PACKAGE DESIGN FOR HIGH PRECISION MACHINE VISION

SYSTEMS

By

Wai Hwa Fong

A Thesis Submitted to the Faculty of the

DEPARTMENT OF MECHANICAL ENGINEERING

In Partial Fulfillment of the Requirements

For the Degree of

MASTER OF SCIENCE

In the Department of Mechanical Engineering
THE UNIVERSITY OF MICHIGAN
2007

Committee Members:

Albert Shih
Professor

Dragan Djurdjanovic
Assistant Research Scientist and Adjunct Lecturer



ACKNOWLEDGEMENTS

For loan of equipment:
Mr. Dwight Carlson
Chief Executive Officer, Coherix Inc.

Mr. Hollis McNully
General Manager, Semiconducter Business, Coherix Inc.

Ms. Alice Grisham
Human Resources, Coherix Inc.

Mr. Rick Barnich
Coherix Inc.

Dr. Jaspreet Dhupia
Engineering Research Center, University of Michigan

For technical advice:

Dr. Deging Mei

Visiting Scholar, S.M. Wu Manufacturing and Research Center, Universityabfidéin
Associate Professor, Zhejiang University

For administrative help and technical advice:
Dr. Albert Shih
Professor, College of Engineering, University of Michigan

Finally, special thanks to my parents for their financial and morale support.



TABLE OF CONTENTS

LIST OF FIGURES ...ttt e e e e e e e e I
LIST OF TABLES ... s Il
AB S T R A C T et e e e e e e e e e nnnnann 1]

. INTRODUCTION ..ottt e e e e e e e e e eaaaann 1
EXPERIMENTAL SETUP ...ttt e e 10

. RESULTS OF FOAM COMPRESSION TEST ....cuiiiiiiiiiiiiiiiiiicieei e 15
PACKAGE DESIGN ...ttt e e e e e 19
. RESULTS OF DROP TESTS ... .o 28
. CONCLUSIONS AND FUTURE WORK ..ottt 36
CAPPENDIDX A e 37
CREFERENCES ..o 41

0o N o o WDN P



LIST OF FIGURES

Figure 1. High-precision vision system main components, (a) outer casing (b) mgounti
brackets with mirrors (c) lighting system (d) cameras..............ccoovvvviiiiiiiiciiiiie e, 4
Figure 2. Locations of main components of high-precision vision system ........................ 5
Figure 3. EXPerimental SEIUPD .......ccoooiiiiiiiiiee ettt 10
Figure 4. Old [ayOUL Of CASE.......oiiiiiiiieieei it 12
Figure 5. New layOout Of CASE .........cooiiiiieiiiiii e e e e e e e e e e e 12
Figure 6. Accelerometer Sensor MouNted ON CASE ..........cceeevveviviiiiiiiiieeeeeeeeeeeeeeeeeeeanaanaaaes 13
Figure 7. Direction and height of drop...........oooiiiii e 14
Figure 8. Shape of compressive StreSS-Strain CUMNVE ...........eeveiiiiiiiieeeeeeeee e 15
Figure 9. Stress-strain relationship of polyethylene foam ...........ccccoooiiiiiii, 17
Figure 10. Kornhauser's damage-SensitiVity CUIVE .............uuuveiiiiiiiieeeeeeeeeeeeeeee 19
Figure 11. CuShiONING SCENATO ...ttt e e e e e e 21
Figure 12. 2D view Of viSion SyStem in the CASE .........cccciiiiiiiiiiiiiie e 24
Figure 13. Acceleration VErsus StatiC SIrESS ........cuuuuriuiiiiiiii i eeee e e e 26
Figure 14. Acceleration versus time graph in the x-direction............cccccvvviiiiiiiiieeeeeee, 29
Figure 15. Acceleration versus time graph in the y-direction.............cccceviiiiiiiiiiinnnnnnn. 30
Figure 16. Acceleration versus time graph in the z-direction.............cccccooiiiiiiiiiiiiiinnnee, 31
Figure 17. Acceleration versus time graph in the negative z-direction .................cccceee. 32



LIST OF TABLES

Table 1. Engineering SPeCifiCatioNS ..........ciiiiiiiii i 6
Table 2. Electronic equipment for drop teSt.........oovviiiiiiiiiiiiiiee e 11
Table 3. Data and calculated quantities from compression test...........ccccovvvveiiiiiiiiiinnnnne. 17
Table 4. Dimensions of Maching and CaSE.............oooviiiiiiiiiiiiiiieeeeeee e 25
Table 5. Calculated ParamMeterS.............uuiiiuiiiiiiie e e e e e e e e e e e e e e eaaaaaaaaaaa 27
Table 6. Summary of magnitudes of peak accelerations of vision system from final
[OF=T0d =T [0 1= 2] T [ o P 34
Table 7. Comparison of accelerations in the z-direction .............ccccceeeeiiiiiieeieiiiiicceeeiiiin, 35



ABSTRACT

High-precision vision systems are optical inspection systéaismeasure to a
few microns. Their mechanical stability is highly sensitive smsceptible to influences
from factors such as shock loading, thermal expansion and contractexhaMcal
stability is defined as the resistance to damage or the mcgu®f shock loading
particularly during transportation. This study explores the tsffetshock loading on the
shipping case containing the high-precision vision system, and the robustneggmofsit a
such shock. A new package layout is presented. The methodology for tge desi
developed from literature review and experiments. The shock loaxiregienced by the
case and the machine is investigated by a series of dropTilestsxtra 12 mm layer of
foam that was added in the final design helped to reduce the raticeleof the vision
system in the z-direction by at least 34.9 %. The results vadigated by experiments.
The new package design of 100 mm thickness in the x-direction, 84frtintkness in
the y-direction, and 69 mm of thickness in the z-direction, helped to keegzteleration
experienced by the vision system below the benchmark gf B§* which is the
maximum acceleration that the high-precision vision system cperierce without
suffering potential damage to the cameras. The new design aldmizes the current

material available without adding extra costs.



CHAPTER 1

INTRODUCTION

Machine vision is the application of computer vision to the industry and
manufacturing. One of the most common applications is the inspection of manufactured
goods such as semiconductor chips, automobiles, food and pharmaceuticals. This proves
most successful in the controlled environment of the factory floor, offering some
important advantages over human vision in terms of cost, speed, precision [1]. However,
such systems are highly sensitive to shock and vibrations.

Each high-precision vision system consists of delicate equipment such aagzgamer
mirrors, and sensitive electronic components. The shipping containers used aitb/typic
of high quality, and are sturdy, robust, and waterproof. This reduces the likelihood but
does not prevent breakage or misaligned cameras during the shipping process due to
rough handling. Foam cushioning material would need to be used to reduce the effects of

shock to an acceptable level.

1.1. Problem Statement

Machine vision relies heavily on repeatability and precision on the scale of
microns. However, due to factors such shock loading and thermal distortion, alignment of
cameras may be thrown off. Insufficient cushioning in packaging containersansg
damage to the cameras as well. The effects of shock loading will need to bd.studi

Consider a pair of cameras mounted onto a common plate 30.5 cm (1 ft)



apart. They are then aimed at the same common spot 30.5 cm (1 ft) below. This provides
a convenient 45 degree “aiming” angle.

The objectives are to prevent potential damage to the cameras and hold the
camera alignment to the original position established during calibration. Ginaeyg of
the camera overlap (looking at the same spot) is not important. Thermal distortidn, shoc
loading, and device mounting techniques need to be considered. The stacking errors from
bolted connections are an additional complexity as well. This involves connecting the
cameras to the plate (providing some amount of adjustment) and the plate to b vertica
structure using bolts.

In this study, the 3DX" high-precision vision system manufactured by Coherix
Inc. will be used.

Valuable time can be saved, if the packaging can be designed such that
recalibration of the system is not needed, due to reduced shock loading. Reducing the
weight of the system without affecting the robustness and strength of theasatkthe
machine makes shipping costs to be less expensive. This will in turn help the company
reduce costs.

By using a shipping container that has adequate cushioning, breakages can be
prevented. As the high-precision vision system is an expensive machine, a braskage c
be costly to both the manufacturer and customer.

This research aims to further explore the possibilities of controlling aentt

damage to the cameras of the system.



1.2. General Overview of the Test Machine

A design already exists for the high-precision vision system and this prseduct
currently being shipped to customers. On going design changes are beidgreaoins
Information on designs of similar vision system products by companies afy ket
confidential, as this market is highly competitive.

The high-precision vision system can inspect on the fly, which means there is no
stopping required. Semiconductor parts can move continuously to be inspected and this
saves precious time.

Three Opteon 4-Megapixel cameras are installed inside the machine, and this has
a 50mm x 50mm field of view. The cameras are mounted at an angle on brackets, with a
lighting system installed underneath, at the base of the machine. The caamtae
images of the inspected parts, which are then processed by software tongeifetime
part is defective.

The lighting is located at the base and is exposed. The lights are irdegrete
frame that holds the mirrors and cameras. The mirrors are ¢edriedhe frame by bolts.
The cameras are mounted on brackets of the frame also by bolts. Refer ¢clRigua

clearer picture of the components.



Figure 1. High-precision vision system main components, (a) outer casing (b

mounting brackets with mirrors (c) lighting system and (d) cameras
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Figure 2. Locations of main components of high-precision vision system

1.3. Engineering Specifications

The goal is to investigate the effects of shock loading, through the course of thi
research.

The internal structural parts of the sensor are mainly made up of MIC 6 cast
aluminum, and this material is manufactured by Alcoa Mill Products. The Enigigeer
Specifications were developed based on the properties of MIC 6 [2] and the customer
requirements.

Also, one major constraint is to work with the current foam materials and

shipping case.



Specification Quantity/Units

Weight of the machine <15 kg
Overall cost of high-precision vision system < $70000
Maximum acceleration < 50y ms?

Table 1. Engineering Specifications

1.4. Prior Research/Literature Review

In the past, there have been systems designed that are inexpensive, have high
flexibility for varied inspection tasks, and are easy to integrate ontangxastsembly
lines [3].

Different systems have different capabilities. Common to them araaame
mounted on a mechanical setup linked to a computer, software to process the images.
Changes made to the operating software of the system can drastically improve
performance. However, this research will not be focusing on software.

Studies in selecting, designing, analyzing, and using cushions have been done by
Mustin [4] for the United States Department of Defense. This was generic and not
specific to vision systems. The principles of cushion design will be investigated and
applied in the design of the packaging.

A drop test on a container was done by Loh et al. [5] for a camera that was used in
a telescope. The camera was found to have survivgchS0of acceleration. In this case,

the benchmark of ms? will be used when carrying out the research.



The industry leaders in shipping and handling, UPS and Federal Express, have
guidelines for shipping fragile electronic equipment [6], [7]. Both recommend a
minimum of at least bubble wrap cushioning, foam or packing peanuts with cardboard
boxes. However, it is not suitable for fragile electronic equipment.

Fackler and Kutz [8] state that the general rule for protective packafjing
electronic equipment is that the product must survive handling, shipping, and storage
environments without degradation. Shipping containers for electronic devices must
tolerate stacking and handling mechanical devices. Also the packing tsatess be
chemically inert and not cause detrimental effects of the equipment.

According to Mustin [9], open-cell flexible polyurethane foam is a good packing
material and provides optimal cushioning for objects exerting static singg¢e 0.0011
to 0.0034 MPa.

Pelicad™ claims that the 1650 model case used in this study is waterproof,
crushproof, and dustproof [10]. The hard, rigid shell of the case can tolerate staking a
handling, unlike soft cardboard boxes. Machines have been shipped in the past using
Pelicad™ 1650 cases without any instances of breakages. The machines arrive at their
destination intact, except the cameras are out of alignment. In experichempasts that
were conducted in the course of this research, the PBficaise proved strong and
sturdy enough and there were hardly any scratches on the surfacdseatiept In all
the tests, there were also no breakages or cracks on the high-precision vision syst
machine.

Considering these factors, it can be safely assumed that the Péliaae and

polyurethane foam prevents breakages. However, due to the layout configuration of the



packing, they do not provide sufficient protection from shock loading that cause the
cameras to go out of alignment or suffer potential damage.

According to the EIA-541 standards by the Electronics Industries Associati
[11], the general requirements for packaging materials is that they raugaimn their
properties during storage, shipment, distribution, and application.

The ASTM D5276-98 “Standard Test Method for Drop Test of Loaded
Containers by Free Fall”, was consulted before the test. This standardrsgpimng
containers not exceeding 50 kg.

The ASTM D5276-98 standards, include ensuring a correct orientation, accurate
control of the drop, lifting devices that do not damage the container, and having an
impact surface that is horizontal and flat. Also, the standard says that atif@ess
should be taken for evaluation. In the conducted drop test, three tests were done in each
direction. The standard states that for the test, the container must be packée extct
contents as if it were going to be shipped [12]. This was done.

The ASTM D6537-00 “Standard Practice for Instrumented Package Shock
Testing For Determination of Package Performance” was used as argoatelucting
the drop test. It discusses the apparatus needed, how to do sampling, the test specimen,
calibration, conditioning, and procedure. The required apparatus described in the
standards were used during the drop test [13].

Most of the procedures in the ASTM D6537-00 were followed.



1.5. Research Approach

Initially, a literature search and review was done to gain a better tamtérg of
the topic. The focus was on how shock loading contributed to the mechanical stability.

A shock loading analysis was done to see if vibrations have a significant effect on
the stability of the 3DX".

A redesign of the layout of the package was done. The competence of the design
was verified by a series of drop tests.

The goal is not to incur too much additional costs. The present arrangements and
materials will be analyzed to see if they can be improved on, trying to matimeize

potential of the current materials.

1.6. Thesis Outline

Chapter 2 introduces the experimental setup and equipment used to gather data
and results. The data acquisition and instrument setup are shown. Procedures are als
discussed.

Chapter 3 elaborates on the results from the test to determine the stiess-st
curve. Its implementation will be discussed.

Chapter 4 discusses some cushioning and vibrations theory and calculations done.

Chapter 5 discusses parameters selected for the drop test. Results fravp the dr
test and the interpretations of the graphs are also shown.

Chapter 6 explores possible improvements and conclusions, as well as future

work.



CHAPTER 2

EXPERIMENTAL SETUP

This chapter examines the experimental setup of two types of tests conducted
during the course of this research. The tests were a simple compredsionétsrmine
the stress-strain relationship of the foam packing material, and a drop teshtmegeak

accelerations experienced.

2.1. Test for Stress-Strain Curve of Foam

The goal of this test was to get an estimate of the stress-straionshé for the
foam material found in the suitcase, as the manufacturer did not provide any
specifications on the foam.

A series of weights were put on top of a block of foam material and the
displacement was measured by a set of calipers. To ensure that the pressoutiah
was even, a light wooden plank was placed on top of the block of foam material, and the

weights in turn placed on top. A Stress-strain curve was then plotted.

Plank

Foam

Figure 3. Experimental setup
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In this experiment, accuracy was not of utmost importance, because only an
estimate of the stress-strain relationship was needed. This was so émnh@ goint
could be found and the calculations for the layout of the packing suitcase could proceed.

Therefore, this method is justified to determine the stress-strairorsiaip.

2.2. Experimental Setup for Drop Test

The equipment for the experimental setup for the drop test consists of:

Equipment

Accelerometer sensors, PEB/353 B15/003

Charge amplifier, KIS Type 5010

Analog/Digital converter, National Instruments BNC 2110

Table 2. Electronic equipment for drop test

The analog/digital converter was connected to the data acquisition card. The
charge amplifier was then connected to the analog/digital converter. Téleranweter
sensors were then connected to the charge amplifier.

One accelerometer sensor was fixed on the case using super glue. Thasther w
fixed onto the high-precision vision system also using super glue, and slotted through a
hole drilled through the case. The accelerometers have a sensitivity VaQrawg,

where g is the acceleration of free fall [14]. The accelerometersmarated so that its

11



sensitive axis was aligned as accurately as possible. Also, carekerasa@nsure that
looseness or loss of contact between the accelerometer and its mounting sdnfate di
happen, in accordance with ASTM D6537-00. Data was collected using LalfVIEW
software. The output from the sensors was in terms of voltage (V). The outpstales

down by factors determined by trial and error.

2.3. Drop Test Procedure
Following the guidelines, set by the ASTM D6537-00 standards [13], the actual
contents and package were used for the test specimen. The initial layout of hireenmac

the case was exactly the same as that of Figure 4.

Figure 4. Old layout of case Figure 5. New layout of case

It was determined that the layout was inefficient and insufficient at pircgetbe
machine from shock, as the layers of foam at one end were too thin. It was decided t
then center the machine in the case so as to optimize the foam packing nTdterial

resultant arrangement is shown in Figure 5.

12



The shipping case with the high-precision vision system inside of it was dropped
from a height of approximately 0.91 m (3 ft) in the X, y, and z-directions as defined in
Figure 5.

A trial drop test was made before each actual run to see if the scale values on the
amplifier would cause an “overload”. If it did, the scale values were adjastordingly.

The results were logged by LabVIEAMvhich then generated a text file with the figures.
LabVIEW® was set to capture data over a period of 5 seconds. The figures were then
analyzed in excel.

A separate drop test was conducted in the negative z-direction for reasons that
will be discussed in a later chapter. For this test, the case was siippddfbver, and the
sensors switch around in the opposite direction. The case was the dropped from a height
of approximately 0.91 m (3 ft).

Care was taken to ensure that the wires of the two sensors did not touch each

other during the drop, as it would have resulted in an “overload” of the amplifier.

(©)

Figure 6. Accelerometer sensor mounted on case
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In the X, y, and z-directions, the scale factors wegd\2®0g/V, and 3@/V
respectively. The values of acceleration in termgweére determined by multiplying the
outputs with the scale factor.

One of the sensors used during the test is shown in Figure 6. The results of the

experiments will be discussed in a later chapter.

Direction
of drop

v
<

0.91m

Figure 7. Direction and height of drop
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CHAPTER 3

RESULTS OF FOAM COMPRESSION TEST

In this chapter, the results of the compression test will be discussed. #lso, it
implementation in calculations, as well as future tests will be examined. Arsianill

be done to design a new layout for the case.

3.1. Material Properties of Polyurethane Foam

Polyurethane foam was the chosen packaging material. Shuttleworth et al.[15]
conducted a comparison of the static and dynamic properties of open-cell flexible
polyurethane foam. They plotted a compressive stress versus compressivasians

shown in Figure 8.

Stres

6 %
Figure 8. Approximate shape of compressive stress-strain curve for polsethane

Strain

foam [15]
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In the compression test done to verify the stress-strain relationship oathe fo
the range of strain was from 0 to 4%. Focusing on the the 4% region of the curve in
Figure 8, a similar shape would be expected for the experimental plot from the
compression test.

It was found that at 4% strain, the foam material would “buckle” and not give an
accurate reading. More sophisticated equipment would need to be used to analyze any
further. Elliot et al. [16] conducted a deformation analysis using 3D computed

microtomography and managed to analyze up to around 70% strain.

3.2. Discussion of Results

Measurements of displacement were taken with total amount of weights at 0, 57.8,
75.6, and 97.9 N. The values of weight were then converted to stress, knowing that the
dimensions of the area that the force was applied on was 195 mm by 178 mm. The stress-
strain curve of the foam was plotted as shown in Figure 9, using the valuesssfabitle

Strain from Table 4.

16



Weight (Ibs) | Weight (N) | Stress (MPa)| Displacement (mm Strain
0 0 0 0 0
13 57.8 0.00167 0.82 0.0144
17 75.6 0.00218 1.05 0.0184
22 97.9 0.00282 2.01 0.0352

Table 3. Data and calculated quantities from compression test

0.0035 T T T T T T T
| | | | | | |
0003 - b F— I S oo b b
l l l l l l HE
0.0025 |l e e e
T | | om | | |
s 0002 F7------ R R R T AR S S
| | | | | | |
8 00015 oot B e e o
= | | | | | | |
@ 0001+ L T I A - - b - R
| | | | | | |
| | | | | | |
N e B SRR e R
B ! ! ! ! ! ! !
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Strain

Stress-Strain Relationship

Figure 9. Stress-strain relationship of open-cell flexible polyutbane foam

The static stress-strain relationship is needed in order to determinatitie st

deformation of the foam material due to the applied stress from the weight cdichene

17




The static deformation gives an expected value of how much the foam will cempres
This will give an estimate to see if the new layout, where the machine isezma|
provide adequate cushioning. With this estimate, a drop test can then be performed to
measure the accelerations experienced by the machine and the case, and to make a
comparison.

The next chapter talks about the calculations and theory to determine the static

deformation, and using the result to do a package design.

18



CHAPTER 4

PACKAGE DESIGN

In this chapter, the results from Chapter 3 will be used in calculations for an
estimate of static deformation of the foam packing material. The desilga patkage

will be concluded in preparation for the drop test.

4.1. Damage Sensitivity

According to Mustin [17], the term “Damage Sensitivity” was coined by
Kornhauser. This was a plot of average acceleration against velocity changedo g

predetermined displacement to the system. Also, it can be used to predict iedamag

occurs.

Half-Sine
« Pulse

»
»

Qo
(@]
c
g
S| &
>
£ I~ Rectangular
% 3 Pulse
> c;-’@; L / Damage
No Damage Average

> Acceleratiol

Figure 10. Kornhauser’'s damage-sensitivity curve [17]
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The area to the right of the curves would be the region in which damage might
occur. The area to the left would be the region in which damage would not occur. The
average acceleration and velocity change of the vision system would be rddnsure
sensors. The velocity change is determined from the area under the curve of the
acceleration-time pulse. This model is for objects experiencing continuous ptlilse
shock or vibration.

The next model would be more suitable for the purposes of this study as it

involves only peak accelerations.

4.2. Equations of Velocity Shock Isolation

According to Mustin [18], the acceleration of a maiss governed by:

%mv 2+ AT f(e.0) + @] = my(h+T,e) (1)

where t = 0 is taken to be the instant of contact with the flagis #he cushion area. 15
the cushion thickness, and the value of arbitrary funat{tnis determined by the initial
boundary conditions. (1/8)/? is the instantaneous kinetic energymfthe term

containing the integral is the energy stored in the cushion at any instant, and the right
hand member is the potential energy of the mass at its initial height above the

instantaneous position. This equation represents the principle of conservation of energy

20



Container

/ Cushioned ltei
/
“ /Cushion

Figure 11. Cushioning scenario [18]

For maximum stress when velocity is zesg,[19]:
£m mg
f(et)de+y(t) =——(h+T.e, 2
L (&,0)de +¢(t) = T, ( ) )

In the operator notation, wheré'a, is the energy absorbed per unit volume of cushion

[19]:

Do, =0, (_I_ﬂ +&,) (3)

c

The peak force on the machine is equivalent to its inertial force plus its own wiéght [

This is given by the equation:

7, =0,(G,+]) (4)

21



where G, is the peak acceleration divided by 9.81°n8olving equations (3) and (4), the

result is [19]:

o h h
G = M _(—+e )-1=J(—+¢)-1 5
0= D (. HEm 1= It (5)

Peak acceleration and cushion thickness are niatedethrough the parametéer
Jis known as the cushion factor [19].
In normal situations, h is very much larger thgraide, is less than 1.0.

Therefore, G can be approximated to:

G, =J_t (6)

The errors from these simplifications tend to dffsge another.

4.3. Trial Design of Package

The initially package design was identical to timalf design except that the
thickness of the cushion at the base of the mach&se57 mm. However, during the
series of drop tests, it was found that the acaBters experienced by the high-precision
vision system were either close to or exceedepha€’.

Equation (6) was used to refine the design. Ar@pmate experimental value of

J from (6) was found to be 3.401. Therefore, to havecceleration of §0ms? or less,

22



the thickness of the cushion needed to be at &astm. An extra layer of approximately

12 mm of foam was added to bring the thicknes®taré.

4.4. Final Specification of Test Machine and Case

The machine used was exactly the same as the luatesré shipped to customers,
except that the cameras were removed. The cameraegléicate and expensive, and as
this was an experiment, it was decided not todeskage to them. However, their weight
was negligible as compared to the machine as aewibis is in accordance with ASTM
D6537-00 standards 7.2 [13]. Table 3 lists the ifipatons measured before the
experiment and used in calculations. The shaplkeeoliigh-precision vision system is

approximated to a cuboid.
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Top View

X
Y
Shipping
Container
Vision
A Z System
Y :
> Lid
Side
View

84 mm

Figure 12. 2D view of the machine in the case
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Dimension Quantity
Length of Machine 557 mm
Width of Machine 240 mm
Height of Machine 154 mm

Interior Length of Case 724 mm
Interior Width of Case 441 mm
Interior Height of Case (excluding lid) 267 mm
Weight of Machine 15 kg
Foam Thickness (X) 100 mm
Foam Thickness (Y) 84 mm
Foam Thickness (2) 69 mm

Table 4. Dimensions of machine and case

4.2. Design of Package

According to Mustin [20], the package design sthytsletermining the static
stress range with the projected area of the obJéa.ranges of optimum static stresses
have to be known in order to narrow down choicém® general shape of the acceleration

versus static stress curve is shown in Figure 18 [2

25



The lid has convoluted polyurethane foam whicluoed impact velocity without

compressing large amounts of foam [22].

i Foam:100mm, Drop height: 0.91m
Z 80—
8
<
Q
Q
(&]
<
< 40—
)
o
20—
0 >

Static Stress (KPa)

Figure 13. Acceleration versus static stress [21]

Knowing that the weight of the machine is approxehal5 kg, the stresses
applied by the weight of the machine on the foamlmadetermined. From there, the

static deformation of the foam material can benestid.

wW
The static stress¢g = X where A is the cross-sectional area of the fatcken

plane normal to that of the particular axis. Whis weight of the machine, in this case 15
kg (147 N).e is the strain of the foam found from the stresanstcurve in Figure A is

the static deformation of the foam.
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Direction A (mm?) ¢ (MPa) € A (mm)
X 85778 0.0017 0.015 15
Y 36960 0.004 0.1 571
Z 133680 0.0011 0.01 0.69

Table 5. Calculated parameters

Theoretically, it was expected that the amplitudiegibration would be the

largest in the y-direction, and therefore havirggleibration isolation. However, this was

not the case in the drop test. In the test, itfeaad that the x and y-directions had good

vibration isolation. This will be discussed in thext chapter.
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CHAPTER 5

RESULTS OF DROP TESTS

A series of drop tests were performed using the M®IB537-00 standards as a
guide. The test specimen contained the actual otséad package except that the
cameras were not installed into the machine. Thgiwef the cameras is negligible as
compared to the machine as a whole. This chapésepts and discusses the results of
the drop tests. Refer to Figure 5 for the defimitid the directions. Acceleration in this

case is analogous to the shock experienced.

5.1. Plots of the Drop Tests

Using the benchmark of §ans?, tests on the final design were found to have met
this benchmark.

The cushioning layout in both the x and y-direati@re almost symmetrical.
However, the layout in the z-direction was not syatnoal as the z-direction is normal to

the plane of the lid for opening the case.
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It should be noted that the absolute values op#ak accelerations will differ
because the drop was done by a person letting ieeafase, and not by a machine. It is
more important to take note of the differenceseaakpaccelerations of the case and the
machine.

In the z-direction of the initial design, the peaiceleration was reduced by only
37% which is not a good figure when compared toother directions which had a
reduction of as much as 300%. The second andt#std of this run, confirms the trend
(refer to Appendix A). The acceleration values w&3ed), 68.6y, and 129.8. This was
well above the benchmark.

A second round of tests was done and this tim@ edre was taken to position
the accelerometers correctly and to ensure thegrgtision vision-system was packed
tightly. This time 2 out of 3 tests produced a paegeleration of the high-precision
vision system of below the benchmark o§50he magnitudes of the values were 89.0
49.5, and 85.8.

It was concluded from these results that the cushg at the base of the container
does not sufficiently protect the machine from $hleading. However, whether or not
the cushioning under the lid of the case is sudfitiis inconclusive as the accelerometer
could only measure in one direction. So a run mddhests with the container flipped
over in the negative z-direction, was carried @tie peak acceleration of the high-
precision vision system was found to be well betbe/5@ benchmark. The magnitudes
were 20.9, 18.9), and 11.1.

The cushion thickness was then increased fromte69 mm and a re-test was

done in the z-direction. This time, all the threst$ met the benchmark. In the negative z-
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direction, due to the decrease of 12 mm of cushimacceleration values were higher
than the trial design. However, all three testswtre well within the benchmark. The
table below showcases the results of the drogdeshie final design. As the design in the
x and y-directions were unchanged and identicahftioe trial design, it was assumed
that the results would be the same or similar anturther tests were required in those

particular directions.

Test Number
Direction
1 2 3
X 25.4 15.8 17.9
Y 49.69 34.1 37.4
Z 39.9 34.9 32.9
-Z 21.8 14.9 24.69

Table 6. Summary of magnitudes of peak accelerations of vision system fromdin
package design
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Direction Average of
and Test Z1 Z2 Z3 Z1, Z2, and | Improvement
Number Z3
Trial 1 85.9 68.9 129.2y 94.4 -
Trial 2 49.5 85.1y 29.9 54. 1 -
Final 0
Design 39.9 34.9 32.9 35.69 >34.9 %

Table 7. Comparison of accelerations in the z-direction

For the trial design, the accelerations in tha@d ydirections had fulfilled the

benchmark, but not that of the z-direction. Aftefining the design, the average

acceleration experienced by the vision system wasd to have decreased by 62.3 %

from the first trial and 34.9 % from the secondltrin all three tests, the results also

fulfilled the benchmark of 5pms?.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

Ways to control mechanical stability on machingon systems, more
specifically the effects of shock loading, weredstd. Damage sensitivity and cushion
design literature were consulted. The goal wappbyathe principles of cushion design
and optimize the currently used container and pgiogamaterials. Compression tests
were conducted to determine certain material ptaggeof the polyurethane foam cushion.
Drop tests with accelerometers were conductedviestigate how much protection the
new package design provided.

This study provided an improved package desigh thié given constraints. It
was recommended to use a 69 mm cushion thicknelesnaath the high-precision
vision system. The thickness in the x-direction lddae 100 mm and that of the y-
direction, 84 mm. This configuration would protéo¢ high-precision vision system from
accelerations of more thangms?.

The relationship between the machines natural &eqyand the frequency
generated in the shipping process should be stunlige future. If they are equal or very

close, resonance might occur, causing severe iohrat
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Appendix A

Graphs of Acceleration against Time from Trial Paclage Design (Z-

Direction and Negative Z-Direction)
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