering several constraints such as link lengths ratios
and ranges of the joint variables. The method presented in
the paper is illustrated with a numerical example. y = x? is
generated for 1 < x < 5 with a maximum error value of
2.6 x 10 for y. The generation precision is very good
when compared to the other results in the literature.
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Abstract

The combination of the established synthesis methods for finite
positions and path-points leads to a hybrid dimensional
synthesis method that is presented within this paper. This hybrid
method combines the advantages of the established synthesis
methods so that an adjustable definition of a synthesis task as
well as a high performance of the algorithm can be ensured. To
realize this combination, the established algorithms have to be
modified as shown within this paper. Depending on the synthesis
task and its degree of freedom, a solution can be found
analytically or numerically. Both of these algorithms as well as
the algorithm for the calculation of the synthesis degree of
freedom is treated in this contribution. The shown approaches
are validated by two examples.

Keywords: Dimensional Synthesis, Planar Mechanisms,
Finite Position, Path-Point

1 Introduction

The process of mechanism synthesis can be divided
into the two main tasks: structural synthesis and
dimensional synthesis [1]. Based on several boundary
conditions, the type synthesis process determines the most
suitable structure of a mechanism. That includes the
determination of the number and kinds of joints and links.
The task of the dimensional synthesis is to identify the
kinematic parameters of a chosen structure. So. based on a
specific motion task or other specifications. the dimension
of each link can be determined.

Both. the structural and the dimensional synthesis
highly depend on the definition of the synthesis task. A
synthesis task of a guidance mechanism can consist of
finite positions or path-points [2]. For a linkage that is
based only on revolute or prismatic joints the number of
finite positions or path-points is limited. Such a
four-bar-mechanism for instance can be synthesized with
a maximum number of five finite positions. To determine
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the maximum number of synthesis task elements that can
be realized by a specific mechanism. the value of the
synthesis  task (sDOF) can be calculated by [2].
Mechanisms can fulfill a synthesis task if their value is
greater or equals to the value of this task. A four-bar
mechanism with four revolute joints can theoretically
fulfill up to five finite positions or nine path-points. This
number of possible positions or points decreases if
specific joint locations are prescribed.

Nowadays, dimensional synthesis methods mostly
focus on either the specification of finite positions or the
definition of path-points. Only few. such as [3]. developed
a method to combine both specifications. The main
disadvantage of the developed algorithm in [3] is. that it
does not allow the specification of joint locations. A
hybrid dimensional synthesis, that allows the definition of
finite positions. path-points as well as the location of
joints combines the advantages of both established
synthesis methods and allows a more adjustable but still
robust way to design mechanisms. Some tasks in
application. such as pick and place tasks. only require a
limited number of finite positions [3—5]. For those tasks a
hybrid dimensional synthesis gives the possibility to add
additional specifications such as joint locations instead of
arbitrary angles of a finite position.

2 Established Dimensional Synthesis Methods
The two most established dimensional synthesis
methods are the finite position synthesis based on
Burmester [6] and the definition of path-points.
2.1 Finite Position Synthesis
In 1888 Burmester published his approach to

synthesize four-bar linkages for the maximum number of
five precision positions [6]. Ever since. this approach has
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been modified and used for the dimensional synthesis of
dyads and linkages [7-13].

The basic concept of this approach 1is the
determination of the center-point curve and the
corresponding circle-point curve based on the relative
displacement poles [9]. Fig. 1 shows an example of these
curves for four finite positions. Every point on the
center-point curve kys belongs to an RR chain that reaches
all four positions and hence can be used as a stationary
revolute joint of a four-bar mechanism. Every center-point
has a corresponding circle-point on the circle-point
curve kg; which defines the location of the non-stationary
revolute joint of the RR chain.

yi

YMp-

[

-

—

Fig. 1: Circle-point curve and center-point curve [2]

To solve the synthesis task for five finite positions
algebraically Dittrich. Braune et al. developed in [7; 14]
the nonlinear system of equations (1). This system of
equation formulates the relation between the coordinates
of the center-points (x,,yy) and the coordinates of the
circle-point (&g,7x) in relation to the given finite
positions. The coefficients A; - G; simply depend on these
finite positions (2).

Aj + Biég + Cing + Djxy + Ejyy + Fi(xyéx + (1)
Yulg) + G;(Vyéx — xunx) =0 i=123
Aj Gj = f(Xci» Xci+1 Yeir Yeir1, Yir Vie1) (¢3)

Since this approach leads to a cubic equation shown
in [7]. the solving algorithm is performant. The problem
of this approach is that the synthesis task has to consist of
finite positions. So even if a specific angle y; is not
desired, it has to be defined to use the algorithm based on
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the Burmester theorem. That limits the solution space and
reduces the number of additional boundary conditions.

2.2 Synthesis of Path-Points

The approach of the dimensional synthesis based on
the definition of points of a coupler curve provides a
relatively adjustable way of synthesis task definition. Here
a four-bar linkage can be synthesized by specifying up to
nine points of the coupler curve [11; 15; 16]. The
unknown locations of the revolute joints can be calculated
with the parameters shown in Fig. 2.

@B,

Fig. 2: Four-bar mechanism for the path-point synthesis

This approach is based on the motion of joint A
respectively joint B in reference to the first path-point Py

3.

(xP,)' - xA/B,j)

Yp,j — Ya/B.j g
_ COS(‘Pz,u) _Sin(‘Pz,U) (xP,l = xA/B.l) @)
T \sin(@,q;)  cos(@y,;) ) \Yea~ VasBa

The property that the length of each link does not
change can be expressed by equation (4).

(xA/B,j i on/Bo)2 + (YA/s,j = }’Ao/so)2

2 2 )
= (xa/8.1 — *Xa080) + (Yasp.1 — Yaoyso)
The specification of nine path-points leads to eight
equations. These eight equations can be used to calculate
the eight unknown locations of the revolute joint.
In comparison to the finite positions synthesis the
performance and the chance to find a suitable solution is
quite bad. The advantage is that the synthesis task and the
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boundary conditions can be specified adjustably.

3  Hybrid Dimensional Synthesis

The aim of the hybrid dimensional synthesis is the
combination of the advantages of both mentioned
approaches to create an adjustable as well as performant
synthesis method. Unlike the approach described in [3].
the following algorithm allows the specification of joint
locations. Furthermore, an analytical synthesis algorithm
is shown.

3.1 Value of the synthesis task

Since this hybrid approach will also have limitations
concerning the maximum number of finite positions,
points of a coupler curve and joint locations, it is
necessary to consider the value of the synthesis task. The
approach used here is distinguished from the approach
mentioned in [2] to fit the special requirements of the
hybrid dimensional synthesis. The used approach will be
explained by the synthesis task in Fig. 3.

y
L3
*—‘LLz
igpl
i %
xXp |
Ay g

Fig. 3: Synthesis task for a four-bar mechanism

This synthesis task consists of three finite positions
(L1-L13), one point of a coupler curve (P1) and three
specifications about the location of the joints (x4,. V40-
Xpo)- By the definition of at least one finite position or
one point of the coupler curve, the remaining synthesis
degree of freedom (sDOF) of a four-bar linkage is equal to
the number of joints times two.

Since the finite position synthesis based on the
Burmester theorem provides a synthesis method for dyads,
the algorithm of identifying the sDOF has to check if the
synthesis of one dyad is over-determined. The regulation
for the sDOF calculation can be seen in Table 1.

A dyad based on two revolute joints (n; = 2) has the
sDOF equals four. Each joint specification such as an
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Xx- or y-coordinate reduces the sDOF by omne. The
specification of the first finite position n; does not
influence the sDOF since it defines the relative position of
the coupler point. Each additional specification of a finite
position n; reduces the sSDOF by one as well.

Table 1: Calculation of the sDOF for a dyad

Dyad sDOF
m No. revolute joints +2'm
n No. Prismatic joints +1'm
(n:-1) No. finite positions -1-(n3-1)
ng No. joint specifications -1'ny

The four-bar linkage of the synthesis task shown in
Fig. 3 consists of the two dyads AyAC and BoBC where C
represents the coupler point, that has to move through the
three finite positions (L1 - L3) and point (P1). The sDOF
specifications of each dyad based on Table 1 are listed in
Table 2.

Table 2: sDOF specifications for A¢AC and BoBC

ApdC sDOF BoBC sDOF
n=2 +4 m=2 +4
n=0 0 m=0 0
n;=3 -2 n;=3 ),
n=2 2 n=1 -1
z 0 z 1

It can be seen that the final sSDOF of dyad AjAC is
equal to zero. There are no additional specifications
possible for this dyad. The sDOF of dyad BoBC is equal to
one. The sDOF of the complete four-bar linkage is
calculated by the sum of the dyads and so it is equal to
one, too. Since the complete mechanism is
underdetermined. there is the possibility of one additional
specification concerning a desired path-point. So the
overall sDOF of the synthesis task in Fig. 3 is equal to
zero and can be solved exactly.

Table 3 shows the property of a synthesis task related
to the sDOF. Overdetermined synthesis tasks cannot be
solved exactly. They only can be approximated via an
optimization. Underdetermined synthesis tasks have an
infinitive number of possible solutions. They can be
optimized concerning different criterions such as
installation space, length of linkages, dynamical
properties, transmission properties and so forth. This
contribution deals with hybrid dimensional synthesis
where the sDOF is equals to zero. If the synthesis task is
solvable by linkages based on revolute and prismatic
joints, there are always a limited number of solutions
which exactly fulfill the synthesis task.
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Table 3: Properties of the synthesis tasks

sDOF Property

sDOF < 0  Overdetermined
sDOF = 0  Exact solution possible
sDOF > 0  Underdetermined

3.2 Algorithm for the synthesis

The algorithm explained within this chapter shows a
new approach to synthesize these exact solutions for an
sDOF equal to zero. It is necessary to distinguish between
two different cases of synthesis tasks, the analytically
solvable and the numerically solvable synthesis task.

3.2.1 Case 1: Analytically solvable synthesis task

The first case is the analytically solvable synthesis
task. An algorithmic overview of such a task is given in
Fig. 4. The specialty of this case is, that the sDOF of one
dyad is equal to zero and hence can be synthesized via the
finite position synthesis mentioned in chapter 2.1. The
second dyad has to be underdetermined.

Synthesis of Synthesis of

the dyad the dyad
with with
sDOF =0 sDOF =0

Calculation
of the
missing
angles

Fig. 4: Algorithm for analytically solvable synthesis tasks

To synthesize the second dyad the approach displayed
in Fig. 5 based on [2] can be used. The coupler point of
the synthesized dyad has to be moved in the desired
path-points. Therefore it is necessary that the path-point
can be reached by the dyad. Thus, the required angles of
the coupler link in each point can be determined. These
angles are the additional input for the synthesis of the
second dyad.
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Fig. 5: Sketch of the algorithm based on [2]

To fulfill one point of the coupler curve C; there are
two possible angles y; of the coupler linkage (compare to
Fig. 6 left).

Fig. 6: Calculation of the missing angles

The angle v; can be calculated in subject to the already
synthesized dyad AgAC. Therefore, the angle & can be
calculated related to the position of the revolute joint A in
the n.&-coordinate system of the coupler link:

6 = atan2 (f—A) (5)

Na

The angles B; and B, can be calculated via equation
(6) and (7) where Ic is the distance between the joint Ag
and the path-point C;.

B, = atan2 (u) (6)
Xci — Xo
—BZ +17 + 12
B> = acos (%) (7)

The angle B, now can have the two possible
solutions (8) to calculate the global coordinates (9) of
joint A.
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Bges =B 1B (3

Xa - ll cos(ﬂges) =+ Xo
(yA) 3 (ll Sin(ﬂges) + YO) =

The resulting y; can be calculated via equation (10).

yA_yCi)_é. (10)

Y = atanZ(
Xa — Xci

Since now every path-point of the synthesis task has
at least one angle y;, the sDOF of the second dyad is equal
to zero and can be synthesized with the finite position
synthesis. This approach uses the same algorithms as the
finite position synthesis and so it is as performant as the
established approach. Besides, it allows a more adjustable
input for the synthesis task.

3.2.2 Case 1: Example of the analytical algorithm

The synthesis task shown in Fig. 3 is an example for a
analytically solvable motion task. Here the synthesis of
dyad ApAC has the sDOF equal to zero so the finite
position synthesis from section 2.1 can be used. Input for
this synthesis is the location of joint Ay and the three finite
positions L1 - L3. With this information the grey dyad in
Fig. 7 can be synthesized.

1 L3

Fig. 7: Synthesis of case 1

In the next step the two possible angles y; of the
coupler link in point P1 can be calculated via equation
(5) - (10). Afterwards the next dyad can be synthesized
via the input of xpg. the finite positions L1 - L3 as well as
the Postion P1 with the calculated angles v;. So this dyad
is not underdetermined anymore. The black dyad in Fig. 7
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shows one solution of the synthesis task for the
underdetermined dyad.

Since there are two possible angles of the coupler
linkage in each point, there is more than one solution for
this task. Subsequently it is possible to choose from a set
of solutions the best for the given synthesis task. This
could be the property that all finite positions and
path-points belong to the same coupler curve and thus can
be reached without disassembling. This example shows
the advantages of the new approach. Instead of the
classical synthesis method the hybrid dimensional
synthesis ensures that not only three finite positions can
be specified for a given location of A,.

3.2.3 Case 2: Numerically solvable synthesis task

If the sDOFs of both dyads are underdetermined the
algorithm explained in chapter 3.2.1 is not applicable
anymore. Here the recommended approach is still based
on the finite position synthesis to fulfill the performance
requirements. The difference is that the dyads of the
linkage cannot be synthesized separately. So. the four-bar
mechanism has to be considered in its entirety. For the
specification of a finite position, equation (1) can be
solved according to the finite position synthesis explained
in section 2.1.

For the specification of a desired point of a coupler
curve, the angle y;4; is not specified. Since each
parameter 4; - G; is a function of the finite positions (2)
this equation system now changes if just a point of a
coupler curve (xc j+1, Y j+1) is desired. The parameter A;,
D; and E; do not depend on the angle y;;,. All other
parameters have to be itemized as shown in equation (11).

A; + Dyxy + Ejyug

+ [x¢; cos(yy) + yei sin(y;) — x¢i41 cos(¥isq)

— Yeiv1 sin(yi41)18x

+ [=x¢; sin(y;) + ygi cos(yy) + xgi4qsinlyiy) (A1)
— Yci+1 c0s(¥i+1)Ink

+ [—cos(y) + cos(yi+ 1) Cenéx + yunx)

+ [=sin(y;) + sin(yis DI uéx — xung) =0

This equation can be categorized by the terms cos(y;41)
and sin(y;;,) with the unknown angle y;, . This leads to
the equation (12) with the coefficients according to
equation (13) - (15).

a; = a, sin(y;44) + azcos(¥;44) (12)
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a; = —Aj — Djxy — Ejyy
— [xci cos(y;) + yei sin(y:)1éx
— [—x¢; sin(y;) + g cos(y;)Ing (13)
+ cos(y;) (yéx + Yunix)
+ sin(y;) Yméx — XmMx)

a; = —Yci+1§x + Xciv1Mx + $kym — NxXnm (14)
a3 = —Xcip16x — Yeirrllx + SxXm + Mk (15)

Equation (12) has to be formulated for both dyads of
the four-bar mechanism and thus leads to a linear equation
system (16) with two equations and the two unknowns
cos(¥;+1) and sin(y;4+1). This linear equation system can
be solved with Cramer’s rule.

(az,1 a3_1) (Sin(Yi+1)) o (al'l) (16)

22 a32/ \cos(y;41) a2

The combination of the solution of (16) with (17)
leads to the final equation (18).

sin(yi41) + cos?(yi4q) = 1 17

(ar1a3; — 03.1‘11,2)2 + (az1a12 — ‘11.1a2.z)2

2 (18)
= (02,103.2 = ‘13,1a2,2) =0
Each specification of a finite position leads to a total

of two equations of type (1) (one for each dyad). Each
specification of a path-point leads to one equation of type
(18). Since this