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ABSTRACT

This study presents the kinematic modeling and simulation ofngma
extracting mechanism of a seautomatednjera baking machine. The mechanical
structures and mechanismsiojera bakingmachine and extracting mechanism was
designed according to the classical existing electrical bakitadsintegrating with
some mechanisms in order to obtain the requested motion. The motion equation of
injera extracting mechanism was formulated by refey to the motion analysis of
scotch yoke mechanism. And for the case of the dynamic behaviors of time sequential
events, i.e., opening and closing of gahmechanism and polishing of pan, pouring of
dough,injera baking machine is used in the simulatio

The simulation ofinjera extracting mechanism was done in rigid mbibidy
dynamics of ANSYS Version 19.2 software by importing the 3D assembled model from
SolidWorks. The motion equation imijera baking machine and extracting mechanism
is done in PTC Creo Mathcad prime 3.0 in order to check either the ANSYS simulation
is approached to the dynamic behaviors or not. In addition, it helps to be clear with the
Sl-units and to avoid manual calculation errors, to assign the variables once and recall

them through all the design in the same document.

In this study, to compare and validate the analysis result of the simulation of the
motion, there is no other related literature review is done; due to this, as a reference,
considering the kinematic motidehaviors and events with the understanding of the
real events ohjerabaking process is very importamficcordingly, the analysis results
of simulation of motion is valid corresponding to the effectiveness onghe baking

machine consecutive adiies.

Keywords Camguide, Injera, injera extracting, Mitad, Modeling, ®mk
automated, baking time, Simulation, Scotch yoke mechanismi,i&an
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CHAPTER |

INTRODUCTION

1.1 Background

Injerais the beskknown food amonghetraditional staple foods of Ethiopia. It
is baked fromteff, sorghum, barely, rice, etdmong these cerealtff is the most
popular grain to bakimjera. Based on the power consumptiomera needs averagely
2.5minutesto 3.5 minutes to be baked enoughthe electric used palmjera baking
needgemperatures ranging from 180to 2203 [1]. Thepan is made of moldedas}

whose diameter varies from 46 to 60 cm and thicknes2@ 3 cm

Bakinginjerais practiced for a long period with the history of Ethiopian people
by classical way. In classicaljera baking method, the pais arranged on thequal
sized threestones The stones helps supporters of the paAmong thethree stones

thatare set beneath the pan, the fugodis usedasafuel.

Nowadays, although, the availabilitiesf electrical pan, solar pan and gas
pan are on utilityinjera is baked in classical way by using manual labbere are few
earlyworks on the serrautomatednjera baking machines that use manual extraction

for taking outinjera from the baking surface.

There are three consecutiveiaities duringinjera baking. Tlese are sweeping,
doughpouring andinjera extracting. These activities determine the study variables
such as time duration, revolution speed, and number of pans regarding with powers on

the system.

Injera baking is a diffcult task that takes time and effort with same ritual tasks
repeatedly. The released hediten the paihid is openedas a form of steam during the
moment of taking ounjera and the same repeatedly task frequently, suffers the health
of labors. These autties areweird especially for the massivejera production.

This paper deals witthe model and simulation @fijera extracting kinematic

mechanism.A semiautomatedinjera-making machine provides safety ensuring

1



purpose, production rate, less congion of time etc. To usasemiautomatednjera
baking machine, it is important to synthesis kinematic and kinetic mechanisms with an
appropriate design that bakefera semiautomatically. Accordingly, this study aimed

on modeling and simulation amjera taking off kinematic mechanisms of massive

injera baking machine.

However, this thesidealswith the kinematics of the system synthemedel
and simulation oinjerataking out mechanisnThe purpose dfinematicmodeling and
simulation ofinjera taking out mechanism is for solving the proper tipesition,
speedand geometric shape between the rotation of pans and the extracting mechanism
relative to theotheractivities that are mentioned above. There are twelve pans on the

circularframe thatevolves per 3 minutes.

1.2 Statemendf the Problem

Althoughinjera counts a long history as an Ethiopian staple ti@ual food, its
baking process machinesd their improvement of standards are not set yet. No
adequate researches are done on the-aetomated and fully automated injera baking

machines except focused on thgrovement omitadenergy consumptioefficiency.

Until now, bakinginjera is practiced manually for big hotels and higher
academic institutions as well as households throligheacountry. Women and young
females bakenjera almost the time in the kitchen, for the purpose of massive
production in the hotels, universities, colleges, and wedding ceremonies, etc. It is
obvious thainjera making is much difficult than cookinglagr meals as its activities
are repeatedly and ritual tasks. Manuagra baking system affects health and reduces

production rate.

Among the three consecutive activities duringera baking processinjera
extracting and dough pouring are difficult.gésially, in manual baking, the releasing
of heat in the form of steam and hotness ofntitads hocks the nails of fingers difie
baker and the edge lip ofjera needs to be separated well before taken it out, makes
theextraction ofinjera adifficult task Hence, all these problems are the consequences
of shortage ofinautomated oa semtautomatednjera baking machine or devicén

addition, this is the cause of inadequate design, modeling and simulatiojecd
2



baking machines hastbeendone, asinjerais a staple and widspreading traditional

food.

It is obvious thatinjera baking is somewhat todlfficult to change the
conventionalfollowing methods to automatic baking method. For example, batter
pouring from some diamet@pproximate to zerdiameter andnjera extractionwith

barrierrounded edge ahitadetc

Technology and innovation has risen slightly on the fully automated and semi
automatednjera baking machines ibnited Stateby Ethiopians. Thesemiautomated
injerabaking that ientittedand patented s fi Rot ary Bakin[@ Systems
has a good initial base with automatic dough pouring, cover closing and well designed
in geometry structurén the rotary baking system and method, extractidnjefa and

opening of covearedone manually.
1.3 Objectives

1.3.1 General Ojective

The general objective of ths&gudy is modeling and simulatiaf injera extracting

kinematicmechanisms; in order tnakea semiautomatednjera baking machine
1.3.2Specific Wjectives

This studydeals specifically with

U Synthesis oinjera extracting and pan covepening and closingpechanisms

U Kinematic formulatiorandanalyticalanalysis

U 3D software physical modeling by SolidWork V2018

U Kinematic nodeling and simulation ahjera extractng and cover opening and

closingmechanismin ANSYS MBRD V19.2

1.4 Scopeof the Sudy

This study focusednly onmodeling and simulation afjera takingout
kinematic mechanisms of seraiutomatednjera baking machinelt focused on
dynamicsystemmodelof thetime takenposition, velocityandacceleration vector of
injera extracting mechanism relative to the rotaticenadle andnotion of pandough

pouringand openingnd closingof cover.



1.5 Limitationsof the Study

Based on the specific objectivelstiis study, lacking of the preceding related
literature reviewsinsinuation giving materials, immensity of the portion content and
bothering with lacking of advisor was some of the challenges among the related
limitations during this study.

1.6 Significanceof the Study

The advantages of modeling and simulation of seuomatednjera taking off
kinematic mechanisms are manifold: it reduces the expensive andctmsiming
prototype preparation and the number of the testkitienatic properties andesign
parameterof the product will beimproved, the production time shortens and the
gualty standard of products rises.

1.7 Research Methodology

This study is concerned with the synthesis, modeling and simulationrgpéem
extraction kinematic meetmism based on the physical laws and principles observed
from the traditional injera baking method.Kinematic synthesjs modeling and
simulation of arinjera extraction kinematienechanisms integrated with scotch yoke
mechanismThe equation of motion iderived from dynamic analysis usingiaiform
circular motionrmethoda nd pol ar and radi al coordinat eo:
by taking other bodi e sRurthergéomairic modelingofar el at i \
IBM mechanism is constructed usindgi®@/orks V. 2018software and its kinematic
responses are determined MRBD of ANSYS V. 19.2 Simulator Based on the
mathematical modeling the analytical analysis is solved both numerically and
graphically in PTC Creo 6.0 Mathcad Prime 3.0. And the analygiegdhical analysis
and ANSYS simulation result graphs are compared.

1.8 Outline of the Study

This thesis report has been organized in a manner that is achieved. The entire
research work is organized into six chapters: Following the Introduction part in
Chapter 1, the previous work related to this study: the historical outlooinjefa
baking method and its classification including their reviewed literature reviews in

Chapter 2. In Chapter 3 the experience of basic physical laws and principles of an

4



injera baking processes and its time based sequential operations, the interpretation of
the operation is done. The kinematic synthesis, modeling and simulation of the
configuration of linkages that form anjera extracting kinematic mechanism, its
analysis ¢ derive the equation of motion using the closure loop method from the
expression of kinematics is discussed. Inclusively, the working principles of injera
extracting mechanism is discuss€tiapter 4 deals with result and discussion obtained
from motion simulation in Multi-Rigid-Body-Dynamics (MRBD) of the CAD
geometry of3D-physical modeling with the entry of mathematical modeling. The
kinematic response is interpreted and discussed from the graph that is exXtoanted
the MRBD in ANSYS V19.2 Lastly, Chapter 5 deals with the overall desption of

the thesis work conclusioMoreover the conclusions of the thesis are summarized and
recommendationand future worksare given forthe future studiousReference and

Appendicesreattachedat the end of the docuent.



CHAPTER I

REVIEW OF LITERATURE

In aclassic baking, the slimmirt with integrated chimney and institutional
mirt, takes1l02 minutes to bake maximum 3@erasof 16 kg dough. For the same
weight dough, the conventional thrstne open fa stove baking takel21 minutes

according to Anteneh Gulil &8t report on

According to Asfafaw H. Tesfaydhe traditional electrimjera stove was
tested for different ranges and a quailitjera is baked fromn average 130
2208 h3.5 kWh to 3.%Wh [4, 5, 6] and the temperature could be reduced
averagely fronl65 to 108 during polishing the surface baking. In
addition, onanjera requires an average of k¥h and 2.5 minutes to be well

cooked.
2.1 Development dihjera Baking Machine

This study categorized the developmeninpéra baking device studies from
time to time for its perfonances as it is shown in Fify.below.The development of
IBM is come from time to time as the following four categories based on its baking
method/device and power source they use to bake. Not only this, the time chronicle
order is also another factor. The shaded box at the right edge is where this study takes

place its study as it is mentioned under general objective.
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IBM

Electrical Power Solar Power

Traditional Injera Consuming Stove Consuming
Baking Method Injera Baking Stove Injera

Method Baking Meathod

Semi-Automated
and/or Automated
Injera Baking Method

Figure 1: Literature review on development categoryiojera baking

machine according todking power developmenttages

2.2 Traditional hjeraBaking Method

For centuries in Ethiopia, and perhaps even for millennia, women imadz
through a laboemtensive process that required them to pour the batter or dough onto a
hot clay pan or mitad one piece at a time, piece after piece, letting it cook for few

minutes, removing it, and then beginning the process over all again.

Traditionally,injera baking praticed is similar over all the country with a slight
difference in pan dimension and stove efficiency. Some researchers indicated the
traditional clay stoves, 320 mm thickness and 5@&D0mm diameter, have an
estimated efficiency of 5%. Others show theyréy statemitad and Mirt Stove,

improved stove, has registered an efficiency of 25 % and 35 % respeciively [

‘

Figure 2: Traditional injera baking [8]




2.3 Electrical Power Consuming StawvgeraBaking Method

Recent field testhiave shown that improvements in air control and firebox
design is currently the most effective and socially acceptable stove design modification.
However, their usefulness with regard to saving the resource base from depletion is
limited in the face of grwing population and urbanization because they use fire wood
as the source of energdj and this causes health impacts

Electricalinjera mitadsare growing high alternative in Ethiopia because of its
relatively wide in availability of electricity genenagy hydropower. On other hand,
these electricainitadshave desi gns dating back to the 1
are overloading the electricity grid. Consequently, a research and design project called
6 Ma dMii ¢ @nitlafed to develop an energpfficient electricinjera mitad Starting
with the introduction of a new type of fuefficient baking plate a range of research
and design experiments were initiated to further optimize the ewdfigiency as well
as the baking quality of the Magi®litad [10] but later is recognized as with

ununiformed heat distribution.

Gashaw Getenet has developed mathematical models and finite element
formulations for baking pan anmdjera during baking. Simulation was done in terms of
temperature profile during heap and cyclic injera baking using MATLAB.
Performed simulation for four different electric power sources (1.867 kW, 2.2 kW, 2.5
kW, and 3 kW) using two types of baking pans (clay and cera#jic) [

2.4 Solar Power Consuming Stowvgera Baking Method

According to Asfafaw Haile Selassie[7], Conference Paper at Mekelle
University communities and external guests, sol@ra baking mitad to social media,
the solarinjera baking shows smooth baking process with very gogetra quality,
which is the same as tlygiality of injera baked on customarypjera stove as shown
below in Rg.3. This system has smooth baking texture similar to the ordinary stove and
it used oil seeds to polish it. Unlike oil, oil seeds have the ability to give smooth baking
surfaces by filhg its irregularities.



Figure3: Solarinjera baking process |7

As it is shown k.3 above, even though it is a power save good technology, but
the task is routine and performed by labor that affects health from heat dutaty mi
polishing, dough pouring, and taking affera.

2.5 SemiAutomated or Automatebhjera Baking Machine

Innovation and technology has slowly begun to change in American cities and
other abroad places by some Ethiopians. Due to this, it is possiblakiinjera in
mass quantities using automated devices that require for less human labor than the
traditional way. Among those, since 2002une 2006, Zelalenmjera, with locations
in Dallas and Washington, D.C., makes its daily bread with the Zel&igzna
Machine t he creation of Dr . Wudneh - painWoody o)
professor of Chemical engineering at the University of Lada@log one example.



Figure4: Zelaleminjera machine

Since 19922008, WassiéMulugetahas been working for 12 years to make a
fundamental development change in the way whifgra is cooked by Ethiopians; His
effort was struggled to build anjera machine with a conveyor belt system and that
did not work well. So he put the project asidea while and tackled it again 2006 and
2008, finally, he invented a rotary baking system and mattitat for makinginjera
which received patent in 20Hk it is shown in Figure 5 belowut so far he has not
built one to mass produdejera [12] becaise of capital shortage, the machine is not
build.

Figure5:Wassi e Mul ugechirefil8) i nj era m
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CHAPTER Il

METHOD, MODELING AND SIMULATION OF INJERA
EXTRACTING KINEMATIC SYSTEM

3.1 Method

This study dependsn the parameterfdhe injera baking time of electrical
power consumingnitad Specifically, Wassie digitahjera baking mitad is typical
device for this study purpose. The diameter and thicknesgadin this study is based

on the mentionetitadtype.

Thisresearcltoncentratedn themodelof injera extractingsystenby limiting
its scope to systetievel. At this level, the otlrecomponents, and stdystems of a
semiautomatednjera baking machine are taken into account as a black boxes that
interrelate with eachtber through a distinct interfacdt surveys the speed, angular
position, velocity, extracting time, and angle of thiera extracting mechanism with

relative to the other operational mechanisms.

To test whether the set up design specifications ofysteem met or not, the
designers use modeling and simulation by using virtual representation rather than the
real physical experiments or prototypes. They are the virtual prototypes to shorten the
cycle of design and reduce the cost of design significaBiiyulation enables the
designer with instant response on design decisions to improve the design with

examinations of better performance alternatives to get an optimum effective system.

The focus of this work is not on the differential equation modddungfurther
attended onthe perspective of modeling and simulation of the necessary particular
parameters dhjera extracting design. Specifically, it explores the timengdra taking
out mechanism interrelated witte other operational componentstesydem, speed,
velocity, and position and angkerangement of the components. In detail, in this study,

the methodolgy is given as follows in Fig below.
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Definition of the Problem
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Model Concept <= = Knouledge ofthe behavior ofthe

system
Le I

Synthesis of Kinematic |dentify Type of Select Model Type
| Mechanism Modeling |
Kinematic F:rmulation |dentify constraints SSe tUp.;./ari?ble
| of the System (vathematica Iand Mobility pecification
3 Interpretation ==
3D Modeling and i Modeling
Assembly : ‘ ' Validation
!l Simuiation —4 Results
Simulation tool T Conclusion
|

Figure6: Work flow chart of IEM and IBM modeling and simulation

3.2 Definition of the Problem:

The objective of thistudyis taking outinjera automatically from thenitad In
addition,puting it properly on theeservedlaceasa temporary birwithin a proper
time interval.The system has three ports. i.e., té&ad polishing, dough pouring and
injera extracting ports. fie ports are fixed in series connection with equal gap among
them. The time interval and speft these activitiebetween these gaps during the

rotary movement ofnitadassumed as equal.

3.2Physical Lawsand Phenomenonof Injera Baking Process

Injerais an Ethiopian pancake, 2 to 3 mm thin, leavened flat and soft bread
made from fermented batter of different cereals sucafhisorghum, barley, rice, etc.
The quality of a goothjera is its sdtness, size, texture, uniform distribution of gas
holes or eyes over its top surface, free from being sticky together, marginally sour

taste, rollability etc. The small eyes or gas holes on the top surfaogest are due

12



to its batter fermentation amdntent ofabsit(the addin starteringredient of dough),
facility of gasproducing bacteria present in the dougy8] [ baking process, the
baking surface quality and thicknesswitad, the geometry of pan cover aitsl

closing time.

It takes averagel® to 3.5 minutes to bakajera according to the amount of
electric or other power consumption. It is baked on the top surface of cincitidet
whose40 to 60 cm diameter, 20 to 30mrthick, 5 to 12 kg and made of cldgjera
has 38 to 500 gram weigHtL4].

In classic baking, the dough pouring onto the baking surface follows circular
path motion from the outer diameter to inner that approaches to zero diameters. The
dough is poured manually by using a jug like tool. The elevation of pouring of dough
alove the baking surface and the rotational speed of hand determines the thickness of
injera. After the pouring of dough, the cover is closed after 5 to 10 seconds

approximately.This study models the activities &llows in Figure7 below.

Cover
— . —-—
e yd Path with the
/ / System Friqac
\
Injera _
Extracting :
System Frame \’
& Rotational Motion Jl
\ \ Cover
. .
Mitad ~_cover 8}081ng
. . opening/Closing - A
Polishing Path— | y
“ ‘5'/
\C\‘\\ﬁ Dou g h
Pouring

Figure7: Physical cyclic modeling ahjera processingn IBM model
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During injera baking, it needs frequent polishing between tpieces of
successivénjera bakingas the firsinjera is taken out. Before extraction, the pan lid
needs to bemened and the steam has to be released out within a few seconds. It is
extracted by separating the edge lips of it with nail of fingers or very sharp tool; and
inserting bamboo mat or flat sheet material through the separated gap between it and

mitad.
3.3 Setw of Model Specificationsof IBM

This study used 12 identical circular electric flat pan with diameter of 42 cm on
a circular rotating frame at equal distance. These pans are made of molded clay
approximately in total have 60 kg with 4 cm thickness costiwith the electric
circuits. The model specifications are setup on the Ethiopian Energy Agency (EEA)
Standards14] mostly. The IBM is operated by three electhi€ motors, i.e., one for
the pan carrier frame rotation, the second for the dough pourargtagn and the rest

for injera extracting operation.

As it is shown in Table 1, *hsity ofinjera is calculated from the specific
volume ofinjera at 180 degree centigrade. Hence, the specific volunmgeré at 180
3 is 4.30840aTQi & &For dedil information, the kinemtic design is set on

Appendix Vand Mathcad software programming.

This study has given its system specifi
Table 1 below
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Tablel: Model specification of IBM

No. Model Parameter Symbol | Value
1 Diameter of pan dm 42 cm
2 Diameter of pan-Lid de 42 cm
3 Diameter of injera di 40 cm
4 Weight of injera Wi 350 grams
5 Thickness of mjera i 0.3cm
6 Volume of injera Vi 377410 ' m”
7 Mass of mitad Mm Skg
8 Frame base diameter Db 351.22cm
9 Frame outer diameter Do 35522 cm
10 Frame inner diameter Di 271.22 cm
11 Angular speed N 1/3 rpm
12 No. of pan Np 12
13 Mitad type Single circular clay flat
14 Power Consumption Electrical energy
15 Motion type and direction CCW Circular rotary
16 Production rate time Ip 0.271t=13/48t [s]
17 Flow of current to mitad I 25A
18 Startup time (initial delay time) fo 15to 20 min
19 Resistance values R 2290
20 Baking temperature Tb 180 to 220°C
21 Density of Injera® Pon 232.1 kg m’
22 Yield stress of injera [15] o, 0.64-0.78 Pa
23 Height of the rotary frame h 80 cm
24 Effective diameter of the cover d e 47 cm
25 Length of extracting finger Iy 200 mm

3.4SemiAutomatedRotaryinjeraBaking System

The main components of &mirautomatednjera baking machinere mitad
polishing mechanism, a dough pouring mechanism,gaca extracting mechanism
These mechanisms are upgraded from the conventional badtiagies of polishing
of mitad, batter pouring anthjera extraction by usingpamboomator very thin sheet
plates All of them areindispensabl@ injera baking system. They work independently

within time sequential order
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Before pouring batter on thieaking surface ofnitad, polishing the baking
surface omitadis the primary task. Roasted cabbage gewuder, castof gou |) seedd
oil, cottonseeail, and oil contained seeds use for polishingiitadby using polishing
pad or clothHowever, the rasted cabbage seed powder is common on uShge.
polishing cloth is curled on thHeallowedcylindrical spindle that is fixed parallel to the
baking surface of the mitad within contact. Due to the motion ohtteal,the polishing
pad also rolled over theaking surface of thenitad follows the motion direction of the
mitad The purpose omitad polishing isto avoid the probability of stickinojera to
the baking surface during extracting dadkeeping the quality and cleannessgéra.

As themitad is polished, pouring dough on the baking surface ofriliad is
the second taskouring dougloverthe baking surface of thmaitadoy using gug like
rotating device with nozzleln semtautomated the dough is poured by using a
showerheadike deviceswith a reciprocating movement to close and open the batter

outlet nozzle.

After the batter is added onto the baking surface, thdigas needed to be
closed after 8.0 secondslIn conventionamethod the time delay afteadding batter
used for eleasing the moisture content from the poured battefoamkeeping the light

and softness dheinjera quality.

After 2.5 minutes 14, 5], theinjera is ready enough to be taken olihe two
pairs of fingers that is attached to the scotch yoke meshardi s a r mnjeraa k e
from the thin stainless plate. The scotch yoke mechanism is, operated otor,
used to change the rotary motion into intermittent linear mofiba.intermittent linear
motion helps to take ounjera from the extracting portral deposits to thamjera bin
position. This motion should fit with the motion of IBM frame with regard to an
appropriate time synchronization especialjative to the movement of pan as it is

shown in Figure 8 below.
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Figure8: Semiautomated rotariBM

The pans are arranged on the circular frame at equal distance gap.

3.4.1 Terminology

For the purpose of thstudy, the following definitions shall apply:
Baking: A process of cooking food suchiagera, bread, waffle frondough et.
Cam-guided rod: Pan lid opener and closer curved link.

Clay: A plastic muddy soil when it gets moist and hardy material when it is tempered,

that is used for pottery, tile and brick preparation.

DRRD: Dwell- rise-returndwell camguided cover opening ceed mechanism.

Time Delay: Duration of time lefore starting one operation due to a causal
intervention of the operation relative to the other operation/s or system within a
relationship. It will also be the interval of time between two sequential opesabir

tasks.
Flywheel: A rotating disc ocircular bar used for rotating to transmit power.

Linkage: A linkage is obtained by fixing one of the link§a kinematic chain to the

ground.
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Dynamic mechanism:Mechanism under motion with its causal fori¢és a motion of

any of the movable links results in definite motions of the others.

Gripper fingers: Two pair of fingers to take outjera from the circular stainless steel

injera extractor plate.
Injera: Ethiopian cultural food, leavened thin flangake.
Mitad: aclay pan, a circular griddle made of local clay soil and tempered with fire.

Model: a designation or representation of particular physical characteretids

featuresof an actual system with respect to some selected dynamic problem.

Scotch yokemechanism:A mechanism converts linear motion of slider into rotational
motion or viceversa.ln this paper, it isised to change rotational motion to linear or
intermittent motiorby coupled directly to sliding yoke with a slot that engageis an

the rotating diskvith constant angular speed
Semtiautomated IBM: Injera-bakingmachinethat is not full automatic operated.

Simulation: it is an imitated operation of the model structure of the physical (may be

conceptual) system over a compalctiene systematically.

Slider: a component of scotch yoke mechanism that lets the output link free from

interruption.
Synthesis:configuring anddeveloping mechanism/s for the required application

Takeaut:t h e wa k d nigusea to rethovimjera from theextracting port of the
stainless steel plate surface. Even if, the meaniritaké oudanddake ofbare the

samethey are usedccording to timesequencand port position in this thesis.
Takeoff: to removenjera onto its temporary stogefrom injera extractor mechanism.

Injera extracting mechanism injera taking out mechanism from the extracting port

to the depositing pogiort.
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3.5 Kinematicsof IBM Design Process

The IBM design process starts with meeting the functional requirenoérat
semiautomatednjera baking product. Kinematics helps to ensure the functionality of
injera baking mechanisms, while the role of dynamics is to verify the acceptability of
induced forces in the components of the system. Both of they are subgevtries
constraints (specifications) imposed on the design.

3.6 Synthesis and Kinematics of Injera Extracting Mechanism

3.6.1Synthesi®f PanLid Linkage Mechanisms

The first work ininjera extracting is opening the cover. In seautomated
injera bakng system, the cover also is opened agguide thin trajectory rod-ere,
from the minimum to maximum, the lid will be opened to the imaxn height of the
|l iddéds opening foll ower path or ro2cm The
that equalsvith the diameter of the pan lisut adding the cover handle it become 45
cm as shown below in Figurea®d 10 The pan is fixed on the rigid rotating body and
the conical lid is hinged at the edge of the pan. In addition, the cover has a handle at the

bottom edge othe cover.

=
<

450,00

2460.00

1230.00

Figure9: The camguide path curve of palid
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All dirmensions are irn

Figure10: Opening of over tox-axis

The skeleton of thecover opening/closing systewill be shownin Figure 11

below &

Figure 11l Three ports of IBM with averopening and closingnder (offset)

camguider mechanism

The type of the rod pattan be considered similar to a dwedle-returndwell
(DRRD) [16] curve of camguide that guides the opentagdclosing of pan cover
motion as sbwn in figure below. The firstwlell curve used to permit the entrance of
the rod into the cdwellallowsslosmgthedceverontierpanh t he e
smoothly. The rise curve allows opening of the cover untittiver goes to maximum
height that equals the diameter of the cover, and the return curve guides-titetpan
its place in the same direction of motion of the pan. The ehgeifall type is not proper

for this application because the poured batteherstirface omitadneeds a few time
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for the best quality of gas holes or eyes as it is practiced in the classic way. In order to

this caseas it is shown below in Figure 1the DRRD canguide path is an appropriate
mechanism.

%

L
e

& 400.00

& 420:00 l
>
!
|
i
i
4

a) b)

Figure 12 Thetranslation of cover after dough pouring while the dough is

bearing gas holega) skeleton of cover opening through the egunde path (b) Cover
closing withthe poured dough

The equation of the curve slope wil/l be
x=f(— (3.1)
Wherex = cover opening gap or displacement as a functieraofd t

—= t he cur ve @=dby hegpamvert. Hoawever,siace the cover
follows the curve path at a constant angular velastyt is shown in Figure 13 below
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(a) (b)

Figure 13 The direction ® angular velocity directiorto x-axis (a) Virtual
Opening of cover by transisting with the means of roller bearing (b) Skeletal

representation of the virtual opening of the cover

And the displacement either increases or decreases during rise andgeturni
time respectively as the function of time that can also be written as

z=g (1) 3.2
— 10 (3.3)
Where t = time to translatbe covet hr ough angl e d, sec

1 Angular velocity of the pan that enables to translate the cover through the

curve path, rad/sec

The instantaneous angular rate of change of the displacement and given by

a =— = velodty of cover opening (3.4)

The instantaneous angular rate of change of velocity

a — Acceleration of cover opening (3.5)
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By using the displacement as function of the time, aselthe features of the

cover opening slope of curve as follows:

Velocity of the cover opening

w — — — ] — 7] @e (3.6)

L Y (3.7)

By using the time function derivative, the dimaemdess positior—function
gets its unit. Over the complete Fssurn motion curve, the following is true due to
equal time and angle to rise and fall.

L WQO0 TANd oxfxe— Tt (3.8)
3.6.2Dynamic Determinants of the Operatiarfsthe System

The three operations are dependent of time, geometric shape and angle
arrangement with each other. The sequence of fpostion ofmitads and rotational
speed ofhe system plag great role in thedking ofinjerain the rotary seraautomated
injera baking system among the three task$owever, the baking time ahjera
depends on the amount efectric power consumption; arttlis study takes the
consumption of energy assteadycondition, replacinghe power parameter byaking
time, 2.5 minutes and kWh [5].

The system has a unique time sequential operation at the first round with time
index. If the sequence is mid, the work will be interrupteBor instance, if one started
by pressingON, theinjera extracting motor at the same timéth main motor of the
IBM of the circular framethe two fair of fingers oinjera extractors can destroy the
mitadsat theOP port, as shown below in Fig. 14EM is synthesizedAt initial time
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0 mhthe electric power istarted bypressingON and the start or delay tin@= 15
minutes, thenitadwill be ready to pour dough. At this tinfe= 15min) the motor will
be started and pouring of dough takes place over the top baking surtheeritfad
atdb = 16 minute. After each 15 secondsch neximitad arrivesto the dough baking
port one by one. The first poured omtad arrives toinjera extracting or oyiut port

after 2.5 minutes at 83 angular position omitad movement with a@nstant angular

rotationof - i 1) kland the baking timeof the first time will be
0 O O (3.9

Wherei= 1, 2 positboBorderlofmitadon the frame, which is given by
thediret i on of moti on and port endfrevalations or der .
of the frame or batch number, i.e., one batch contains niitads per
revolutiond =Injerabaking timed Doughpouring time, anad extracting time

of injera.

(OP Port)  [niorg

Extractor

Figurel4: The subcomponent skeletal representabioliBM machine

The motor ofinjera taking out mechanism will start at the first index of
O equalsd 18.5 minutes. Before the tim@, the position of crakarm (link

2) will be at 0 degreddowever, link2 will be at 360 degrefer the nexi' position
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of pans at their prextractingtime, 0 . Where e indicates that thénjera

extractor fingers are at thigjera taking off bin positin. Hence® means the
first mitadin the first revolution is arrivetb the extracting port (OR) 360 degree
on the pan carrier circular franamd link2 is at 360 degree on the scotch yoke
mechanism. Just at t = 18.5 minutes the motor stadghe fingers awed to the
OP portat 18.625 minutes while the link 2 will be mtadians. During this time,
the firstmitadi  will be between the last poured oritadin the first revolution
and the OP port around arc length20 cm; at this place thast mitad will be
polished slightly while moving in the speed it wasvimg. The polishing takes 7.5
sec per each mitadAssume that the firshitadis started fronf 1t Band when

it was at the extractor (OP) port, thgera will be extracted from thenitad at

] 360 degree. Then the next mitads take:
| | —1 (3.10)
Wheref is the angle of the nextitadswhen they reach at Oport, i

=1, 2, 3, N the position rank of mitad arrangemedtand @ shows dher the

mitad is arriving or arrivedto the OPport respectivelyni indicates number of
revolution round and number of pans on the rotatioh, the position

vector of the first mitad at the OP port.

e ——

&

Figurel15: Cover opening and closing mechanism

At the maximum height where the cover is opendd t®0 degree, the opening

of the camguide curve is assumedas 90 degree.
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Therefore, the displacement it follows is given by simple harmonic equation
a -p Al & (3.1

By using Mathcad software the curve is plottedla®wvn below in Fig. 16.

0 50 100 150
=} 180

Figure16 DRRD graph of cover opening and closing position vector curve

The slope curve of the displacent or velocity of the cover opening path by

using equatior(3.6) will be

n —z2— O
I

‘ . Q ‘ |
w ]l w —
C
=- - 21 OE4 (3.12

Acceleration of theover opening equatio.(?) will be as

© 1 GEeee— — Z— wsl—\l—'[
G T I
Q" LY
- — 7z weE+
<i T
= - — Al & (3.13
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The graphiesketch of cover opening and closing way is shdvefow in

Fig.17, and the optimized cover opening and closing path is shelew in Fig.18.

-
100

@ (in degree)

Figure 17: DRRD graph of cover opening and closing curve by Mathcad

Hmax Opening of Pan-lid upward to z-axis in meters

| 1
0 50 100 150
C]

Rotation of Pan-lid in Degrees

Figure18: Optimizedcamguidedcoveropenertloserpathcurve by Mathcad
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However, in virtual, the direction of the cover motion is inward to the angular
motion of the pan carrying rotary frame as shown belofign16 and its kinemats
is given by

Sealed pan with
cover

(.,Q_(l\

(y Cam-guide path
4 - o
'/ /
Lid opening \
/ / Lid closing
OP port
Extracted dough

injera IPport

() ) (b

Figurel9: Virtual opening and closing motion patha semiautomated
injera baking system; (a) Subcomponents labeling and ports\f(lB Cover
opening and closing port

From the aboveigure 18, we have the following triangle with the diameter of

the pan and the cover is shown as

Ro/c

R.cover

Rpan

a) b)

Figure20: Trigonometric graph of cover opening and/or closing motion a) the
maximum opening position of the cover at’®) Equivalent trigopnometric graph for

the maximum height cover opening.
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Where'Y y = Radius of cover opening and closii@, = diameter of the cover and

'O = diameter of pan.

The displacement of the cover from the pan to backward due to the displacement of

equation(3.9)is calculated as:

Y 4 [0) O =WcDe 00 ¢ »
= D*tane (3.14
Since, ret v - o gD =420mm
O = Reover'sin—
Reover OO0 wat— w7 J
» =| =the function of time due to the opening and/or closing cover argl the=45J.
Thecover is driven by angular speed of the frame that is given by
¥ —=—rad/sec = 0.035 rad/sec (3.15

The backward velocity atd&is given by

v=—L 0—0 @t -0— —

Letsayf (— { "Qfg{— ¢ fardh( d ¥(—FQ — then the derivatives of them
will be
v O0—"Qf (3.16)
h( dX—FQ— (3.17)

0 —z2°0— "O_"0—
0 —

Q|
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Ot 26e | —i Qizi-"QE —
Wé

= (3.18
Trigonometric identity for the numerataré — i "Q&=1
Now substitute equatior3.(L7) into equatior(3.16) gives
v — (3.19

Acceleration of the backward going of cover will be zero from the ed@e towhich

is given by
5 QU q 2P o T We i —i QE+——i Q¢ —
Q— Q—0 ¢+ weé
w 0 Q— 7 (3.20

3.7 Synthesis and Kinematics bifjera Extracting Mechanism

Kinematics is the study of motion without considematof the force that causes the
motion. In other words, the objective is to find out the transformation of the motion by

identifying the input motion assumptionallyj.

Duringinjeraextracting as it is shown below iRig. 21, the edgeircumfrencedarrier
of the conventionahitaddoes not allow to extract simply. The geometric factor of edge barrier
is thought for preventing of dough pour out of the baking surface and blowing of atmospheric
air toinjera. The first challenge is not fact. The douglpbured in the hot baking surface of
the pan and the heat suddenly enables the moisture contents to evaporate and the dough starts
bearing gas holes (eyes) over the surfadajefa immediately. So no dough is poured out of

the mitad if thamitadis flat and heated well.
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The electric flat mitad, as shown belowFig. 22, has no edge barrier as it is stated
above, factor of high temperature no dough is poured out. Therefore, the absence of edge

circumferenced barrier helps to extragerain linear wy.

Figure21: Conventional electrimitadwith edge barrier

Figure22: IBM electric flatmitad without edge barrier

3.7.1 Synthesis of Injera Extracting Mechanism

The injera extracting mechanism is thmbination of very thin plate made up of
stainless steel with thickness of 0.5 to 1mm and a double parallel arm both with two fingers
that the upper fingers are fixed and the lower fingeesfree to rotate aboutaxis without
friction throughout theange of O t6 radians.The arms are attached to the scotch yoke
mechanism in order to get reciprocating motion that helps repititive task(s) within the same
interval of time and distance with a constant velocity. The spring enables the finger to hold
injera between the lower and upper finger due to the forward motion of the scotch yoke
mechanism. When the pin reaches at the opposite end of theadidlel to the slider arm at
180 degree, the lower finger moves downward and dngesa and finds its maxnum
backward motion by the help of springds comp
whose the same diameter with pan is adjusted within an interval that approaches to zero and

fixed at a place of the outer diameter of the pan carrier feensbown below ifig. 23.
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a) b)

Figure23: Injera extraction, g Injera extracting mechanisim) Injera extractor disc

by separating it fn;m mitad, stainless steel extractor

An injera extracting mechanism with a sliding frame, which moves forward and

backward through thiexed slider as shown below ing- 24.

Figure24: Scotch yoke rachanism with double ereffectors

Here belowin Fig. 25 Injera extracting mechanisis givenwith theinjera slicer up

thin plate link.
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(b)

(@)

Figure 25: Injera extracting mechanisfgripping positions with the circular stainless

steel plate(a) Ready to gripnjera (b) thefingersdroppednjera from the thin plate

3.7.2 Skeletal Representation

The skeletal represeation of the mechanism is shown below in Fig. 26 as:

(a) Mechanism (b) Skeletal representation

Figure 26. Skeletal representation of scotch yoke mechanism with springsjéoa

extracting mechanism
3.7.3 Mobility of the System

The number of degreed-freedom of a linkage is equal to the numbenpfit motions
needed to define the motions of the link§b@. The number of degrees of freedom (DOF) of
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a mechanism to move is known as mobil7 ty. B

theinjera extracting mechanism has

[l n

(3.21)

O z

Where n is the number of links,ig the number of lowpair joints, andzis the number
of high-pair joints.
3.7.4 Coordinate System

Here,in this studythe main kinematic variables and dimensionira taking out
by position of sotchyoke mechani® with injera extractor finger is given as shown below in
Fig. Z7.

Figure27: Injera extracting mechanism withodtsk pin as ank

3.7.5Instantaneou€enter of the Injera Extracting Mechanism

A point of a rigid body that has a zero velocity at a given instant is an instantaneous
center It can be thought as a point in the plane about which the link rotate rétagiether

link whose positions coincide and have the same velocities.
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Figure28: Skeleton of Sotch yoke mechanism

The length ofnjera extractor finger is 200 mm and the rest part of the sliding shaft is

given below.

Figure29: Injera extractor finger (upper finger)

There are five numbers of links and the instantan&yuenter for the system is

given by

Where n = number of l i nks, [ =3¢ N, P B al,

successor link.

Spring is not counted in links but it is considered under kinetick emergy
characteristic parameters. By using table we can get, the frequency of each number in folds of
itself diagonally, or upside down hypothetical triangle. We obtain the instantaneous center, by
reading two digit at a time fixed on the first figuretlwthe down figure or number within a
column. Examplek hky hkf Ak etc The s has no pair relative with at the end as shown

below in Table2 with red color.

35



Table2: Tabular value of IC for five links

li Number of links

io i1 i2 i3 i4 is
e 1 2 3 4 5

j1 2 3 4 5

J2 3 4

J3 4 5

ja 5

By using Kennedy rule, we can obtéhasshown below in Fig. 30.

Figure30: Instantaneous center fimjera extracting mechanism

As itis labelled above in Fig. 3he dash linesra the secondary ICs and the solid lines

are the primary inspected ICs. They can be located on the skeletal diagram of the mechanism

as follows.
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Figure31: Location of instantaneous center figjera extracting mechanism

Link 2 is the crank length from the revolute A to pin B, and the position taxis of

point P at any crank angleexpressd analytically (refer above in Fig4 and 26(a) as:
Lt o > Hi Pl < (322
The length of xequals &, which is given by
moh— ¢ o ® (3.23

Where xs the distance between the fixed slider slot and the scotch yokeudigie
length that covered by theid#r slot fixer x: the distance between the finger frame and the

slider slot and assume thatx 20 mm, = 60 mm and x= 50 mm.

The length ofink 2is found by considering the diameterira, the gap (clearance)
between the mitad anitjera dropping and length of fingers that take iofera from the
stainless steel by entering through theshape hole. The diameter of the pan and the crank
size, e has a direct relationship with the perspective of geometric size and motion, Hence

Xt +Xg = 460 mmand equatior3.23) become
> (X,P)=1.2m

By differentiating the position vector, we obtain velocity of the sliding shaft as
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o~ »iH 42-:: >0 i < (4.24

Acceleration is given by

Hp 4

P
H 4

o= » "HiPl«z po “Hi Pl < (3.25

3.7.6 Characterization of Angles with Link Positions

At injera dropping and taking out port the length of link four will be equal, because
link 2 be at straight line; i.e., it will be aBQ degree and 360 degrée.other spans it malye
givenas the theta function of link&s it is given in equatior826) below

<138mif0<6, <m
=1.38mif 6, = w(at OP port)

< ?’];(92) - TzCOSﬁz lfﬂ' < 92 <2m
ry (X,05)— o . .
=1.38m if 0, = 2w (at inyera depositing or dropping port)

< ?‘4 (92) < 1.38m Ifzﬂ S 82 S 3T

etc.

(3.26)
3.7.7 Kinematic and Dynamic Loe@losure Equation

By taking the position vector for the offset scotch yoke mechanishowt the spring

and fingers link, the kinematics of the mechanism will behasvn below in Fig32.

Figure32 The corresponding vector diagram for an offset scotch yoke
mechanism

By applying a loopclosure approach for a saké universality, the position vector

analysis will be given, as the sum of all links equals zero
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1Ef 1ER R ED f Efi=0 (3.27)

Where0  AT-@0E+ andi=1,2,3,4
3.7.8 Identification of Input and Output Variables

Here,the length of link Ira the length of link 2r2, the velocity of link 1vi, and the
velocity of link 2,v2the acceleration of link T, andthe acceleration of link 3 are known
input variables the length of link 3, r3,linkr4,velocity of link 3 vs, velocity of link 4vsand
acceleration of link 3asandacceleration of link 4as are the unknown output variables. From
the nature of the motion mechanisne have arnitial condition as— “,— Tmand—

0 . Aandfor the pin and the didtave a relationship as=2r-.
3.7.9Solve the LoogClosure Equation

3.7.9.1 Position Analysis

To solve the closure equation, the magnitude of the two vectors are unandwrove
all unknown vectors to the rigitand side and the equation will be [17]

10 i0 =bo (3.29

TR S O > H A iAL or e

f. B »HiEl 0% &
B e g @
"Hi Py 1iH (3.284)
“HUSL T (3.285)

Thenby using equation3(28.1)-(3.28.5), equation(3.28) became
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» Hi el TiE 1 e HRITiE A=bH S T (3.29

The two unknown vectorenk three,rs andlink four,rsare calculated by eliminating
one of them by prenultiplying from the left by unit vectors> and¢® that are perpendicular

to the vector andi respectivelyHence, from trigonometric theory

HUPET TR 1A HT P (3:30)
And it is obvious thafor any vector is perpendicularaB: A || 1 Accordingly,
then the second vectarwill be found by multiplying equation3(30) by a unit vector
o P viim 4o py 1 andeliminatingi :
\ 5 O E|T -
W
' OYBELE —
O OAIf0 o @ (4.31)
Similarly, by using® P vim 4. py 1, equation 8.29) become
Y S— (3.32)

By using Mathcad software, we get feias
| N B N O (3.33
3.7.9.2 Velociy Analysis

For any vector the magnitude and the direction of the systems which are the functions

of time, t, the position vector is given by
<« » < (3.34)
Where @ is the trigonometric function§ T @0 E-+

The time derivative of the position vector represents the velocity vector:
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At) =04 Oy (339

~

oy ot o € 7
<« P<CHI Pl iH 1 Transitional velocity vector

" A ~!‘ 7 J
o, » <« « '|iHHI Pl - Rotational velocity vector

o, Is perpendicular to the direction did original vector and the magnitudetof

represents the rate change of the position vector length r.

In this case the magnitude ot and rs were the unknown variables and the

corresponding velocitys (t) andras (t) will be:

> «HPITIH T+p @ <« Tid HP 1+p @ <«
fvie fHiPI=0 (3.36)
By using initial condition IC,— “h— mh— -, andfrom equation 3.40.2) and

(3.40.3, we havef, » »dk-wP <andf, > v P <«8From these IC, we have:

f. >0 «vip < (3.37.1)
+ >0 <«3F-Pv < (3.37.2)

Then by using equations3(37.1) and (3.37.2) and the perpendicular unit vector
multiplication fori 3(t) andi 4(t) respectively, wget equation3.38) and 8.39).

Vo P10 4 rPo «viP <« (3.38)
In similar way, we obtain

oo i o PO <PV « (3.39
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3.7.9.3 Acceleration Analysis

Simply, the derivatie of, equation3.38), the velocity vector with respect to time gives

acceleration vector, consider= constant— @& ¢ { 8 theno
Do —1 0 ©® »o <F:-Pr « ») «V R <«
In the same wayfom equation 3.39), we get(3.40)
oo —io 4 PO <AV R <4 ») «f:-Pv <« (3.41)

The velocity and acceleration veinEFigprs of
33 by Mathcad from Appendix V.

v;(0y) i mmis
;(0,) in mm/s?

Y
2
N
2
\
]

i
/

/

R

O 5 in radians

Figure33: Velocity and acceleration analysisiojfera extracting mechanism

3.8 Working Principles ofnjera Extracting Mechanism

The working principle ofnjera extracting mechanism is discussed early under
t he topic BemAutorated Rotary Iejaeta Baking Machioéefer it on
page 14 above As it is shown below inig. 34, when the radiusf link 2 has been at
360 degreg the double pair fingers will be opened at 90 degree. This enables to drop
injera at the temporarinjera storing position bin. And when the connecting rod will be
at 180 degree, the double pair fingers will be closedjeta separator blade stationary
and capable to graspjera and displace it to the wanted plaBeiring this time, the
injera deliveredmitad will be at345degree clockwisat polishing positiomelative to
the dough pouring statioBefore the extractor fingers arrived to the injera taking out
place, the stainless thilade whose thickness of 0.5 mm and diameter of 40 mm

separates injeradm themitad The mitad passes beneath the separator blade and the
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separator is fixed at a place. The separator has two holes in the patent of the two double
fingers.And the extractor takmjera from the separator through this two holes by the

upward meement of the lower fingers.

Imera @ taken off table

Figure34: Injera extracting mechanism

The scotch yoke driven crank is fixed to the ground and the yoke link joined to the crank
by slot joint. The slider link or link 4 is fixed to the scotch yaké by fixed joint or welding
and is joined by translational joint through the slider flkde. The slider fixer joint makes
theinjera extracting stable and linear movable link.

The simulation is done by dividing the rotating angle size to the reqummedor each
activities in the injera baking and extracting mechanism. The simulation is time dependent
events and the rotational angles and translational displacements are kept with their time
sequence corresponding to each other.

3.9 Methods to Snulate
The 3D software model is modeled in SOLIDWORK 2018 version and saved in IGS
format and imported to ANSY¥.19.2. Dynamic simulation unlike static analysis and
simulation implies that the model is analyzed or simulated by time representation. A dynamic

modelis a type of mathematical model that constitutes a numerical or analytical model of the

system, is which solved, by the system simulation.

In the level of machindgkinetic® of t he c¢compl eis&udigdwhideyim a mi ¢

the level of mechanism¢ h &inematice o f t he dymechanisnis staded t e m
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Accordingly, as this study focused amera extracting mechanisnthe results and analysis
dependon the kinematics of the syste as a level of mechanism.ubng synthesize of
mechanism, its configation will be designed by either geometrical or mathematical model.
Mostly, the geometric model can be represented by physical model, 3D CAD software, or
prototypes, depends on the geometric parameters. While, mathematical dynamic model is the
replica ofgeometrical model by numerical models and analytical models. Analytical model is
solved by using deductive logic or mathematic theory. On other hand, computational

techniques, procedures and system simulations solve numerical model.

The numerical and gphical analysis of the system is done in Mathcad software. Mathcad
software is used to design and mathematical model with keeping every input and output
assigned variables with accuracy of the given values until the model is finished. Once you
assigned theariable, unless you change and duplicate it, Mathcad software carries the variable
all through your document including the-@iit you given for. In addition, this study used

Mathcad software for numerical and graphical plotting.

The simulation is doné rigid body dynamics (RBDpf ANSYS in order to get the
kinematic behaviors of the displacement, velocity, and acceleratiofecd baking machine
and its extracting mechanisifhe importance of simulation resuitsfor keepingtherelative
motion of the time dependent sequenced operationsj@fa baking machineHere, a semi
automatednjera baking machine (SIBM) is used as a moving referdmady andinjera-
extracting mechanisnfIEM) is focused. The kinematic responses imjera extracting
mechanism used time and rotation as an input parameter as a boundary condition the rotation
aboutz-axis ¢+ 0 =0 degree at time, t = 0 sec and theearitial condition forinjera baking
machine. But in extracting mechanism, the time referring wjdra baking machine is after
theinjera containedmitadis arrived, the extractor reaches to the extractoriportediately.
Themitadc ar r i er ramg stat®mMmandnjerd extractor mechanism have to have
sequential relationship by time function. Hence, after the ritad leaves thanjera taking
off port, theinjera taking out fingers have to be reached suddenlynjkea taking off port and
takes out thenjera. Hence, if the timej tis taken by thenitad after one from the nexnitad

and tis the time is taken bypjera extractor, then

«

f() fe+yd w o g > 7.5seconds (3.42)

44



Where f (t) is duration of time for extraction @t f (t+Y0) is time taken by one fourth of
the first and the followemitad t is time taken by the leadingitad, 0 istime taken bythe
leadingando is time taken by théollower mitadon the circulamitadcarrier frame at motion

with a uniform angulavelocity.

The above equation342) shows that the angular speed of fingera extracting

mechanisidriving dischas double fold speed of thancarrier frames.

The timesequential order of the motion function of the pan carrier circular frame rotates

[in secondlis given as:

Y =f(— (3.43)

The theta function of the motion wifjera extracting mechanism is given by:

Y =f(— _J_:Z—J:J__ cemIE ooemd (3.44)

The theta function of the motion ofitad polishing mechanism is given by:

y —f(—

— (3.45)

It is understod from the above equatisithat thenjera extracting mechanism takes a
full revolution for each 30 degree of the circular rotating frame ofrtit@éd carriera s 1t 6 s

shown below in Fig35.

For eacl{ -15J, there is a polishing ghitadat the fixed polishing port, fo— ¢ 18]
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Figure35: Dynamic Simulation Setting of a Semutomated IBM in ANSYS
19.2 Rigid Body Dynamics Model (A4) > Transient (A5) > Kinematic Responses (A6)
with Input Parameter

Therefore, it takes a half time of a consecaithitad®motion in series within
15 seconds.

As itis dealt under the scope, the scope of this study is the mathematical modeling
and simulation ofnjera extracting mechanism, the kinematic graphical responses of
injera extracting mechanism is representege. However, thkinematicsimulation of
a semi automatednjera baking machine (IBM) is representatthe last of thdocument
on AppendixIV. This is done by setting the global coordinate system at the motor of
injera extracting mechanism position aedcept the extracting mechanissuppress
another systems until the simulation is done.

Identifying the number and types of joirttavea vital role in the simulation
processThe degree of freedom, DOF is subjected to on the types of joints thatkihe lin
are joined together body to body or body to ground in order to provide the possibility of
number of movability. A joint element is typically defined by specifying two neighboring
nodes, | and J. These nodes may be arbitrarily positioned in @paice shown in Fig.

36 below

46



Joint Configure 7 Bidssemble | L= £ B8Revet
Unit Conversion  Acceleration v 0 s yiao ws

QOutline 4

A The Whole EM & EM Sinulation
o
Bavead Time 85
5 e o | om0 Rindiced
518 Transent () T09842M

v\ Analyss Settngs
/4 Jont - M Frame
/@ Jont - IEMRotaton
/9 Jont -Lower fier Rotaton
/@ Jont - Cover opening /dosn
Aa
Ao
¥yl
Y
A0
A0
Y]
A0
A
A
o
/8 Solution (A6)
¢ >

) Fixed - Ground To Sider e
] Fiet - Fenc, M To Circur
[ Fied- nerstractor blade T Ferk |
B Ficed- Yoke, ik 3 Towrit, 1y
.rm-vme,hanm )
B Foed - i Finge Towrist, 100, D1,

Details of "Multiple Selection” ?

Figure36: Identifying the number and types of kinematic joints or constraints

In general, ecording to théBM and IEM system there amotational, translational
and slot joints are founid the wholesystem. But in thenjera extracting mechanism the
joints are given in the table below. In the simulation procesgeyh baking and extracting
system, the kinematic analysis is achieved by demonstrating the size of rotation or translation
and types ofgints corresponding to the time sequence of each actiggiégs shown in
Table 3

Table3: Types of joints or constraints injera extracting mechanism

Types Symbol Location Mobility | Angle
(DOF) (deg)
1 Revolute o Link 2 to ground 1 360
Link 5, lower finger to
@‘ upper finger 1 0to 90
2 Prismatic/translational || | Link 4, in the fixed |1 180
Joint - slider
3 Slot | Link 3, in the 1 90
joint scotch yoke
4 Pin/Fixed Joint Upper fingers to 0 0
link 4, link 4 to
scotch yoke, base to
ground, slider fixer
to ground etc.
Note: The above symbol of joints are taken from ANSYS software package except the
last one is taken from the injera extracting system.
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After the responses are foyrahecan set the system together by umsepsing
the suppressed systems and adjusting the dynamic initial conditions of the system.

o o 2 x

gfi

B e it St Longh = 16m MecimgNilY lepes afs (e

Figure37: Adjusting the Systems
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Figure38: Global coordinates by right selection of the faces of bodies
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Figure39: Setting dynamic constraints, their directions and input parameters

Finally, run the analysis of the systémorder to obtain the kinematic responses of the

systemAnd by observation of the dynamic behaviorstaf system, the responses can be validated

it is shown below in Fig. 40

Intemupt Sokition | Stop Solstion | 1s1
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[ [0 Mo Messages
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Figure40: Running the kinematic simulation of the mechanism

The simulation will be explained under the result and discussiongoarthe whole IBM is

given below in Fig. 41
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Figure41: Kinematic simulation or responses of the syste
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Kinematic Simulation dhjera Extracting

As it wasstated under procedures to simulabejeterminetie dynamic response, a
multi-body dynamic simulation usif§NSY S software is performed by using a rigid
dynamics FE code ANSYS R19.2 Workbench is selected as abuoditikinematic
calculation platform. For the kinematic simulationmgéra extracting melsanism the joint
load rotation is selected based ondieation ofinjera baking timeand the three basic
activities ininjera baking process; i.e., pan polishing, dough pouringiajeda extracting. In
addition to these activities, the cover openingd @losing is considered with joint load
rotation within the corresponding sequence of time related to the above activities. Depending
on the duration oihjera baking time, theranslational displacement and rotational position

are calculated at the appragie jointloadingorder to simulate the required motion types.

The kaking time ofinjera may be varied according to the performancentddand
amount of electric power. And this needs a selection and control regulatiotadd s
performance anthjera bakingmachine speed controller. Due to these factors, the speed of
injera extracting mechanism will be changed corresponding to the changed vailhjesaof
baking machine and the performancerifads However, in this study, tr@mulationis
done byconsidering the baking time= 3 minutesncludingthe polishing and dough
pouring timeat 180 to 228 . Hence, this time is the full rotation imjera baking machine.
Actually, the baking time is= 2.75 minutesasthe standard deviation time afjera baking
on the electrical power consumptiontadswhen the cover opens

4.1.1Position Simulation of Injera Extracting Mechanism

At the beginning, unti |l injerhiebaked andsseparatedu nd o
from the mitad by the thin stairgsinjera separator blade, the extracting mechanism will be at
rest,the rotation angle of the crank or link-2= 0, while at this time, the rotangjera baking
machine rotates with 0 0 megree. As the firgnitadis arrived a# 0 O megree, the
injera extracting mechanism will be rotated and arrived toirtfexa extracting port with
angular velocity. The position analysis ahjera extracting mechanism is done using by recall
equation(3.29) and considering the relative velocity of the mechanism.
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The angular velocity of link 2 can be obtained by considering the rpmpeo& baking
machine. According to the reviewed dat8][ the standard deviation afjera baking time is
2.75 minutes anébr the norbaking zone time or time taken by pan polishirgt + Yo= 3
minutes. According to this data, the rpmimgéra baking machine and mechanism is obtained
as followsin PTC Mathcad fme 3.0refer inApperdix V:

Fitrert
L:=2.T5 rreivs
At:=15 sec

The total required time, T to bake injera including the pan polishing time is calculated as:

Tr=Ff4+ AL=180 g

To build the rotatable injera baking machine, it required the time of injera baking
including its pan polishing time which is caleulated 7:=3 rrin . This does meant, the
rotation neceds 3 minutes. Mathematically,

1 rewr
MN{rpm)l=—_—_
( ) Perioxd
Ni=—2™ _pg.a3z T
3 TriiTe TiiTd

N=0.233 rpm

Depending on the given time, the frequency, £ of the rotation of IBM  is given by _|F==i
-
and it also is possible to find the angular velocity of IBM.

wi=2 gr- f=0.035
a
D deg
seo

Finallwy, the rotary injera baking machine has 12 sets of mitads and they need 12 times
of injera extracting device per one rotation of injera baking machine. Mathematically,
the rpm of [EM, W, is calculated as:

N&:=H—W=4 rTe

-
Angular velocity of injera extracting mechanism

=12 =419 wl, =24 g

T 180 sec a 8

Cadge
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Here below in Fig42, at the initial position of IEM at link 2 at= 0 JAEM is at rest;
no motion is recorded. But as the bak&dra containedmitad passes the extracting port, the
extracting mechanism is arrived to the extracting pohiwit.5 seconds and link 2 will be at
—=180Jimmediately. The real one cycle baking round of IBM machine is performed by IEM
asshown belown Fig. 43 in PTC Creo Mathcad Prime 3.0, refer Appendix V.

A: Injera Extracting Mechanism Simulation o
Crank Path
714720191212 AM
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Figure42: Initial position of IEM
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Figure43: Kinematic analysis of IENby PTC (Creo V.6.0.0.0) Mathcad Prime 3.0

The above graph iRig. 43 is the position analysis a@fijera extracting mechanism for
t = 120 seconds by PTC Mathcad Prime 3.0 anghdiséion analysis is given ifig. 44
below for t=16 seconds in ANSYS.
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The position analysis of crank or link 2ssown below in Fig. 4§iven as
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Figure46: Position analysis of link 2 by ANSYS MBD V19.2

e
B

The equation of motion for the above graph iegiv AppendixV; by recalling from
PTCMathcad Prime3.0 equation (49) an@7) for description look ApendixV.

Xp=ay 47y (1-cos(0,))

Recall equation (4%7)

y(0)=2 h=2ry.(1-sin(6,))

In this study, we need at what angjigera will be extracted from thenitadand dopped
in its storage bin. Hencas shown above in Fig6 by red colorthe maximum values was
obtained atP J and the minimum values was obtainedP J The
corresponding timés t = 7.5seconds and t =12.25 secotttsvever, in he graph aboveni
Fig. 46 it is observed at 7.5 sec the value is minimum. Let us demonstrate it bythssing
magnitudeof position along xaxisas shown below in Fig. 4then we obtain the following
graph which makes the above claim trlibe value is th same in PTC Mathcad Prime 29
shownabovein Fig. 45 by blue color.Here below in Fig. 48the graph illustrates that IEM
gripsinjera at t = 7.57 seconds an& H Zdegrees. Where; 2*N, N= natural number

L . 4 .
which indicates the number of strokes to gmipraandH, — Rev, N = natural number which
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indicates the number of revolution, and Rev = number of revolution.
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0.48902 J ) . " % 2, %, B 30
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12134 567 Mo 10l 12[13]14]15 1617 181920212223 24 25 2627 28] 2930

Figure47: Magnitude position analysis of linki® ANSYS 19.2

The above graphs shows the fallog closed loop path of link & shownn Fig. 48
belowby red color

A: [Ref] Em manuel iEM Simulation
Position Analysis of Link 2
7/14/2013 6:52 PM

m)
0.250 0.750

Figure48: 3D position analysigathof link 2 of IEM by ANSYS 19.2

Position analysis of link 3, or theatch yoke link (refer ig. 10 and 11 in AppendiX

to visualize how it works) is given below in Fig. 49.
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Figure49: Link 3 ortranslationalink positionanalysis by ANSYS

This graph showsn Fig. 50,the slider linkhm P is arrived to approximately 1.11m

at theinjera extracting port for t 7.5sec and turns back 1d.8 m which means the tip of the

slider link will beat the storage biduring theinjera is droppedas shown in Fighl. Refer

equation (55) on ppendix V andFig. 49 shown below is taken from PTC Mathcad Prime

3.0 kinematic analysis.

Ty +7y(1—cos(p)) (m) _ (©)

¢ (deg)

L+7y- (1—cos(¢)) (m)

=T.a (0)
Toe W,y +Sin () (%} =Va (0)
r2-|/wem2+2- (pz\i-cos(cp) {22\' =aa ()
\ tex ) \s")

Figure50: Magnitude okinematic analysisf slider link or link 4 by PTC Mathcad

Prime 30

The lower finger has a great role to grasp and ahji@pa as thewith the help of

spring asshown in Fig11 in AppendixV. Thedouble lower fingerdas the same position

analysis as it is sown below in Fig. .51
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Figure51: Pasition analysis of the lower finger by PTC Mathcad Prime 3.0

At 7.5 sec the graph shows that the lower finger is approached to the upper finger with 3
to 3.5 mm gap which enablegera not to be smudged out and at 15 sec it dhojesa over

the table a# is shown below in Figh2 and above in Fig. 51.
15

-3,3902e-2 M
025
05
Q75
E .
125
15
1,924

0 4 8 12 16 20. 4 28 30

[s]
1121345678 910/11/12[13]4[15/16[17[18[19]20]21[22]23 2425 26/ 27]2829]30

Figure52: Position analysis of lower fingéy ANSYS19.2.

As shown below in Fig. 53hé upper fingers are fixed in botli yand 7 axis but
moves to xaxis and has the followg directional position analysis in order to assist the lower

fingers to grasjnjera at the extracting port.
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Figure53: Upper fingers directional position analysis

According to Figh2 and 53, the green color position pashows the directional
displacement in yaxis andhe lower finger graspinjera from theinjera separator blade at
X® seconds and it drops injera at t = 15 seconds corresponding to motion ofTihnk 2d
color shows thenotion analysis on the-axis aad here below as in Fig. 54, it shows the path
of position along »y coordinates with illustration of gripping and droppingera at both

ends respectively.

A: [Ref] Emmanuel iEM Simulation r
Lower finger's position analysis
TN5/2019 €32 AM

|

Figure54: One loop dwer fingerinjera grasping and dropping analysis

0.000 0400 0.800(m)
L EE—— SS—
0200 0.600
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Figure55: Directional position analysis of lower fingers

Totally, injera extracting mechanism works s = 1.38 m displacement including the
finger length and the link 4 covers the displacement from the analys®was in both k.
55 and 56.

8 8 O
0.18889
0.
025 .
— X—X1S
E 05 .
_y—aXZS
075 .
: Z—axis
;
1186
0 4 8 12 16 20, 2 28 30
[s]
1123456718 9 10]11]12]13[14]15 161718192021 22|23 2425262728 ]29]30

Figure56: Position aalysis ofinjera extracting mechanism
4.1.2Velocity Simulation oflnjeraExtracting Mechanism
As it stded in chapter three under the velocity analysis in equaliBb) the velocity

analysis is done, by the time derivatives of the given position veciojecd extracting

mechanism. Recall equatio®35):
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b

PO U V) [Recall equation (4.35)]

B(t)=
0t =1 0 AT-®WE+ 10— OEWAI-O
Where,.  Transitional velocity vectaand 0 Rotational velocity vector

Through the yoke the sl@int has the yaxis velocity and ishown below in Fig56

by green color.
L O 1 0 »o <«v R <«[Recall equation(4.38)
In similar way, we obtainelocity along the »axis as showm Fig. 56 below
Do 1 0 >0 <= Py <«[Recall equatior4.39)

As it is shown in Fig59, the angular velocity has positive direction but the motion has
negative direction against toaxis and due to this the above recalled equat8o39] has

negative signActually, the equation is done in Mathcad as given in Appendis:V

Velocity along x-axis Velocity along v-axis through the slot
joint

vy (t)= j—t (ry+ (1—cos(6,))) v, (t) = % (ry+ (1—sin (6y)))
vy (t) =1ryewyesin(6,) v3(t) = =1y wyesin (6,)
(Hint: 7, = constant)

According to the recalled equation, ttieectional velocity ofink 3 and 4is given as

shown in Fig. 57 below.
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Figure57: Total velocityanalysis of link 3 and link for 30 seconds

As shown in kg. 58 below the velocity and acceleration analysis graph tsioled by
PTC Mathcad Prime 3.0; as it is indicated to the right of the graph at legend, the blue path
shows the velocity analysis @ithe red one shows acceleration analysis to-#dresx Hence,
both the graph approximately have the same sinusoidal values of velocity.

W

m|3

——

o
0 Il 20 n iC 1] [ 1 T 50

ELAAARAAR S
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:nu|a

——
———

Figure58: Total velocity analysis of IEMor 120 secondby PTC Mathcad Prime 3.0

According to the above graphs, the velocity of link 3 through tbigjgint or yoke
and link 4 areggiven in Appendix V, in Mathcad.
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From the above expression, it is analyzed that when the finger arrived at thajgpeof
extraction port or graspedjera at t=7.5 secwhere the mitad is set and droppejra where
the lower finger is opened 90 degree at t = 15 #ee velocity ob @ became zero while the
velocity along yaxis got its minimum valuat t =7.5 seconds and its maximum value atb=

secondsAt —=-and-" radians to the corresponding time+= and— seconds the4(x)

got its minimum and maximumvalues. But the system works with the magnitude of the
velocity 0 T® X 48

The velocity aalysis of the laver finger is calculated above and given by graphs
below in Fig. 5%s:

75
0.31939 -~

— X—(IXIS

[m/s]

= - = )—aXIS

. 7—(XIS

— .. Mag.

0. 4, 8. 12, 16. 20 24, 28, 30.

[s]
112(3]|4|5]|6 7ﬂ91011 12/13/14/15/16/17/18/19/20/21/22/23/124|25/26/27 /28|29 /30

Figure59: Velocity analysis of lower finger

Att = 7.5 sec théower finger has a directional velociyith angular velocity
@ p T—€along xaxis and yaxis.
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According to as it is mentioned previously, the angular velocityjefa extracting
driven input link or link 2 was obtained from ANSYS analysisla@wvn below in Fig. 60

A: [Ref] Em manuel iEM Simulation
Link 1 to (Crank) Link 2

Time: 1. s
7/15/2019 6:01 AM

[l Link 1 to (Crank) Link 2: 24.*

0.000 0.350 0.700 (m)
L SE— SS—

0175 0.525

Figure60: Assigning the revolute jointonstraintof link 2 to the ground

As it is solved in PTC Creo Mathcad Prime 3.0 in Appendix Vdirectional velocities
are given below as follows.

By using relative velocity analysis, the velocity of the lower fingers is
calculated as:

v, = (ws—wy) Xlz+wsxl +woxry+v,

— dy . d(rn-cos (a)) =
Y dt dt

—7rsewsesin(a)

The size and direction of the lower finger is known but the angular velocity of
it is not known. From ANSYS analysis we can obtain the vertical velocity as

v,:=3.4648-10"" 2 =0.035 ™

8 8

v,:=0.31857 %
8

The magnitude of the lower finger at injera grasping port was obtained

vi=Vv,” +v,” =032 &

Due to the spring stretched the direction of the angular velocity of the link 5§
will be negative upward to grasp and positive downward to drop injera. From
the model of geometer, r-:= 200 mm and opening and closing angle a varies

0<a<901
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As it is shown in Fig. 61, the angular velocity of input link is zero botbuin the
scotch yoke slot joint and alongaxis about the-zaxis.

30.

0.41838
0.3 V=aXxis
.= .
T o —— Z-aXIS$
.1
0.
0. 4. 8. 12. 16. 20. 24, 28. 30.
=]
1(2[3lal[s]e6l7[8]®e10[11z[13[1a[15[16[17(18[19]20]21(22[23]24a[25]26]27 (282930

Figure61: Angular velocity analysis of link 2 by ANSYS
As it is calculated in PTC Mathcad Prime 3D Appendix V, the value of angular

8
velocity of link 2 wasobtained — from graph above in Fi§0. This point is

very important value in the designiofera extracting mechanism for integrated winfera
baking machine whose rotary components. Either wise, if the angular veloitijgraf
baking and extracting mechanisms are not proportional as the motion is requested, they
cannot be in appropriate task without clashing each other.

4.1.3 Acceleration Analysis of IEM

By using the time derivatives of the equations that are used for sit®p@nd
velocity vectors, the acceleration of the extracting mechanism is lgalew in Fig. 62as

0.29332

‘ — Min.
13 \\ /\ Max.

o1 Avg.

[m/s]

0. 4 8. 12, 16. 20. 24, 28. 30

[s]
1/2|3 |4 /5|6|7 /8910|111 /12[13/14[15/16[17|18/19/20|21 (22 23 24(25)/26/27|28|29|30

Figure62: Directional acceleration analysisiofera extracting mechanism
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And it is approximately similar in PTC Creo MatkicBrime 3.0, in Appendix V, as
shown below in Fig. 63.

A 360
2.4
2
1.11-;5 200 mm+7,-(1—cos(p)) (m)
a8l
ozl |
— N 7 Ty W,y »sin () .(m\

60 120 18 240 300 380

2
7'2-'(_.;31_

y2. %)

@ (deg)

Figure63: Directional acceleration analysisiofera extracting mechanism by PTC
Mathcad Prime 8.
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1123 4[5 /617/819[10/1M[12[13/14]15/16]17](18/19/20(21(22/23 (M 2526272829 30

Figure64: Acceleration analysis of link &y ANSYS 19.2

As shown above in Fig. 64nk 2 has a maximum directional acceleration att = 7.5
second at— “ rad and minimum att =0 and t = 15 seconds. On other hand, link 3 has its
maximum vertical acceleration at t= 11.25 seconds for extracting one piegeraf

Acceleration anlgsis result of link 4 is given below in Fig. 65 as

.
I p .
e/ ——  X—axis
¥, Z—axis
E 2
. \ Total acc.
A \

Figure65: Acceleration analysis of link 4
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According to the simulation result as shown above in Fig.hgbactceleration of
lower fingers will be zero at the extracting port and the upper fingers stays constant along the
x-axis. The upper fingdras a uniform directional acceleration, speed and angular velocity, to

make the system stable due to the link 4 slider is fixed.

B: Em manuel SIBM & IEM Simulation
C3 Position
7/16/2019 3:32 AM

0.000 1.500 3.000 (m)
1
0.750 2.250
 Geometry A Print Preview )\ Report Preview/
sraph a
Animation [« D> B P | 11 1] | | 120 Frames ~| 32sec ~ | 15 s Odes

4.9956

E AT 2
-0.33794

0. X & h . A

[s]

Figure66: Kinematics analysis of baking machine integrated wijira extracting
mechanism

As it was observed above, from Fig., ®6e cover is opened and running to be closed at 5
seconds from the instant time whiilgera extracting mechanism stays on its plaaed
arrived to the extracting port att = 17.5 seconds after ihigithe round sgefor time step
1:5 scale simulation.

The kinematic analysis of IBM integrated with IEM was proportional according to the
time sequence of activities and the kinematic behavimjefa extracting mechanism is
valid. According to this kinematic modeliragnd simulation results we can design and
optimize thenjera baking maching¢IBM).

Machines without motion are structures and they are not machines and are studied in
static. Machines are composed of mechanisms and the operation of the machine is based o
the mobility of the mechanism/s which made it. And the mechanism/s is/are valid by its/their
number of DOF it/they has/have. Accordingly, the IBM is valid withmtsn mechanisms as
IEM, dough pouring, pan polishing, cover opening and closing, the WBbleotating

mechanisnandetc. motion validation.
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CHAPTER V

CONCLUSION AND FUTURE WORK

5.1 Conclusion

Thisresearcladdressed the modeling and simulatiomgdra extracting mechanism of a
semiautomatednjera baking machine (IBM) for massive prodwrtipurpose. It deals with
a dynamic modeling and its responses ofitijgra extracting mechanism including the basic
related dynamic parametersiofera baking machine during baking and extractimgra.

The purpose ofis researclvasto model and snulateinjera extracting mechanism
in order to develop the design and manufactutajefa baking machine. Modelingnd
simulation ofinjera extracting mechanismeferring toinjera baking machine helps us to
automate the system by keeping the dynamiabiens or parameters regarding to the time
sequential events. According to the dynamic modelingsandlationof injera extracting
mechanism, in the rotamgjera baking machine, it can be concluded that keeping the time
sequence and the speedrgéra extracting and the motion afitadas well as the cover
opening and closing are very important evefite results indicate thatidnginjera
extracting, the double lower finger should hold up and dawninjera at 180 and 360

degree respectively.

Themitadrotates uniformly under a circular motion at a constant speed with the vector
from the center of the circular frame to théadhas a constant magnitude and changing

direction so is not constant in time with time derivative.

It used both graphic @mmathematical modeling of the principal components of a-semi
automatednjera baking machine that are relatedngera extracting It focused on modeling
and simulation of extraction @fijera with regarding to the kinematics mfjera baking
machine. Tk kinematics oijera baking machine is studied and it influences directly the
dynamic paramets of the extraction mechanisithe mathematical modeling ofjera
extraction mechanismasused time as the input parameter from the bases of classic method
of injera baking on electrical pan. This parameter is the guidance variabigdia baking
machine and extraction system. Depending on the input parameter, dynamic events,
behaviors, and geometries of kinematic events oinjleea extracting mechanisnvas
studied.
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The extraction system used scotch yoke mechanism as a means of both motion
transmission and for extracting purposes. In this study, the scotch yoke mechanism converts
the rotational motion into a linear motidhis obvious that to rotate amyachine or
mechanism motor power is needétbwever, under modelgnand simulation of this study,
theinjera baking time was amputfor all parametertaking as an angle divisiand the
position vectorangular velocity and rotational speed, rpm ofdistem was calculated from
the baking time. Hence, by using these parameters and software analysis the optwtozed

power and torque will be found for the valid design.

The output result parameters of this simulati@s position, velocity andcceleréion of
injera extracting mechanism inclusively the coe@ening and closing mechanisAs it was
discussed, under results and discussion, the kinematic analygerakextracting
mechanism is valisvith the kinematic analysis afjera baking machineChanging in the
baking time by using a better performance qualifrethd changes the angular velocity and
the production rate will be increased accordingly to the increment of motion that depends on
the performance ahitad The performance ahitadplays a great role imjera baking

machine.

Finally, depending on this kinematic modeling and simulation results we can design and

optimize thenjera baking machine for the massive production.

5.2 Recommendation

| recommended the future studies on thgeated area during the design and modeling
of injera baking machine and extracting in order to make it automated, it is better to consider
the baking time, dough pouring mechanism timing and appropriate mechanism, selection of

mitad and their performanceggmetrical optimization of injera baking machine, etc.

It is obvious thatnjera extracting and dough pouring are the difficult task to automat
injera baking process. It is not easy as mothers pour batter onto the surface of the upper mitad
and bake convgionally the well bakeéhjera from the mitad easilyHere, the curved edge of
the upper surface of tmeitadand the softness textureipfera against tanjera extractiorand
the encircling zoom in spiral motion of dough pouring makes the activiigwtffo automate

injera baking machine.
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5.3 Future Work

Nowadays, cooking appliances and baking devices are well improved in the developed
countries and advanced from labors to robotic (or sand fully automated machines).
Baking food devices nédamany amount of heat and according to the baking food types, it
consumes time and labor power. Typicailhjera baking is one among the baking foods in

Ethiopia (both in the country and abroad) and rarely in Eritrea, Somalia, and Sudan.

Although, itis a staple food over the country, except numerous studies studied on the
performance of n j epang, there is no plenty developments donmjena baking
machine. Therefore, the future works has to be done on improving the performance of
mitad, desigh and manufacturing of fully automatagera baking machine, design and
analysis of powecontrol and optimization ofitadsand using their applications on an
automatednjera baking machine, digitizing or programing the whole system by using PLC
prograns, thermal and structural FEA imjera baking machine, design development and
synthesis of dough pouring mechanism and its CFD analysis, etc. are the areas in most

neectdin our country case.
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Appendix |

Glossary: Amharic-English Lexicon

These words are mostly common in Ethiopia but rare in abroad; are Amharic words

Here, they are listed as help for good understanding for they are wntexnhangeably
somewhere.

Ambharic English

Akenbalo Pancap or lid, cover

Absit Restarter of dough molecules

Injera Flat leavened sofiread, Ethiopian pancake

Teff Glutentless cereal, love grass, annual bunch grass
Massesha Pan cleanegaressing brush, polishing pad

Mitad Clay griddle, Pan
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Appendix I

Major Geometric DesignModel of Semiautomated IBM

1. Dimensioning

The mediundiameter of theircular framehat carries 1Pitadsat equal distance gap
between the two successors (not in cascade semies)sillustratesthe geometrpf themitads
and assuming the gapsths circles on the circular frame.

Thenaccording to Erick Oberg and Franklin D. Jones, etlal, the diameter of the
centerline of thenitadsand the gaps will be:

O = J J (1)

™ Q @ T
OB’ OB’

=3.513 m

Where the number of gaps equals the number of mitads, 0 P ¢

As itis shown in Fig. 670 "Q thebasediameter of the centerline of thatadsand the
gaps,0 is the outer diameter of the frame that passes through the centerline of the mitads and
gaps.O is the internal diameter of the frame a@d "Q the diameter of thmitad, Q is the

diameter of the gap (i.e., the arc length of the gap betweemttadsis considered as the
diameter of the gap), is the number omitadsand( is number of gaps on the franfden

the outer dimeter is given by
0O O €Qa 2)
O 3513m+0.42m13.933m
The inner diameter of the circular frame will be:

0 ©0zQa (3)
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Figure67: Diameter formulation for the IBM system

However, the above formula cannot be specifically applicable for an application where
two different diameic size circles are enclosed or encompassed in/on the largest circle.
Further, it is solved simply by adding the two diameters with the number of items and equating

them by the circumference formula:

C=00Q 0Q=0Q Q “O (4

Then in the same way as in equatiionand(iii ), the outer and th@ner diameters will

be solved:

O O Q«Qa

(0] 3.132m+0.42m 3552 m
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The inner diameter of the circular frame will be:
O 0 zQd

0O opok md 2712m

Figure68 below showshe diameters calculated based on equation (4) and follows
equation (3) and (2) are eith@ght or wrong in arrangementhe arrangement and diametric
size evaluation is satisfied by equation (4) and equation (1) does not satisfies the arrangement
of the input parameters. Therefore, equation (4) is the chosen formula for different circles

size enclosed around a largestlar

{ +
e E o y , 83
£k S
N — + +
~ 8 @z 12
a8 912 ¢ +

.! iy 633

J

Figure 68 Centerline éameter calculation andedhonstration withdifferent sizeof

small circles on the largest circle

The dimension of cover is given as belowFig. 69 and its height is calculated by the
considering tk height of the classic covers and using Pythagorean theory of the triangle. The
height of cover ofthe classicmitad is 0.2 of the diameter of the cover. Based on this

information, the heighth ofthe cover in thisnodel is calculated as:
h=kDc ()

Wherek = 0.2is theconstant factor that relates the height with the diameter of the
cover, = 0.42 mThen the height is:
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h=0.2*0.42 m = 0.084 m 8.4cm

The geometry of the cover does satisfy the two sideadqual triangle properties and
the lateral length of the covkn, s gi ven by Pyt hagorean theory
t wo equal side$fsieaeh hBBBemrmommon

h= Q — =235c5m (6)

The effective diametethat plays role in the cover opening/closing mechanism is the
Defrectivdhat equals the sum of cover diameter, clearabcand cover opener handbeat one
edge of the cover.

Deffective= DC + @ + C2(7)

Deffective= 42 cm +2 cm + 3cm Z47Zcm

I 21000 J .m-wt

220.00

All dimensions are in mm

() (b)

Figure69: Dimension of pan lid(a) pan lid (b) Equivalent dimensions of pan lid in

trigonometric representation

2. Inertia Moment of the Main Components of Injera Baking Machine

The main geometric properties of a seantomatednjera baking machine is given as follows:
A= Area

G= Location of (mass) centroid

Ix = @ Q& second moment of area about x axis
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IXy = & 6= mixedmoment of area abowtandy axis

J=_1 Q0=, @ w Q0 "Ow ‘O second polar moment of area about

axis through G.
QO — Squared radiusf@yration about x axis

Thecomponents to be calculated under this topicshedt, ciralar rotary

frames, panas shown in Fig. 7@ircularconnector rods, the diskstc.

The mass of the connecter rods are calculated as

Figure70. Geometric properties ofitad model

The properties formula is taken from the round disks forif@}leby neglecting the

spiral electric wires as patrticles consider the pan as round disc:

A="— 1 1 ,volume, V= A*t = 0.008

Density of nitad” = 2887.2 kgh , then the mass of mitad is given as

a -7 ; U g

IX=ly=d — (B@p T QR

z=4d — T X X

Ixy =IX +ly =1z =1 ¥ X230
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3. Baking Time and Roduction Rate
Per onegevolutionthenumber ofproduction will be = 1*12= 12 injeras
Oneoutput port produces lifjerasper a revolution. Thethe production rate is given by
Production Rate = Number bfitads Number of Op Ports Number of Revolutions
PR= Nm*NP*NR (8)

NrR = —— 9

Where Rm= radius of the pan or &t
Nr = Numberof revolution
0  Number of production rate

The baking time is depended on the type of pan. For the rotary baking tyjpgeré 1
takes ttimes then one batdhjerasare baked per 1rev within

Te=0+—2 U p (10

However,0 depends on the amount of temperatiln@mitad consumedor the first
injera bakingfrom input to output to be baked enough. Hence, the baking rev. rotation takes
150 seconddn this casethe numbepf pans are 12, the pan carrier frame rotates one turn per
3minutes and the firsjera takes 2.5minutes then a batch ofjerais baked within:

Te=25+

20n p (11
= 2.5%60+1511 = 315seconds = 5.28in.

Where, Ts= One batch baking time

0 = time taken by the first pan to baikgera

o] One revolution per time
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0 ¢ =One revolution time per number of pans

Np= Number of pans on the frame

In one hou the production rate will be

z ) n=277injeraghour

(12)
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Appendix Il

Mathematical Model of the Circular Rotary Frame of Injera
Baking Machine with Mitad and Polishing Pad

3.1) Mathematical Model of the Circular RogeFrame with Fixed
Mitads

Consider theni t aafrgrccircular frame rotates about thaxis horizontallyand the
mitads are fixed at the edge ofatyd the parametric equation of the first one mitad in the first

sequential order pointed as AB on tlele is given ashown inFig. 71 below:

x=RAT | Gand y=ROET (13

Mitad

(OP Port)

Figure71: Location of amitadon the circular frame for anjera extracting fixed at

its place and an observer moving with the circular frame

Where| the angle of thenitad moves from its ogin (OP port), x = the position of
the movingmitad in horizontal direction, y = the covered position in the y direction during
from C to B.
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By using Pythagoras theorem, the displacement of mitad frometiterof the
circle (Radius pointed fra A to C) is nothing but the radius it covers by thedr@is given

by:

R= & & (14)

The angular velocity of the mitad is already known from the nature that the time taken
to bake one i nj 20.0849pad/sec. dowewery aui intentioristo kubey
time relation for th&kinematicmodeling with relative tonjera extracting mechanism, so the

angular displacement is given by:

10 (19

Back substitutionand our R is already known then $ytstituting equation (16into
(13), we obtain:

x =1.565A 11 Gand y =1.568 E 10 (16)

By using the first and second order differential equation with respect to time, we obtain

velocity and accelrationof themitadrespectively as:
w RYEIoandd Y] wéil o (17)
w R All®ande Y i Q&1 o (18)
Then the velocity (in cm/s)vector is given as
v ()= 5.48*sin0.035t) H5.48cos (0.035t}HU

Then the magnitude of the resultant velocity and acceleration of the mitad is given by:

VW W 250E 10 Y] wéEil 0

=25 0 QEO WET O ==25Up=2) (19

And

a= ®w W 1 2 wel oi Qeo
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=1 2 (20)

Since, equation (19) and (R@hows that themitad has a constant velocity and
acceleration for the same radius around the circular frame and the rest N numiitadefor

the same radius on this circular frame have equal velocity and acceleration.

The tangential velocity of thmitadto the circular path through the centerlinerofads
equals the magnitude of the resultaglbcity thatis solved above in equation (l&nhd equation

(20) will become:
a= — 2=—=0.2cm/3 (21

Since] -

Equation R1) shows the Newton law is succeeded in showing geometrically that a

mitad performing a circular motion that accelerates a mtage of — directed toward the

center of the circular frame that carries mhitgads Then eacmitadhas the numerical value of

the tangential velocit$.48 cm/seon diameter that passes through the centerline onitaels
Atthe OP port,  mig* hr* hy* I8 etc.

The firstmitadis found at 30 degreedm the Op port as is shown igE71 above,

which has the arc length s and is calculated as:
S =— (22)

_z22 8o 1L
s = 8 O

$=0.919m

All the twelve mitads around the circular pan carrier frame are set at the same distance

s are one after anothas shown below in Fig. 7@hd 73
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Figure72: IBM 3D Draft

Figure73. IBM Subcomponentbefore operatiofherethe cover are opened to show

all covers are able to be opened during rotation at the cover opening port)

3.2 Mitad-Cleaning Roller Mechanism

The top surface of the pan is cleaned by the ktioeal movement of the mitad

relative to the roller cylinder onthe fixedagiss it 6s shown in Fig. 74.
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(]

hN
Polishing pad \\} :

S
Motion direction of the pan

— ; CD

() (b)

Figure 74: Rolling cylinder to the »direcion due to friction from thamitad (a)
Polishing ofmitad between the dough pouring IP port and the OP port (b) Equivalent skeletal

representation of the polishing pad on mhigad surface.

Point A shows the contact surface betweemtiiadand the cylider, themitadhas
an infinite instantaneous center with respect to the rolling cylinder. Due to friction, the
rotational motion of thenitadrotates the cylinder in the direction of its movement. Hence,
angular velocity of the mitadjis = 0.035 rad/sec he rolling cylinder, whose lengthch
eqguals to the diameter of the mitad, is driven by the upper surfaciaof is adjusted
horizontally on a shaft and has the same velocity withmited Therefore, the rolling

cylinder has

1 — (23

T8O b—2p QRIYQ & o AR
Tha PO PH—

Nc=12.522 rpmi.e] = 1.311lrad/sec.

Wherg angular velocity of the rbhg cylinder about yaxis;| angular

velocity of themitad, Y  radius of rolling cylinder an&  radius of mitaecarrying

rotational frame.’Y ds 40mm and the cleaning cylinder finished the surface ohttasl by
1. 592 wteéig4d affer G125 min. Theat d&=45
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® 19 Hib (24)
® 1o HU-RUCzogit 'Wiczi "aedQ (25
Equation (24 can be writtens
HU HU o)
b = T 1D 11
WICZQESNAD T WICZi DEO
=Y UzOBTOH'Y MgzAT00Q
O pPBrLoTpT I—Unst)(’Q?— ) )
=0.07% Ti
The acceleration of the rolling cylinder will be as
O Wzl @& oH ‘Wzl | "REsQ
Then the time in second is given by:

t= 4.711*1J

Figure75. Semiautomatednjera baking machine

(26)

(27)

(28)
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