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Executive Summary
The objective of this report was to develop a design that would improve Winpak’s current process
of measuring the distance between repeated graphics printed on plastic packaging film. This to
verify that the film graphic spacing is within the tolerance zone as specified by Winpak’s clients.
The most important requirements for the design were as follows:


Must be accurate to ± 0.5 mm



Measure up to 1650 mm in length



Must be a repeatable measurement



No sacrifice to operation time

The final design was sub-divided into four main sections; film flattening, measurement method,
device raising mechanism, and eye mark alignment. The team sourced a vacuum table with a
surface area of 1800 mm by 900 mm to flatten the film prior to the measurement. The vacuum
table has an air flow adjustment valve to vary the suction force to account for different plastic film
thicknesses. The surface of the vacuum table is anodized to prevent oxidation, and is finished
with an anti-static agent to eliminate accidental static charge to the operator. A Mitutoyo® linear
scale was sourced as the measurement device. This scale is fixed in the center of the table, and
has an overall effective measurement range of 1700 mm, which exceeds the requirement of 1650
mm. The linear scale has a detector head that can travel along the total length. As the detector
head moves, its position is displayed on the compatible digital readout (DRO) counter. This
counter can zero the measurement of the detector head at any location. Additionally, the counter
can output the data to a computer if so desired, but this was out of the project scope. This linear
scale is accurate up to ±7 μm, which is well within the requirements of ±0.5 mm. A raising
mechanism was designed to lift the linear scale off the table surface to allow for placement of the
film. The raising mechanism has triangular brackets that extend from the back edge of the table
to the linear scale. The back of the bracket is attached to friction hinges which will keep the scale
from dropping onto the table surface, causing damage. Finally, the team designed an eye mark
locator which aids in the alignment of the plastic film. This piece is attached to the detector head
of the linear scale, and has a perpendicular straight edge that can be quickly used to align the
eye marks. The team also specified a straight calibration line on the table which will be used to
align the row of eye marks to the linear path of the detector head. The final cost of parts and
material, not including labour is approximately $5700 CAD.
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1.0 Introduction
Winpak produces plastic film packaging which is used in various markets around the world
including food, dairy and medical supply packaging. These plastic films have printed graphics
that give the consumer information about the contents of the packaging, as seen in Figure 1.

Figure 1: Packaging showing content information.

Once the rolls of film are produced by Winpak, they get sent out to Winpak’s customers. These
companies use packaging machines to fill the film packaging with their products. The graphics
printed on the film produced by Winpak must be highly accurate. If the spacing between these
graphics is not precise enough for Winpak’s clients, their packaging machines will fail. This will
cause Winpak’s manufactured plastic film packaging to be returned, causing economic loss. An
example of the rolls of film produced by Winpak can be seen in Figure 2.

Figure 2: Roll of plastic film produced by Winpak.
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The current process used by Winpak to measure the graphics printed on the plastic film is to
tension the plastic film sample by hand while using a tape measure to measure the distance
between eye marks. Eye marks are small rectangles printed on the film used to measure the
spacing between graphics and can be seen below in Figure 3.

Figure 3: Pre-existing film graphic measurement process

Winpak’s customers specify the number of repeats to be measured (that is the number of eye
marks to measure) and the allowable range of this measurement. This means that each
completed measurement can span multiple repeats up to 1650 mm. Each row of printed
graphics is measured to ensure the spacing is consistent across the width of the film. Two of
these rows of graphics can be seen here in Figure 4.

Figure 4: Multiple rows of graphics to be measured.
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1.1 Project Objectives
The objective of this project is to create a design that will increase the accuracy and
repeatability of this plastic film graphic measurement without sacrificing operation time or
requiring an additional worker for larger measurements. The team will also work with Standard
Machine, to ensure they have all the information required to create a working prototype for
Winpak.

1.2 Project Deliverables
The deliverables of this project are as follows. A complete bill of materials will be provided to the
client, allowing the purchase and assembly of sourced components. Layout drawings will also
be included to allow for the fabrication of any custom or non-externally sourced parts required to
fabricate the design.

1.3 Project Requirements
Winpak has helped the design team to identify the requirements that this project will meet to
allow for the successful completion of this project. The design will meet the following
requirements, listed below.


Safe operation of device



Meet the required accuracy of ± 0.5 mm



Measure the maximum range of repeats, up to 1650 mm in length



Allow a suctioned film width of 800 mm



Enable measurement time equal to or less than the pre-existing process



Account for various film properties



Allow for careful tension in film without introducing inaccuracies in measurement



Accurately identify the distance to be measured



Utilize available power source

1.4 Final Design Expectations
A summation of the expectations of the design can be found below. These expectations will
serve to increase client satisfaction in the final design.


Easy to maintain



Long lasting



Easy operation and simple on-site training
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Accurate film placement and eye mark alignment



Low power consumption



Minimal noise level



Highly repeatable measurement with the required accuracy



A project space large enough for all film samples to be measured



Digital measurement readout

2.0 Sub-Component Detailed Design
The final design was addressed in sections, with different components sourced to address the
various needs and requirements of the project. The first main component is the vacuum table,
which addresses the need to have the plastic film properly flatted for measurement. Next is the
linear scale system, which is the component that is used to take the measurement and display
its value. Following that is the linear scale positioning system, which allows the linear scale to
be moved to increase space for placement of plastic film. The last component is the eye mark
alignment system, which is used to precisely locate the plastic film on the table surface. The
concept selection for each sub-component leading up to the final design can be seen in
Appendix A. A detailed prototype and proof of concept analysis was performed to establish the
feasibility of the design, and can be seen in Appendix B.

2.1 Vacuum Table
To take an accurate measurement, the film must be completely flat and not stretched or
deformed in any way that will negatively affect the film measurement. The flattening of the film
to the measurement surface without stretching can be achieved by using an equally distributed
downward force on the entire film area. The downward force on the film can be provided using
suction from a vacuum table. The vacuum table produces a suction force that allows the
operator to flatten the plastic film on the surface without any curling or wrinkling of the film. The
table surface is 1800 mm by 900 mm with a vacuum area of 1700 mm by 800 mm. These
dimensions were specified according to Winpak’s requirement.
The vacuum table provides multiple features in addition to holding down the film for the
measurement process. In the following section, these features are introduced and explained.

2.1.1

Vacuum Table Surface

The table surface is made from anodized aluminum. This anodization improves the corrosion
and abrasion resistance of the aluminum tabletop [1]. Due to realistic operating conditions,
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impurities will be introduced to the table surface, requiring the need of increased corrosion
resistance. As well, the anodized surface will make scratches or damage more visible indicating
when maintenance is required.
The table surface is also coated with an anti-static agent to prevent static shock to the operator,
and to reduce static cling between the film and the table. In addition, the anti-static coating will
help prevent the plastic film from wrinkling while being laid down on the table surface.
The holes on the table surface allow the film to be pulled down to the surface of the table with a
specific amount of force coming from the vacuum pump. The holes are relatively small (1.37
mm diameter) in order to prevent the film from forming a dimple on the surface.

2.1.2

Drilled Aluminum Honeycomb

The aluminum honeycomb panel is sandwiched between the top and bottom aluminum
surfaces. The honeycomb geometry inside the aluminum panel provides high compressive
strength with a low density. The honeycomb voids inside the vacuum table allow the air to flow
freely, helping to apply the vacuum force evenly across the top surface to secure the film in
place. The aluminum honeycomb panel is surrounded by an aluminum solid bar frame to
provide more deflection support and to provide a drilling location for hinge mounting
considerations. The honeycomb can be seen in Figure 5.

Figure 5: Drilled aluminum honeycomb for vacuum table.

2.1.3

Air Adjustment Valve

The designed product will be exposed to variety of plastic films with different textures and
thicknesses. Difference in quality and thickness of films requires different vacuum power to hold
the film in place. The air adjustment valve is a method for adjusting vacuum power to the table.
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Air flow can be controlled by turning the knob until it reaches its desired vacuum power. The
valve will be placed underneath the table where the operator has easy access. The valve can
be seen in Figure 6.

Figure 6: Vacuum table air adjustment valve example [2].

2.1.4

Pump

Providing the suction force is the vacuum pump, and the team’s required pump functionality is to
provide even force to completely flatten the film. The plastic film requires minimum vacuum
force to hold down to the surface and therefore, this application requires a low power vacuum
motor to provide the sufficient suction force.
The team chose the smallest vacuum motor available from the vacuum table manufacturer for
compatibility between components. The vacuum motor specified for this application has a
vacuum power of 6.2 kPa [3], which is adequate to secure the plastic film. TABLE I shows the
specifications of the vacuum pump.
TABLE I: GPI-VM32-150 SPECIFICATIONS

Model Number

GPI – VM32 – 150

Inlet/Outlet Ports Diameter

1.5”

Voltage

110 V

Amps (max rated)

3.0 A

Max Vacuum

25 in∙H2O

Max Airflow

35 SCFM

Maximum Temperature Rise

35°C

Weight

10 kg
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2.2 Linear Scale System
This section outlines the features and functionality of the main components of this design, the
linear scale and it’s associated digital readout (DRO) counter. These two devices work together
to produce a highly accurate linear measurement reading between two eye marks.

2.2.1

Mitutoyo® ABS AT715-1700

A Mitutoyo® ABS AT715-1700 linear scale was sourced to address the requirement of
producing a repeatable measurement accurate to ± 0.5 mm. This scale can be seen in Figure 7.

Figure 7: Mitutoyo® ABS AT715-1700 linear scale [4].

The device is equipped with a detector head that can travel along the length of the scale. A
measurement reading is generated as the detector head moves linearly, with the ability to zero
the scale at any point, similar to how a digital caliper operates. With the linear scale mounted
horizontally above the vacuum table, a distance can be measured between the eye marks on
the plastic film by zeroing the detector head on the first eye mark, then sliding it down to the
second eye mark, while taking note of the overall digital readout. The digital readout is displayed
on the DRO counter, which is connected to the linear scale through a cable attached to the
detector head. The DRO counter will be discussed more in depth in the following section.
The following table lists the features of the ABS AT715-1700 linear scale.
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TABLE II: FEATURES OF ABS AT715-1700 LINEAR SCALE [5]

Detecting system

Electromagnetic induction system
.000005”, .00005”, .0001” (0.0001mm,

Resolution

0.0005mm, 0.001mm, 0.005mm)
(selectable by DRO counter setting)

Effective measuring range

1700 mm
± 7 μm

Accuracy 68°F (20°C)
Response speed

50 m/min

Dust/water protection

IP67

Sliding force

< 1.124 lbf

As shown in TABLE II, the accuracy of the linear scale is ± 7 μm which is well within the
required accuracy of ± 0.5 mm. In addition, the device has the highest rating (IP67) for
resistance against solid objects (tools, wires, dust, etc.) and liquids (immersible in water up to 1
m), so there is no concern for accidental spills or handling of the device. The detecting system
for the measurement uses an electromagnetic induction system, which is explained in depth in
Appendix A.

2.2.2

Mitutoyo KA-200 DRO Counter

The second component of the linear scale system is the DRO counter, which is responsible for
taking the output produced by the ABS AT715-1700 and displaying the digital readout of the
measurement. The specific DRO counter sourced for this application is the Mitutoyo KA-200; a
list of its features is shown in TABLE III.
TABLE III: FEATURES OF KA-200 DRO COUNTER [5]

Order No.
Scale input ports
Display

174-173A
2*
7-digit LED and a negative [-] sign
Zero-setting, preset, counting direction

Functions

setting, mm/inch conversion, ABS/INC
coordinate selection, computer output

Power supply
Operating temperature

120V AC, 50/60Hz
32°F to 104°F (0°C to 40°C)
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Mass

2.43 lbs (1.1kg)

*: Available as a 1-axis counter by changing the parameter setting
Notable features of the KA-200 counter are the ability to zero the measurement at any location,
and output coordinate data to a personal computer through a RS-232C connector. Should the
client wish to use the computer output function, a conversion cable needs to be purchased to
convert between USB and RS-232C. This cable is included in the BOM measuring system
category in section 4.2.

2.3 Linear Scale Positioning Mechanism
To effectively utilize the vacuum table suction space, the measurement sensor must be raised
out of the way to allow for the film placement. The raising of the measurement sensor is
achieved by a position (friction) hinge in this design. The position hinge sourced by the project
team will allow the operator to raise the measurement sensor up and out of the way to allow an
open table surface for film placement, as seen in Figure 8.

Figure 8: Linear sensor raising mechanism down and up.

This linear scale positioning process is important to ensure the operator has clear and safe
access to the entire suction surface so they can line up the eye marks to produce an accurate
measurement.

2.3.1

Position Hinges

Position hinges were sourced to hold up the sensor, preventing the operator from requiring one
hand to hold up the sensor while trying to position the film with the other. This allows for safe
and convenient operation of the design. The position hinges can be observed below in Figure 9
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Figure 9: Position hinges front and back.

To determine the strength requirements for the hinge, a calculation was completed. Sample
calculations used to source the hinges can be found in Appendix B. The hinge calculations
determined a minimum torque of 6.05 Nm per hinge was required to support the measurement
arm. Each hinge that was sourced has a specified torque of 9 Nm which will serve to increase
the longevity and reliability of the design.
Due to the forces acting on the hinges, the hinges must be securely mounted to the table. For
the hinges to be mounted, the team specified a vacuum table frame manufactured from one
inch square aluminum bars, located internally along the perimeter of the table. This can be seen
below in Figure 10.

Figure 10: Aluminum bar frame located inside table edge.
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The solid aluminum channel will allow for screw threads to be tapped into the table to mount the
brackets. Below, one can see the hinges mounted to the aluminum bars inside the table in
Figure 11.

Figure 11: Hinges mounted to aluminum bar inside table.

2.3.2

Mounting Brackets

Connecting each set of two hinges to the linear sensor is a mounting bracket, seen in Figure 12.

Figure 12: Hinge mounting bracket.

These mounting brackets are designed to support the weight of the linear sensor to allow the
operator to move the sensor up and away from the measurement space. The mounting brackets
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used with the hinge have an additional lip bent 90⁰ downward, to provide stability in the vertical
direction when supporting the weight of the measurement sensor. This will enable the operator
to place the sensor at any angle for jobs with specific requirements.

2.3.3

Support Blocks

Attached to each mounting bracket is a support block, seen in Figure 13.

Figure 13: Support block used to rest measurement arm on table surface.

The support blocks are used to stop the measurement sensor at the same height for each
measurement. These blocks have rounded corners and edges to prevent damage to the film.
These support blocks will be located near the edges of the table to support the weight of the
sensor without intruding on the measurement space.

2.4 Eye Mark Alignment System
This section describes the design of the device that will be used to locate the eye marks once
the plastic film is flat and properly tensioned.
The focus for the design of the eye mark locator was to increase the accuracy at which the
detector head on the linear scale can be aligned with the eye marks on the plastic film. The
repeatability of alignment is crucial in the overall accuracy of the measurement.
For precise alignment, the eye mark locator is attached to the outer face of the detector head
and has a protruding edge that is to be lined up with the eye marks, as seen in Figure 14 and
Figure 15.
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Figure 14: Eye mark locator.

Figure 15: Eye mark locator mounted on detector head.

Due to the position of the linear sensor, there is a gap between the detector head and the
surface of the vacuum table, shown in Figure 16. In this situation, the gap adds measurement
error when trying to align the eye mark if the operator is not directly above the device.

Figure 16: Gap between linear scale and table.

The exact dimension of the extended piece of the eye mark locator was designed to reduce this
gap. This feature of the design shortens the gap distance to 2.75 mm, which will make the
alignment more repeatable.

Figure 17: Linear scale detector head with addition of eye mark locator.
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As shown in Figure 17, a simple metal L-shaped extension piece was designed to shorten the
gap between the locating reference point and the table. Utilizing the two screw holes on the
detector head, the team incorporated two holes in the corresponding position on the L-shaped
alignment piece for mounting purposes. A detailed drawing can be found in Appendix D. This
design is cost efficient, can easily be integrated onto the measurement device, and would have
minimal maintenance requirements.
The working principle of this concept is the straight edge which allows accurate placement with
the edge of the eye mark, shown in Figure 18.

Figure 18: Triangular block concept for locating eye marks.

When the linear scale is raised above the table surface for film placement, correct initial
positioning of the plastic film can be difficult. To aid in this process, the team specifies that a
straight calibration line is etched into the table surface that marks where the linear scale would
align when in its lowered position. The eye marks would be aligned to this calibration line when
setting up the plastic film.

Figure 19: Calibration line on vacuum table for eye mark alignment.

As seen in Figure 19, a straight line etched across the length of the table will allow for precise
eye mark placement while the linear scale is up and out of the way.
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3.0 Final Detailed Design
This section shows the entire system of the final design, as well as instructions for the operation
of the device.

3.1 Design Overview
This design consists of four main components. First, a vacuum table which is used to flatten,
tension and position the film for measurement. Second, the linear sensor which is used to make
the actual measurement. Third, the raising mechanism which is used to raise and lower the
measurement arm. Last, the eye mark alignment system, which is used to identify the correct
position of the film.
The raising mechanism allows the operator to lift the measuring equipment out of the way for
safe and convenient film placement. The suction of the vacuum table helps smooth out wrinkles
and holds the film in place once the top of the eye marks are aligned with the line running
across the measurement surface. The eye mark locator is zeroed on the edge of one eye mark
(or graphic border if no eye marks are present) and is moved to the same edge of the eye mark
on the boundary of the repeats specified by Winpak’s client. This will provide a digital output and
reading to be used with Winpak’s data capturing equipment. This reading can be compared to
the allowable range for the measurement as specified by Winpak’s client on a per job basis.
The final design can be seen in Figure 20.

Figure 20: Final design and all components.
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3.2 Operation Instructions
Step 1: Activate the vacuum pump and make sure the vacuum table is powered on.
Action: Turn on the power by pressing the switch.
Step 2: Make room for plastic film to place on the vacuum table.
Action: Slowly lift the measurement sensor with both hands.

Figure 21: Positioning mechanism lowered and raised (step 2).

Step 3: Place and flatten plastic film on the table.
Action: Place the plastic film on the surface of vacuum table with both hands, smooth out
wrinkles and bubbles.
Step 4: Align the eye marks to be measured with the straight calibration line for correct initial
positioning of the plastic film
Action: Turn down the air adjustment valve, then carefully move the plastic film with both hands
to align the eye marks with the calibration line.

Figure 22: Film alignment with calibration line (step 4).
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Step 5: Start the measurement process.
Action: Slowly lower the measurement senor with both hands until the supporting blocks touch
the table.
Step 6: Determine the initial position of the measurement length.
Action: Move the sliding detector head over the first eye mark, and align the eye mark locator
with the edge of the eye mark.

Figure 23: Eye mark alignment (step 6).

Step 7: Zero the scale.
Action: Press the corresponding axis zero button that has a circle around it.

Figure 24: DRO (step 7).

Step 8: Measure the distance between the two eye marks.
Action: Slide the detector head to the second eye mark.
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Step 9: Determine the final position of the measurement length.
Action: Align the eye mark locator with the edge of the eye mark.
Step 10: Record data.
Action: Record the digital readout shown on the display screen.

4.0 Project Deliverables
The deliverables to the client include the detailed part drawings, the bill of materials (BOM), and
the correspondence with Standard Machine to prepare for prototype fabrication.

4.1 Part Drawings
As per the client’s request, detailed drawings have been provided and can be found in Appendix
D. Drawings for the parts to be manufactured are included, as well as reference drawings for the
sourced products.

4.2 BOM and Cost
TABLE IV shows the BOM and the cost of each material or part specified. Quotes for purchased
parts can be seen in Appendix C.
TABLE IV: COMPLETE BOM AND PRICE BREAKDOWN
Distirbutor

Unit
Cost

Part #

Part Name

Description

Qty

Units

VBAH-1141GPI

Vacuum table

1-1/4" Vacuum table
w/ aluminum
honeycomb

1

ea

1

ea

$
901.00

$
901.00

1

ea

$
184.00

$
184.00

25

ft

$
6.98

$
174.50

4

ea

$
11.87

$
47.48

GPI-VM32150

AFV150-BVGPI

Vacuum motor

Air flow valve

VacuumTables.com

GPIH115HDE

GPIHC114134

Vacuum hose

Vacuum hose
clamp

1/3HP, 110-115/220230V, 1PH 50/60 HZ,
3.0-3.6/1.5-1.8
Amps, 1.5 Port O.D.
On/Off air flow ball
valve with 1.5"
(3.81cm) In/Out
O.D. port
1-1/2" I.D. heavy
duty grey flexible
hose
1-1/4" - 1-3/4" (3244mm) in diameter

$2,145.00

Cost
$
2,145.00
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GPIAFV-15

MTI-174183A

MTI-539824

Adjustment
bleeder valve

Adjust air flow to
holes in vacuum
table (1.5" diameter
port)

KA-200 Counter

Digital readout for
linear scale

ABS AT715-1700

E6-10-680S-50

Conversion Output
cable

E6/ST- Constant
Torque

Southco

AA6061/11418
Metal Supermarket
91287A136

92000A215
McMaster Carr

91828A251

ea

$
374.43

$
374.43

1

ea

$
581.09

$
581.09

1

ea

$
794.83

$
794.83

1

ea

$
219.00

$
219.00

4

ea

$
42.65

$
170.60

1

ea

$
33.66

$
33.66

23

ea

$
10.24

$
10.24

2

ea

$
8.26

$
8.26

23

ea

$
11.08

$
11.08

Linear scale

Thomas Skinner
600-22MIG4A-KB-USB

1

USB for Mitutoyo
MIG-4A
Digimatic/RS-232
Interface Unit
(optional)
Torque hinge to
mount linear scale
to table (price
reflects order of 10)

Aluminum Angle
6061T6

Angle stock for
stiffening linear
scale (78.74inches)

18-8 Stainless
Steel Hex Head
Screw, M6 x 1mm
Thread, 16mm
Long

Bolts to mount hinge
to bracket (50 pack)

18-8 Stainless
Steel Phillips
Rounded Head
Screw, M4 x 0.7
mm Thread, 5 mm
Long
18-8 Stainless
Steel Hex Nut, M6
x 1mm Thread

Screws to mount eye
mark locator (100
pack)

Nuts for bolts (100
pack)

Total

$
5,655.17

89

4.3 Standard Machine Correspondence
To ensure the parts could all be manufactured, and within spec, the team had been in contact
with Standard Machine to discuss the designed components. Through a meeting with Standard
Machine to review part drawings, the team was able to verify that every component was able to
be produced at that machine shop with no further considerations needing to be made.
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5.0 Future Considerations
There are multiple potential future considerations Winpak may want to explore before
procurement of the later tables. These considerations are explained below.

5.1 Raising Mechanism
The first future consideration is the raising mechanism. These hinges were sourced for
simplicity of manufacturing and maintenance, ease of use and safe operation. Other
mechanisms could be considered to replace the hinge as the sensor raising mechanism in the
design. This could allow for lock-in-place raising of the measurement sensor or automated
raising with a motor. When considering an improvement for the raising mechanism one must
consider the following, a potential pinching hazard, device longevity and simplicity of mounting.

5.2 Hinge Mounting Brackets
Next, the brackets used to support the measurement sensor have received added support in the
form of attached L brackets used to prevent deflection in the vertical direction when supporting
the full weight of the sensor. These brackets could be optimized to save weight (or shift weight
toward the hinges), thus increasing the life of the hinges by requiring less torque to hold up the
sensor and sensor mounts. This mounting bracket optimization could be a future consideration.

5.3 Eye Mark Alignment System
After an operator has experience using the current design, they may decide to change the eye
mark alignment system. Future considerations could include adding a light source, magnifying
glass, laser or other components to ease the line-up of the eye marks. This could depend on the
preference of the operator; however, the accuracy of the alignment should be prioritized high
when sourcing improvements as the eye mark alignment system is essential in the successful
completion of a measurement.
An additional consideration for the eye mark alignment system are to increase the size of the L
shaped eye mark location piece, or to add a handle by which the operator would move the
detector head.

5.4 Measurement Sensor
Depending on the effectiveness of the chosen measurement sensor, an alternative may be
considered. When sourcing a measurement sensor, one should remember the accuracy
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requirements and the time allowance for which the sensor would be used. The current sensor
was sourced for its superior accuracy, ease of use and its digital readout and output.
A secondary measurement technique may also be explored. An additional measurement sensor
could be used to double check the reading of the current linear measurement sensor to tell
when re-calibration is necessary, or for convenience of choice for the operator.
Additional optimizations regarding the measurement sensor include potential mounting options
for the DRO. Depending on the workspace, one may wish to permanently re-locate the DRO for
convenience and ease of use.

5.5 Measurement Space
Also, the required table specifications may change over time. A larger table or one with a
different sized suction space may help the operator flatten or prepare films with specific
properties or geometries that may be difficult on the current suction space. Increasing the table
size could help for large measurements; however, this would require more floor space and could
be more difficult to line up the eye marks when completing measurements.
An operator may also wish to adjust the height of the table to allow for easy eye mark alignment
under all operating conditions, or depending on the height of the operator. This table raising
mechanism could be incorporated into the vacuum table when being sourced by the
manufacturer for ease of use.

5.6 Overall Design
Last, features of this design may be determined to be unnecessary by the client over time.
Changes to the raising arm, or the way in which the current sensor is mounted, moved and used
may be considered. Instead of raising the measurement arm vertically, a horizontal hinge would
allow it to swing out and away from the measurement space. An automated raising mechanism
could be included to lessen the burden placed on the operator. The sensor could be located
away from the measurement space and would have an eye mark locator that will span this
distance to ease the film placement process.
The team agreed having the measurement sensor close to the eye marks (table top) would
allow a greater accuracy by preventing inaccuracies caused by the following. Deflection caused
by the eye mark locator closing a larger gap and possibly deforming when making a
measurement, or by making the eye mark alignment more difficult by being subject to the
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position of the operator. This may be deemed unnecessary and could be eventually be
reconsidered.
An automated suction control system (or pre-set vacuum powers) could be considered to
ensure easy change of vacuum pressure for varying film properties (as opposed to the preexisting air flow adjustment valve).

6.0 Conclusion
This project met all the specified requirements that was indicated by the client. The final design
consists of the following:


Vacuum table for film flattening



Linear scale for taking the measurement



Positioning mechanism to move the linear scale when placing the film



Eye mark alignment system for precise alignment of printed graphic

The goal of the design was to improve the accuracy and repeatability of the current film
measuring process. The final design meets the required accuracy of ± 0.5 mm as the
measurement device is accurate to ± 7 μm. Additionally, the vacuum table improves the
repeatability of the process by providing a constant flattening pressure across the table surface
that does not vary from operator to operator. The design also improves efficiencies in the
process by providing a digital readout, and the possibility to hook up the device to a computer to
directly output the measurement data and eliminate the need for the operator to manually record
the data. The team has provided all necessary engineering drawings, a detailed BOM, and had
a meeting with Standard Machine in order to ensure that they have everything required to
fabricate this design.
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A1.0

Concept Generation

The following section details the design approach and methodology taken by the design team to
generate the preliminary concepts. Concepts for how the plastic film will be properly tensioned,
the measurement instrument, and the eye mark locator are discussed below.

A1.1

Design Approach

The design approach taken by the team began by modularizing the problem into three main
aspects: film tensioning, measurement instrumentation, and eye mark location. These three
aspects can be easily integrated with each other, regardless of the chosen design. Internal and
external generation methods that were used to generate the concepts are illustrated below.

A1.1.1

Internal Methodology

The methodology used internally by the project team to create and develop concepts is as
follows. From the first client meeting, the problem was identified. Then the project team broke
the identified problem down into sub-tasks. The project team brainstormed ideas individually to
create solutions to each individual sub-task. The team then met and shared ideas about how to
complete each identified task, offering input to allow an identification of concepts.

A1.1.2

External Methodology

Once a comprehensive list of solutions to each of the identified sub-tasks was created, research
was assigned to allow a thorough understanding of the potential solutions
Through the internal and external methodologies described above, three concepts were
generated for each aspect of the design.

A1.2

Film Tensioning Concepts

To take an accurate measurement, the film must be flat and tensioned. The film must be
tensioned but not stretched or deformed in any way that will negatively affect the film
measurement. Static charge must also be prevented, to allow the measurement to be as
accurate and safe as possible. Additionally, calibration of the film tensioner is essential for the
accuracy of the measurements due to varying film properties that exist in three different stages
of the film fabrication process. The varying properties include film strain and thickness which
would alter the amount of tension on the film that is required: The following film tensioning
systems were considered: a vacuum table, a rubber cylinder, and a weight system.
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A1.2.1

Vacuum Table

An effective way to eliminate wrinkles in the plastic film would be by use of a vacuum table. The
table would use the force of air suction to pull the plastic film down onto the surface of the table
top where the film would remain fixed in place while the measurement was taken. An example
of a vacuum table cross section can be seen in Figure A - 1.

Figure A - 1: Vacuum table cross section [A1].

The top surface of the vacuum table is the bleeder board, which is a permeable material that
allows air to pass through. It is important that the vacuum pressure on the entire table is
distributed evenly, which is achieved by a plenum board. A plenum board consists of a grid
table with airflow channels that allow the distribution of vacuum pressure evenly. Finally, a base
board is attached underneath the plenum board to provide loading support.
Different suction levels could be incorporated to account for the varying thickness of the plastic
film, and thicker plastic would require more suction to remain fixed into place.
The advantages of this concept are ease of use and ease of implementation. The vacuum table
would also ensure that the film is not being stretched at all, as the film would not be pulled to
achieve flatness. The vacuum table would require more design time as it can be more complex
than other tensioning concepts, which would increase the overall cost.

A1.2.2

Rubber Cylinder

The second concept is the use of rubber cylinders as a film tensioning device. For this
application, the cylinders will be placed on two opposite edges of the table and the film will be
placed in between, as shown in Figure A - 2.
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Figure A - 2: Plastic film tensioning method using rubber cylinders [A2].

The cylinders would be manufactured out of rubber so that the film can adhere to the cylinder
easily. The rubber cylinders can rotate, pulling the film until it is completely flat, and the cylinder
would have a locking mechanism to prevent the film from unwinding.
The main advantage of this concept is that it requires minimum power. However, it would take
minutes to set up the film in place before taking measurement.

A1.2.3

Weights

The next film tensioning concept uses weights. Weights will be clamped on one end of the film
to provide a sufficient amount of tension. In this application, the film must be completely
perpendicular to the weight to prevent the film from moving side to side. The weight required for
film tensioning must also be controlled to prevent the film from stretching. An example of
weights being used to tension the film can be seen in Figure A - 3.

Figure A - 3: Film tensioning concept using weights [A2].
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This concept is cost efficient and only requires minimal maintenance. However, there would be
a high risk of film stretching if the weight applied is not properly controlled, and it is susceptible
to operator skill.

A1.3

Measurement Device Concepts

The measurement device is the most important aspect of the design. This has the largest
contribution to the overall accuracy and repeatability of the design, which is the top needs as
identified by the client. For this section, a laser measurement sensor, a digital caliper sensor,
and an electromagnetic induction linear scale were considered.

A1.3.1

Laser Measurement

The first measurement concept is a laser sensor, as the laser sensors have a wide variety of
applications they can be used in. Laser measurement sensors work on a simple principle. Light
travels towards a target from the source, the light bounces off of the target, then the reflected
light travels back to the source [A3]. The time of this travel is used to determine the distance
from the sensor to that target. A simple equation relates the time to the distance, as follows:
𝐷 = 𝐶 ∗ 𝑡/2
In this equation, D is the distance to be measured, c is the speed of light in Earth’s atmosphere,
and t is the amount of time taken for the laser to return to the source. The measured time is
divided by two to represent the time required to travel in one direction only.
A laser sensor would be aligned with the first eye mark pointing at a target that is positioned at
the second eye mark in order to get a distance.
Laser measurement sensors are commonly used over greater distances with lower accuracy
than what is required for this project’s specific application. Laser sensors meeting the client’s
needs were found. However, these sensors lose accuracy with an increased measurement
distance. The main disadvantage of this system is the precise setup that is required, and any
mishandling of the device could easily cause misalignment and measurement errors.

A1.3.2

Digital Caliper

A digital caliper uses the principle of capacitance to generate its measurement, and this
technology is being considered as a concept for a measurement device. The system consists of
a series of rectangular plates etched into a copper or glass strip that stretches the length of the

Page | A-6

Plastic Film Measuring Device – MECH 4860
University of Manitoba

bar, usually concealed by a taped scale or simple cover. Mounted above this in the moveable
jaw is a similarly plated slider board. When these rectangular boxes align and misalign, signals
are sent to an electronic chip within the caliper case to generate the readings seen on the digital
display [A4].
For this concept, the copper strip and slider board are integrated into a fixed beam that extends
the length of the design space (1650mm). Two jaws would be allowed to travel linearly along the
beam, and the jaws could be aligned to the eye marks that are being measured. This setup is
shown in Figure A - 4.

Figure A - 4: Measurement device using the principle of digital caliper.

Following are the measurement steps required for this concept. Step 1: Loosen the locking
screw of the digital caliper. Step 2: Position the left jaw with the eye mark. Step 3: Move the
right jaw directly beside the left jaw, and hit the “zero” button on the right jaw. Step 4: lock the
left jaw in place and move the right jaw to the second eye mark, and read out the LCD display.
The design is accurate up to ± 0.03 mm, well within the project requirements. However,
moisture can be a problem for digital caliper. If water gets between the stator strip and the slider
board, the necessary air gap is eliminated and the signal can become noisy or nonexistent.

A1.3.3

Electromagnetic Induction

The electromagnetic induction concept uses pre-existing technology from a manufacturer called
Mitutoyo™ who specialises in measurement instruments. Their line of absolute linear scales
uses electromagnetic induction to generate measurements that are accurate up to 0.01mm. The
device itself has a single detector head that is mounted on a linear guideway, which can move
horizontally on that guideway from one end to the other, as shown in Figure A - 5.
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Figure A - 5: Linear scale measurement instrument [A5].

As the detector head travels linearly, three capacitance type sub scales and one photoelectric
sub scale take position readings and display the output onto a compatible digital readout (DRO)
system. The sub scales use a combination of pitches that increase the accuracy of the device,
shown in Figure A - 6.

Figure A - 6: Principle of the electromagnetic induction linear scale [A6].

The figure above shows that the resolution of each capacitance type sub section increases in
precision as the signal cycle decreases in size. Each of these sub sections of measurement
work together to achieve the high accuracy that the linear scale possesses.
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The DRO system is also capable of zeroing the system at any location, allowing for a minimal
setup time for each measurement. The device is entirely enclosed and is designed for a harsh
working environment, reducing the risk of damage and increasing operator safety.
The main advantage of this concept is that it is an off the shelf device with accuracy that is well
within our tolerance of ± 0.5 mm.

A1.4

Eye Mark Locator Concepts

The final section is how the device will locate the eye marks once the plastic film is flat and
properly tensioned. The ability to precisely locate the eye marks is critical to the success of the
design, as improper alignment would affect the accuracy of the measurement.
Eye marks are often black rectangles, but can also be transparent or white. This means the
locator must be able to account for these different possibilities, and an automated vision
detection system will not be a viable option.
Several different methods were considered, including a magnifying glass, a projected laser line,
and a triangular block. These concepts are assumed to be mounted to the measurement device
at the desired measurement location.

A1.4.1

Magnifying Glass

A magnifying glass is a simple solution to help the operator line up the eye marks accurately.
This concept has a magnifying glass oriented parallel to the length of the plastic film, and two
alignment markers etched on the surface of the glass, shown in Figure A - 7. The alignment
markers are in corners opposite to each other and are used to align with two corners of the eye
mark.

Figure A - 7: Magnifying glass concept for locating eye marks.
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The magnification aspect of this concept allows increased accuracy, as the operator has
enhanced vision to locate the edges of the eye mark.
The alignment corners on each side eliminate the possible source of error where the operator
may measure the front edge of one eye mark and the back edge of the second eye mark,
introducing measurement error. Additionally, the spherical nature of the magnifying glass would
cause additional error, which should be addressed if this option were pursued.

A1.4.2

Projected Laser Line

The projected laser line concept uses a laser capable of projecting a straight line onto the
plastic film, shown in Figure A - 8.

Figure A - 8: Projected laser line concept for locating eye marks.

The projection of the line would be oriented parallel to the long edge of the eye mark, or
alternatively, it could be used to line up the edge of a graphic on the occasion that eye marks
are not present on the film sample.
This concept can be inaccurate due to the precise angle requirement that would have to be
maintained while lining up eye marks. There would also be an issue with the reflectiveness of
the laser on the film.

A1.4.3

Triangular Block

The last concept for locating the eye marks is a simple extruded triangular block. The working
principle of this concept is the sharp point which allows accurate placement to the edge of the
eye mark, shown in Figure A - 9.
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Figure A - 9: Triangular block concept for locating eye marks.

The simplicity of the design would be cost efficient, can be easily integrated onto the
measurement device, and would have minimal maintenance required. The accuracy of
alignment would be limited to how accurately the operator can see the line.

A2.0

Concept Analysis and Selection

In the previous section, the team presented nine design concepts for the three design
components. To accurately select the optimal concept, the weights of each criteria must first be
determined. This determination of the weighted criteria was then used to accurately rank each
concept.

A2.1

Selection Criteria

To select the best concept for each design component, selection criteria were set out for
evaluating the design concepts. The following selection criteria were deemed to be most
important to the design as specified by the project needs and client input.


Accuracy – The apparatus must meet the accuracy requirement of ± 0.5 mm



Repeatability – The variation in measurements taken by an operator on a different film
sample is minimal



Manufacturability – Ease of manufacturing



Setup/Operation time – Setup and operation time is as short as possible



Ease of use – The apparatus should be simple to use during the measurement process



Easy to maintain – The apparatus should not require long or frequent periods of
maintenance, nor complex maintenance processes



Long Lifespan – The device will remain in operation for a sufficient time period
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The following criteria were not considered in the criteria weighting matrix due to lack of
relevance to our specific project, and minimal impact compared to the above criteria as
specified by client.


Cost



Environmentally safe and disposable



Low power consumption



Digital output to computer

A2.2

Criteria Weighting Matrix

Before scoring the selected concepts, the selection criteria were ranked and weighed. The team
listed all criteria and created a matrix to determine the more important criteria. Criteria that
scored the highest weight are the most important criteria in the design, whereas the criteria that
had the lowest weight are the least important. TABLE A - I shows the results of the criteria
weighting exercise.

7

1 Accuracy

Long lifespan

6

Setup/Operation time

5

Easy to maintain

4

Ease of use

3

Manufacturability

2

Repeatability

Criteria

1

Accuracy

TABLE A - I: SELECTION CRITERIA WEIGHTING MATRIX

1

1

1

1

1

1

2

2

2

6

2

4

5

6

3

4

6

4

6

7

2 Repeatability
3 Manufacturability
4 Ease of use
5 Easy to maintain
6 Setup/Operation time

6

7 Long lifespan
Criteria

1

2

3

4

5

6

7

Total Hits

6

4

1

3

1

5

1

28%

19%

5%

14%

5%

24%

5%

Weightings
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The results showed that the accuracy, setup/operation time, and repeatability are the three most
important criteria which score 28%, 24%, and 19% respectively. Long lifespan, easy to maintain
and manufacturability are the least important criteria.

A2.3

Concept Scoring

The next step of the concept selection was scoring the three concept components that were
selected. These concepts were scored based on the established weighting. Each criterion was
assigned a value ranging from 1 to 5 for each concept, 1 being the lowest and 5 being the
highest rating. The scores were multiplied by their weights and were summed. The final rating is
based on the results of all team members’ discussions and evaluations. TABLE A - II to TABLE
A - IV show the final scoring for the three concept components, respectively. TABLE A - II
shows the weighted scores for the three film tensioning design concepts.
The Vacuum Table was chosen as the final design with a total score of 3.61, compared to the
Rubber Cylinder and Weights which received score of 1.68 and 2.96, respectively.
TABLE A - II: FILM TENSIONING CONCEPTS SCORING

Film Tensioning Concepts
Vacuum Table
Selection Criteria

Weight

Rubber Cylinder

Weights

Rating

Weighted
Score

Rating

Weighted
Score

Rating

Weighted
Score

Accuracy

0.28

5

1.4

1

0.28

2

0.56

Repeatability

0.1

4

0.4

3

0.3

4

0.4

Manufacturability

0.1

2

0.2

2

0.2

3

0.3

Ease of use

0.19

3

0.57

1

0.19

2

0.38

Easy to maintain

0.05

3

0.15

2

0.1

3

0.15

Setup/Operation time

0.23

3

0.69

2

0.46

4

0.92

Long Lifespan

0.05

4

0.2

3

0.15

5

0.25

Total Score

3.61

1.68

2.96

Rank

1

3

2

Continue?

Yes

No

No

TABLE A - III shows the weighted scores for the three measurement device design concepts.
The Electromagnetic Induction received the total score of 3.98, which has a significant
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advantage over the Laser measurement and Digital Caliper. Therefore, the Electromagnetic
Induction was chosen as the final design of the measurement device concept.
TABLE A - III: MEASUREMENT DEVICE CONCEPTS SCORING

Measurement Device Concepts
Laser
Weighted
Rating
Score
Selection Criteria
Weight
Accuracy
0.28
2
0.56
Repeatability
0.19
1
0.19
Manufacturability
0.05
2
0.1
Ease of use
0.14
2
0.28
Easy to maintain
0.05
2
0.1
Setup/Operation time
0.24
2
0.48
Long Lifespan
0.05
1
0.05
Total Score
1.76
Rank
3
Continue?
No

Digital Caliper
Weighted
Rating
Score
3
3
1
4
3
2
2

Electromagnetic
Induction
Weighted
Rating
Score

0.84
0.57
0.05
0.56
0.15
0.48
0.1
2.75
2
No

5
4
2
5
3
3
3

1.4
0.76
0.1
0.7
0.15
0.72
0.15
3.98
1
Yes

TABLE A - IV shows the weighted scores for the three eye-mark locator design concepts. The
Magnifying Glass received the highest score of 4.42. However, the final score of the Triangular
Block concept is 4.29, which is very close to the highest score. Therefore, both Magnifying
Glass and Triangular Block concept are selected for the next phase design.
TABLE A - IV: EYE MARK LOCATOR CONCEPTS SCORING

Eye Mark Locator Concepts
Projected Laser
Magnifying Glass
Triangular Block
Line
Weighted
Weighted
Weighted
Rating
Rating
Rating
Score
Score
Score
Selection Criteria
Weight
Accuracy
0.28
5
1.4
3
0.84
3
0.84
Repeatability
0.19
4
0.76
3
0.57
5
0.95
Manufacturability
0.05
2
0.1
1
0.05
4
0.2
Ease of use
0.14
4
0.56
1
0.14
5
0.7
Easy to maintain
0.05
4
0.2
2
0.1
4
0.2
Setup/Operation time
0.24
5
1.2
2
0.48
5
1.2
Long Lifespan
0.05
4
0.2
2
0.1
4
0.2
4.42
2.28
4.29
Total Score
1
3
2
Rank
Yes
No
Yes
Continue?
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A2.4

Recommended Design

Though the concept analysis process, it was determined that a combination of a vacuum table,
an electromagnetic induction linear scale, and the magnifying glass/triangular block was the
best combination of concepts. Client feedback on the design affirmed that this is the design that
should be further pursued and optimized, therefore no additional screening or sensitivity
analysis was performed. Further recommendations for the final design include a grid pattern on
the vacuum table for increased alignment, incorporating a second degree of freedom on the
measurement device for reduced setup time, and an anti-static material that could be used to
help aid in the flattening of the plastic film as it is placed on the vacuum table.
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B1.0

Prototyping Verification

A test analysis was performed for this project to validate any designed solutions and potential
concerns regarding the measuring process. A prototype vacuum table with linear scale was
made for simulating the measuring procedure using the designed measuring product.
A list of objectives was identified for the test analysis which was based from the team’s
concerns during the design optimization process. The list of test objectives is shown as follows:


To see if the vacuum table causes the film to form dimples on the table surface



To measure the comfortable distance between the operator and the point of
measurement



To determine if the linear sensor will hinder film placement when in the lowered position



To estimate the duration of the whole process

B1.1

Test Conditions

Some test conditions were considered before conducting a test analysis. The prototype was
made to mimic the designed measuring device. The prototype made for the test analysis came
from household and crafting materials. The materials used for making the prototype were
relatively inexpensive compared to the designed product.
A hockey table was used as a prototype because it has a hole pattern that is similar to the
vacuum table. A household vacuum cleaner is attached to the hockey table to provide a vacuum
force to hold the film in place.
The material used to simulate a raising mechanism and linear scale is made of craft board. The
length of the craft board can be easily adjusted according to the desired distance from the body
and the point of measurement. The craft board bracket is pinned tightly on the side of the
hockey table. The tight pin on the bracket simulates as a friction hinge from the actual design. A
long piece of craft board is attached to the two brackets across the hockey table to simulate a
linear scale that is attached to the bracket.
A plastic film sample from Winpak was used for test analysis to simulate the actual film
measuring procedure.
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Figure B - 1: Prototype setup of vacuum table and linear sensor mechanism.

B1.2

Test Possibilities

The size of the hockey table is one-third of the actual vacuum table design. This would affect
the duration of the measurement procedure as the measurement distance separating the eye
marks is relatively short compared to the actual working setup of the design.
The vacuum power from the vacuum cleaner cannot be controlled and is not as strong as the
actual vacuum pump motor. This would affect the dimple effect of the film on the measurement
surface.

B1.3

Test Techniques

The whole testing process was recorded from a video recorder. The video taken displays the
duration of the measuring process and was verified by the design team.
The simulated bracket was cut up to a desired length and the distance was measured from the
front edge of the table and the linear scale.
The simulated linear scale was raised up to a certain angle in order to lay down and move the
plastic film in place. The angle of inclination of the bracket is determined by measuring the
height of the linear scale to table surface and the horizontal distance of the linear scale to the
simulated hinge.
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B1.4

Test Data

Figure B - 2: Film laid down on the simulated vacuum table.

The film on the simulated vacuum table was laid down flat and did not cause any dimples on the
film.
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Figure B - 3: Distance from front edge to linear scale.

The length of the bracket was adjusted to a comfortable distance from the front edge of the
table and was measured. The comfortable distance between the operator and the linear scale
was found to be 310 mm for an operator of height 5’6”.
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Figure B - 4: Distance from table surface to linear scale.

The raising mechanism was adjusted to a certain height and did not cause any obstruction while
laying down the film on the table surface. The height of the linear scale from the table surface
was 550 mm.
The duration from the video taken while performing a measuring procedure was about 90
seconds.
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B1.5

Prototyping Conclusion

In the test analysis, all the objectives were met. The results from this test provided a general
idea and clarification of the potential concern for the final design. From this test, one can
conclude that the film will not cause dimples on the table surface. The comfortable distance
measured between the front edge of the table and the point of measurement is 310 mm. This
value will only provide a general distance for the final design, as there are multiple factors that
could change the comfortable distance such as height of the operator, height of the table and
inclination of the table with respect to the ground. The measuring process was performed and
the operator did not encounter any discomfort or obstruction while raising up the linear scale
and laying down the plastic film. From the simulated measuring process, the distance between
eye marks was measured three times in three different locations. The duration of the simulated
measuring procedure was 90 seconds, which is less than the maximum duration of 120
seconds. To conclude, the data from the test analysis shows that the concept of the final design
has potential to function effectively in the real operation environment.

B2.0

Hinge Force Analysis

Data obtained from the completed Solidworks files are as found in TABLE B - 1. These are the
final specifications of the components supported by the hinge.
TABLE B - 1: HINGE SUPPORTED COMPONENT SPECIFICATIONS

Part

Quantity

Weight

Distance from Hinge
centre

Linear Sensor

1

2.300 kg

0.508 m

L bracket

1

0.976 kg

0.508 m

Hinge Mount

2

1.620 kg

0.2448 m

Block

2

0.010 kg

0.508 m

From TABLE B - 1, one can find the data used to determine the torque requirements for the
hinge. This calculation is shown below to demonstrate the process used to source torque hinges
in the final design.
The weight of each part is used with gravity to determine the force acting downwards on the
part. To create a minimum expectation for the hinge, the parts are all assumed to be located
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0.550 m away from the hinge. This will allow confidence when sourcing a hinge as the actual
operation of the device will not have as much weight located as far from the centre of rotation.
This calculation can be found below, which will show an exaggerated torque acting on the
hinges.
(2.3 + 0.976 + 2 ∗ 1.62 + 2 ∗ 0.01)𝑘𝑔 ∗

9.81𝑚
∗ 0.55𝑚 = 35.265 𝑁𝑚
𝑠2

35.265
= 8.816 𝑁𝑚/ℎ𝑖𝑛𝑔𝑒
4
Due to the correct orientation of the components supported by the hinges being closer than in
the above calculations, this is not a realistic number. A more accurate calculation follows using
the exact weights and distances from the hinge centre of rotation, found in TABLE B - I. This
calculation determines the actual torque acting on each hinge.
(2.3 + 0.976 + 2 ∗ .01) 𝑘𝑔 ∗ 9.81
(2 ∗ 1.62) 𝑘𝑔 ∗ 9.81

𝑚
∗ 0.508 𝑚 = 16.426 𝑁𝑚
𝑠2

𝑚
∗ 0.2448 𝑚 = 7.781 𝑁𝑚
𝑠2

(16.426 + 7.781) 𝑁𝑚 = 24.207 𝑁𝑚
24.207 𝑁𝑚
𝑁𝑚
= 6.05
4 𝐻𝑖𝑛𝑔𝑒𝑠
𝐻𝑖𝑛𝑔𝑒
6.05 Nm is the real torque felt by each hinge and shows that each hinge allows a buffer of 3
Nm. This serves to increase the longevity of the hinges and proves the design of the raising
mechanism will not fail.
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Vacuum Table Quote

Figure C - 1: Vacuum table quote (page 1).
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Figure C - 2: Vacuum table quote (page 2).
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Figure C - 3: Vacuum table quote (page 3).
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Figure C - 4: Vacuum table quote (page 4).
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Figure C - 5: Vacuum table quote (page 5).
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Linear Scale Quote

Figure C - 6: Linear scale quote.
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Figure C - 7: Computer output cable quote (optional).

McMaster-Carr

Figure C - 8: McMaster-Carr quote.

Metal Supermarket

Figure C - 9: Metal supermarket quote
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