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Abstract 

The purpose of this project is to design a high precision composite panel moulding system to improve 

the manufacturing process currently used by Composites Innovation Centre. The current method uses 

two flat aluminum plates sealed by disposable tacky tape to house the reinforcement fibre. The plates 

are adjusted to the desired height by means of set screws and feeler gauges. Resin is infused into the 

fibres by suction through a vacuum port, and left to cure. Problems associated with the current design 

include repeatability, time of set up, consumable cost, low fibre volume fractions and lack of heating 

ability. 

This project aims to design an improved moulding system by addressing the height adjustment, sealing, 

and heating systems. The goal is to make the process as automated as possible to eliminate variability 

between users. High accuracy is achieved by incorporating feedback control to automatically adjust the 

mould to a specified position using a graphical interface. A mechanical screw jack actuator system is 

capable of providing large closing force, allowing higher fibre volume fractions to be produced. Electric 

strip heaters and insulation heat the specimen uniformly without interfering with other systems. Finally, 

a custom reciprocating seal effectively closes the mould cavity while allowing for adjustment over the 

range of anticipated panel thicknesses.  

Analysis is conducted using both finite element techniques and hand calculations for heat transfer, plate 

deflection, and stresses to ensure that these values fall within an acceptable range.  

A break-even analysis based on possible manufacturing times was conducted and the mould is expected 

to pay for itself after producing between 204 and 507 panels (one and two hour manufacturing times 

respectively).  

Recommendations for further research are to build a prototype to verify sealing system and expected 

accuracy, and to conduct time studies to find an exact break-even point. 
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1.0 Introduction 

Composites Innovation Center (CIC) is a not-for-profit corporation that provides a range of services to 

their clients. These services vary from project management oriented tasks to laboratory testing and 

research activities [1]. The scope of the current project lies within the laboratory materials testing 

aspect of the corporation. CIC provides a variety of material testing services to their clients, and the 

manufacture of test panels is an integral part of this service. Currently, CIC employs a rigid mould 

vacuum infusion technique to manufacture flat test panels measuring approximately 20cm x 20cm. Each 

test panel provides an assortment of test specimens (such as dog-bone shape) which are later subjected 

to physical testing. 

Unlike metals/alloys, plastics, and other homogenous materials, composites are made up of more than 

one discernable material. Due to this fact, many properties of composite materials vary according to the 

fraction of the material which is resin (matrix) and that which is reinforcement (fibre), a property 

described as a material’s “fibre volume fraction”. The mechanical properties of each component often 

vary by orders of magnitude, and the fibre volume fraction helps to predict whether the properties of 

the composite will be closer to that of the matrix or the reinforcement. Thus, it is extremely desirable to 

have a great degree of control over the fibre volume fraction when characterizing the properties of a 

material in a laboratory setting. 

The current method developed in-house employs a flat panel rigid mould vacuum infusion technique 

that is similar to Lite RTM (Resin Transfer Moulding); however, unlike Lite RTM, strict control over the 

volume fraction is maintained. To accomplish this, the system employs a variable thickness mould cavity. 

By adjusting the volume of the mould cavity, the system is able to distribute more or less resin to the 

same reinforcing fibre layers. The current mould setup is shown below in Figure 1. 

 

 

Figure 1. Current method of moulding panels, with mould closed and vacuum applied. 

Vacuum Port Resin Port 
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The mould consists of two thick aluminum plates which are set a precise distance (2-5mm) apart using 

four set screws and feeler gages. The space between the two plates forms the mould cavity and contains 

the fibre reinforcement layers. A sealant layer applied between the panels forms the outside edges of 

the cavity and allows for the application of vacuum pressure via a hose passing through the top plate. A 

second hose in the top plate pulls resin into the cavity using vacuum pressure and wets out the fibre 

reinforcement layers, which are shown below in Figure 2. 

 

 

Figure 2. Open bottom plate of current mould with reinforcement in place. 

Several problems exist with the current method. Firstly, the current method is tedious and time 

consuming to setup accurately because of the set screws, and does not provide consistent results - 

especially between users. Secondly, this process generates excessive waste due to the disposable seals, 

also shown in Figure 2. Finally, the mould must be heated using an oven in situations requiring elevated 

temperatures; transferring the mould between locations is inconvenient. The ideal design addresses all 

of these issues. 

The required design must produce a flat composite panel 2-5mm in thickness while achieving a 

repeatability of 0.01mm with minimal variation between users. The desired panel size is 15.2cm x 

45.7cm (for flammability testing, according to ASTM E162 [2]). The fibre volume fraction capability of 

the mould must at least match the current volume fraction of 30%; however, it would be desirable to 

achieve volume fractions up to 50%.  

The “quality” of the panel describes the degree of wetting and presence of voids or defects. A high 

quality panel with good resin saturation and minimum voids or defects is absolutely critical. The panel 

must meet these specifications while simultaneously conforming to manufacturing specifications, 

namely that the manufacturing procedure should be easy to follow and faster than the current method 

(with a baseline of 3 panels per 8 hour shift [3]). 

  

Reinforcement Fibre 

Sealant Tape 

Bottom Plate 
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In order to reach the target specifications for the panels,  

 The material used in the mould must be rigid enough to deflect less than 0.01mm over the 

mould surface during operation. This rigidity ensures that the flatness of the panel is not 

affected by deformation of the mould plate.  

 The mould cavity must be properly sealed. An effective seal allows the mould cavity to hold 

vacuum pressure, which improves the quality of the panel. The seal must be compatible with 

the expected operating environment, including temperature and chemical exposure.  

 The operating temperature of the mould is important to consider since the cure cycle for several 

resins occurs at elevated temperatures. The target specification for the temperature is 180°C 

and represents the highest temperature used in the curing cycles.  

 Lastly, the cost to manufacture could be a deciding factor when choosing whether to implement 

the design and the design is considered feasible if the cost is kept below $10,000. 

The ideal design meets all of the target specifications above, and improves the manufacturing process 

by producing an easy to use, consistent, and fully integrated system for the manufacture of flat 

composite panels. 
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2.0 Design Summary 

The current design improves on many aspects of the current method of composite panel fabrication. 

The new technique is expected to reduce setup time, improve usability, produce a higher quality 

laminate in a larger range of volume fractions, eliminate user variability, integrate heating capabilities, 

and reduce consumables. 

The general moulding technique draws on characteristics of both vacuum resin transfer (VaRTM) and 

compression moulding. The mould cavity is infused with resin through a resin port using vacuum 

pressure, and the mould is compressed to the final thickness using high force, squeezing out excess 

resin. This compression step helps to achieve the higher fibre volume fraction (50% or higher) that the 

client desires. The design team was unable to find any references to this particular technique, but 

similar processes have been used which employ positive pressure injection (instead of vacuum) with 

compression [4]. 

The image below shows the complete mould assembly. There are several important features to note 

before describing each section in detail. In general, the assembly consists of the two upper plates (which 

make up the mould cavity), guide shafts, servo-driven mechanical actuators (screw jacks), electric 

heaters, and an integrated control system (not shown) [5]. 

 

Figure 3. Exploded complete mould assembly isometric view. 

  

Top Plate 
Heaters 

LVDTs 

Linear 

Bearings 

Travelling 

Plate 

Screw Jacks 

Mounting Plate 

Guide Shafts 

Seal 

Retaining Clips 



    5  

 

An outline of the proposed procedure appears below to clarify the function of each component.  

 The user places reinforcement fibre in the cavity between the two plates and closes the mould 

(using a graphical interface) so that the seal along the edge of the mould cavity engages.  

 The air is removed from the cavity by closing the resin port and applying vacuum pressure to the 

vacuum port.  

 Resin is infused into the mould cavity through the resin port. 

Up to this point, the procedure is similar to the current method used at CIC, except that the motion of 

the plate is controlled using a graphical interface and feedback controlled electric motor.  

 If a higher volume fraction is required, the user may close the mould using up to 18kN of force in 

addition to the vacuum pressure already applied (which could exert approximately 10kN over 

the plate surface). This additional step is optional, and provides the user with a great deal of 

flexibility in fibre volume fraction.  

The following sections describe each of the individual components previously mentioned. Refer to 

Appendices  B-E for detailed analysis or specification sheets for any of the components. 
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2.1 Mould Cavity 

The mould cavity consists of sealed upper and lower dies that slide together under vacuum pressure. 

Details of the mould dies and sealing system follow in sections 2.1.1 and 2.1.2. 

2.1.1 Upper and Lower Dies 

The mould cavity shown in Figure 4 consists of a travelling plate and a top plate secured to guide shafts 

using retaining clips.  Each plate is machined from stainless steel (alloy 410), which provides a good 

balance between strength, corrosion resistance, and machinability [6]. 

 

 

The travelling plate forms the bottom half of the mould and appears above in Figure 4. This plate is 

pushed along the guide shafts by a mechanical actuator. The four guide shafts help each corner of the 

mould cavity move evenly (discussed in section 2.2) to ensure the manufactured panel is flat. 

The top plate provides a secure backstop for the travelling plate to push against, which allows for the 

production of high fibre volume fractions. An additional design feature of the top plate is the 

attachment method used to secure it to the mould assembly. The retaining clips, shown in Figures 3 and 

4, are designed to allow for easy removal of the top plate for cleaning and surface preparation. 

Simplified disassembly is important since the surface of the mould cavity must be refinished (polished) 

periodically.  

The lower die also appears in Figure 4, and consists of a 15mm raised platform on the top surface of the 

travelling plate. This height is specified to allow sufficient space for the seal to engage reliably over the 

entire range of thicknesses required (2-5mm). A groove cut laterally in the side of the platform houses 

the seal (refer to section 2.1.2). The corners of the rectangular platform have a large radius fillet to seat 

the seal effectively. The edges of the raised platform are filleted to allow for polishing, easier machining, 

and compatibility with the upper die cavity. The travelling plate uses linear bearings (discussed in the 

actuator section) to slide along the guide shafts located at the corners of the plates. The last feature of 

the travelling plate is for the placement of the LVDT, as discussed in section 2.2.  The LVDTs are fixed to 

Figure 4. Mould cavity cut away view. 

Top plate  

Travelling plate 
Cavity 
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the travelling plate and allow the sensor to touch the top plate.  With this design the LVDTs can be 

removed for easier cleaning. 

The top plate also appears in Figure 4 and its primary feature is the 15mm deep rectangular cavity which 

acts as the upper die of the mould. The inside edge of the cavity is chamfered which allows the seal to 

engage smoothly. Like the travelling plate, all corners are filleted to allow for polishing, easier 

machining, and compatibility with the lower die’s raised platform.  Lastly, resin and vacuum ports are 

located along the centre of the width of the plate. The resin port, located in the middle, allows resin to 

flow into the mould effectively. The vacuum port, located near the edge, allows for even evacuation of 

the mould cavity.  

The size of both plates is selected to be a standard size and thickness from McMaster-Carr [6]. Analysis 

of the deflection and stresses shows that the maximum allowable deflection occurs much sooner than 

the maximum allowable stress; therefore, the plates are designed primarily for deflection. The thickness 

is selected such that the deflection is less than the desired accuracy of 0.01mm. Refer to Appendix B for 

detailed analyses.  

 The retaining clips allow the top plate to be detached for cleaning or mould preparation, while still 

providing a secure and rigid connection between the top plate and guide shafts. The clips measure 

30mm (diameter) x 6.35mm and are made of steel. The shoulder machined into the top of each guide 

shaft accepts the clips. The inside edges of the clips are chamfered to allow for the fillet radius on the 

shaft shoulder. A disc spring is added below the clip to pretension the shaft against the clip, holding it in 

place. 

2.1.2 Sealing System 

The sealing system is a vital part of the mould design. The design stipulates that the mould produce a 

high quality panel, free of voids or defects. The use of vacuum pressure during the curing stage helps to 

remove voids, wet out the fibres, and consolidate the laminate. Since vacuum pressure will also be used 

to suck the resin into the mould cavity, the sealing system impacts many aspects of the design. 
The general requirements for the seal are that it must be able to hold pressure (up to 1 bar) at various 

cavity heights. In this respect, the seal is similar to a reciprocating seal often seen in hydraulic pistons. 

The seal differs from a typical hydraulic piston seal in shape (non circular), operating pressure (much 

lower), and size (much larger). A dynamic O-ring style seal is adopted since static seals are only designed 

for a narrow range of compression. It would be unwise to use a static seal and simply compress it to the 

required height. Refer to Appendix C for design details and further discussion.  
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Figure 5. Suspended seal in cavity. 

An image of the proposed sealing system appears in Figure 5. Note the top and bottom cavities of the 

mould, with the seal suspended between.  

The two cavities fit together with close tolerances and seal using an O-ring. A brief overview of the seal 

selection, gland design, and material selection is presented below. The seal type selected is an SAE 

standard size AS-568-2-386 O-ring. This O-ring has a 3/16” cross section diameter and an inside 

diameter of approximately 17 inches (16.955 ± 0.005). Since a standard sized seal is desirable for 

economic reasons, the geometry of the mould cavity is adjusted to fit the seal. The adjusted mould 

cavity size is determined to be 20 in x 9.25 in with a fillet radius of 1.5 in. 

The shape and size of the gland is a very important aspect of the seal design. O-rings operate under 

some initial compression that energizes the seal against the gland. When fluid pressure is applied to the 

gland cavity, the O-ring compresses against the side of the gland and extrudes slightly into the clearance 

gap. A schematic of this process appears in Figure 6. 

 

 

Figure 6. O-ring sealing process. 

 

Uncompressed Energized Pressurized 

Gland 

O-Ring 
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Ranges for gland dimensions from the Parker design manual are used as a guide. The specified 

dimensions appear in Figure 7 and TABLE I, with a brief explanation of their significance in terms of 

meeting the client’s needs. A more detailed description of the parameter selection process and failure 

modes appears in Appendix C. 

 

 

Figure 7. Gland dimensions and naming convention. 

  

TABLE I. GLAND DIMENSIONS. 

 Inches Metric Selection 

O-ring cross section 
(CS) 

0.210 (±0.005) 5.33 (±0.13)mm - 

Gland Length (L) 0.281 (+0.005) 7.14 (+0.13)mm 7.2 (±0.05)mm 
Squeeze (%) 8-14% - 13% 
Squeeze (actual) 0.017 – 0.030 0.43-0.75mm 0.71mm 
Gland Height (H) 0.185 (+0.003) 4.70 (+0.076)mm 4.7 (±0.02)mm 
Radius (R) 0.020-0.035 0.51-0.89mm 0.75mm 
Break edge (Rb) 0.005 (+0.005) rad  - 0.005 rad (approx) 
Clearance (C) 0.0015-0.003 0.04-0.08mm 0.08mm 
Surface finish (A/B 
max) 

A -16RMS µin 
B -32RMS µin 

A - 0.4 RMS µm  
B - 0.8 RMS µm 

- 

Insertion Chamfer (θ) 10o-20o - 10o 

 

Design features for the seal are generally related to meeting the client’s needs in terms of an 

economical solution that provides the most reliable seal. Aspects of the gland design that are designed 

to help meet the client’s needs relate to the clearance, insertion chamfer, surface finish, radius, and 

break edge. 

Top Plate  

Traveling 

Plate  

Gland  
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Surface finish is rougher on the inside of the gland to prevent rolling of the O-ring, while the finish on 

the sliding surface is finer to reduce O-ring wear. Insertion chamfer is selected to be shallow, so that the 

O-ring is compressed uniformly and gently. This reduces the chance of spiral fracture and is less likely to 

damage the O-ring during mould closure. The break edge is provided to reduce the likelihood of damage 

during installation. All of these features extend the life of the seal and will reduce total cost. 

O-ring material is selected to be highly fluorinated elastomer formulation V3819-75 from Parker. This is 

the most economical choice that will withstand the high temperatures and aggressive chemicals 

involved. Appendix C contains much more detail on the material selection. 

2.2 Linear Motion System 

One of the main needs of the client deals with the accuracy and user subjectivity. The accuracy of the 

system lies in the large gear ratio screw jacks in conjunction with LVDT feedback to the servomotors. To 

keep the measurements accurate over the whole plate area, the plates are kept level using the guide 

shafts and linear bearings. 

User subjectivity is eliminated through the use of electronic controls. Each thickness is numerically 

entered, eliminating user error in producing thickness measurements. The design eliminates user 

subjectivity and increases productivity by using numerical control for the height adjustment. 

2.2.1 Actuators 

The actuating system is responsible for opening and closing the mould cavity and also applying pressure 

to the mould to compact the fibres enough to expel any excess resin from the panel. The mould is 

designed out of two plates, the top plate remains fixed while the travelling plate is adjusted to the 

proper cavity thickness. 

In order to raise and lower the plate, a screw-jack is used in conjunction with an electric motor to 

control the input precisely. A screw jack utilizes a screw with an outer worm gear attached to a worm 

screw. Turning the worm screw rotates the worm gear which rotates the lead screw, raising the plate. 

This configuration can be shown in Figure 8. 
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Figure 8. Screw-Jack Internals [7]. 

The screw style actuator relies on large gear ratios (difference between input and output rotation 

speed) and small leads (amount that the screw advances per rotation) to produce very small 

displacements of a large load. Screw jacks come in different configurations of thread pitch, gear ratios, 

mounting orientations and screw end conditions. The particular design uses an upright design with the 

mounting face on the lower edge of the jack. The jack is placed below the moving plate and pushes 

upwards putting the screw in compression. The end of the screw is attached to the plate with a 

translating load pad as shown above in Figure 8.  The jack is sized appropriately for the desired loading 

conditions.  
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The design uses two jacks to provide 4000 lbs of force to compress the two plates together. This means 

that each jack will be contributing 2000 lbs at most. The jack chosen is a 1 ton capacity worm gear 

machine screw jack with a 20:1 gear ratio. This gearing ratio increases the output torque, so a less 

powerful and more accurate electric motor can be used to control the screw. Specifications for the 

chosen jack are found in Table II and Table III. 

TABLE II. JACK PHYSICAL CHARACTERISTICS [7]. 

Jack Data  

Screw Diameter [in] 0.75 

Screw Pitch [in] 0.2 

Screw Lead [in] 0.2 

Gear Ratio 20:01 

Static Max Load [lbf] 2000 

Dynamic Max Load [lbf] 2000 

Rise [in.] 2 

Travel Speed [in./min] 2 

Max Column Load [lbf] 10198.321 

 

TABLE III. JACK PERFORMANCE DATA [7].  

Performance Data  

Input Speed [rad/min] 1.257 

Screw Output Torque [in*lb] 149.413 

Input Starting Torque [in*lb] 35.762 

Input Running Torque [in*lb] 22.198 

Input Power [HP] 0.07 

 

2.2.2 Motor 

The maximum input torque required occurs when the maximum load is being output. This input torque 

is split into two different cases, starting and running torque. The starting torque is when the system is 

stationary and begins to turn and is always higher than running torque. A motor is chosen to match this 

torque.  

 

The motor of choice for this application is an AC servo motor. The motor is chosen based on the torque 

required on start-up of the screw. As the plates will be moving slowly, the motor output speeds are 

relatively low, ranging from 500-1000rpm. When choosing the motor, the stall torque is considered over 

maximum torque because the motor will be turning slowly and possibly pulsing on and off to reach the 

desired position. 
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The motor chosen is a brushless AC servo motor available from Baldor Electric Co. This particular motor 

is a BSM C-Series: part number BSM90C-2250AF. The motor has a stall torque of 46 lb-in and peak 

torque of 138 lb-in. This would give more than enough torque to overcome the maximum loading 

scenarios expected. More information about this particular motor can be found in Table IV. 

TABLE IV. BSM C-SERIES: BSM90C-2250AF SERVO MOTOR SPECIFICATIONS [8]. 

Specification Number:  S3P193W080 

  
General Parameters  
  Cont. Stall Torque Lb-in (N-m):  46.00 (5.20) 

  Cont. Stall Current:  2.51 

  Peak Torque Lb-In (N-m):  138.1 (15.6) 

  Peak Current:  6.40 

  
  
Electrical Parameters  
  Torque Constant  Lb-in/Amp (N-m/Amp): 21.60 (2.44) 

  Voltage Constant  Vpk/KRPM (VRMS/KRPM):  208.6 (147.5) 

  Resistance:  16 

  Inductance (mHy):  52.7 

  
 
 Mechanical Parameters  
  Inertia Lb-In-s

2
 (Kg-cm

2
):  0.0078 (8.83) 

  Speed at 300 Bus Volts (RPM):  1200 

  Max Speed (RPM):  10000 

  No. of Motor Poles:  8 

  
 
 Feedback Device  
   Encoder   

   Line Count 2500ppr 
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2.2.3 Parallel Motion 

The screw jacks and motors provide all the closing force needed, but plate levelling is still a concern. This 

levelling is achieved by having the plates connected by hardened steel guide shafts. The top plate is 

securely fastened to the shaft by the retaining clips while the moving plate slides freely. Linear bearings 

help the moving plate to glide effortlessly and reduce the chances of binding during movement. The 

bearing housings are bolted to the bottom of the travelling plate as shown in Figure 9. 

 

Figure 9. Bearing sleeve mounting. 

The mould cavity is guided by four shafts but controlled by only two actuators. These two actuators are 

positioned along the length of the mould and can control the level of the cavity along this axis.  It should 

be noted that a three screw-drive system was also considered to have control over all three degrees of 

freedom (two rotational and one normal); however, after consulting with an expert in the field [5], it 

was determined that a three drive system would not necessarily result in a higher positioning accuracy 

since the distance between the actuators and the plate edge would be larger, decreasing the effective 

accuracy in the position of each edge.   
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The levelling along the width of the plate is encouraged by resistance between bearings and guide 

shafts. The design can achieve sufficient accuracy because the maximum misalignment is proportional to 

the distance between supports, and the width is sufficiently small. This is clarified in Figure 10 below. 

 

Figure 10. Plate misalignment illustration. 

Figure 10 shows two scenarios, the level plate and misaligned plate. The misalignment of the plate 

causes a change in the height (B). If the length of the span (C) is kept short, this effect is decreased. To 

keep this misalignment to a minimum, the gap between the guide shaft and bearing (A) is minimized. A 

very small gap would limit the angle of deflection and thus, vertical misalignment (B). Bearings are 

selected for this design since they provide the necessary high tolerances without causing excessive 

friction. 

2.2.4 Sensors 

To be certain that the cavity is set to the proper thickness, an LVDT (Linear Variable Displacement 

Transducer) measures the cavity thickness at each end of the length of the plates. This information is 

used as feedback for the motors to control their movement. The LVDT is mounted rigidly to the 

travelling plate and uses a spring and plunger style core (where the plunger has a spring return that 

applies slight pressure to the face of the top plate without any fasteners) to facilitate removal of the top 

plate.  
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2.3 Heating 

The ability to heat the mould to a surface temperature of 180°C without interfering with the mechanical 

systems requires careful attention to the type of heating and insulation selected. 

2.3.1 Heaters 

In order to keep a constant and uniform surface temperature of 180°C with free convection on all 

surfaces of the mould, the un-insulated heat loss was calculated to be 194W. This value was hand 

calculated, and due to the limited knowledge of transient (time varying) conduction, a steady state 

assumption was made. Using the “SolidWorks Simulation” [9] software, a transient heat flow test with 

the same surface temperature was performed and the heat loss was found to be 163 W. Differences 

between these values are due to the transient versus steady state approaches taken. Also, there is 

always uncertainty involved in simulation due to the idealized nature of the problem. The actual heat 

loss is assumed to lie somewhere between these two values. 

Omega Engineering provides a wide range of strip, finned, and ring heaters with heating capacities of 

150 W and upwards [10]. An OT Series strip heater is selected (OT-1225/120) and appears below in 

Figure 11.  This heater model has a length of 12 inches, heated length of 10.5 inches, width of 1.5 inches, 

thickness of 0.375 inches, and heat generation rate of 250 W [11]. The heaters are bolted down to the 

mould through the two slots on the ends. 

  

Figure 11: OT Series Strip Heater from Omega (250 W) [8]. 

The OT series strip heaters have two offset bolt terminals at one end which are connected to a 120 V AC 

power source through a relay (one per plate). Each relay is controlled by the same control system as the 

servomotors (using thermocouples to provide feedback). The user enters a desired surface temperature 

and the heaters will adjust their outputs accordingly. The OT series have maximum service temperatures 

of 399°C (limited by the sheath material) [11], which is acceptable for the maximum expected mould 

temperature of approximately 200°C. 

In order to keep the plate temperature as uniform as possible, two offset heaters are placed on the top 

of the mould and two heaters offset in the reverse manner are placed underneath (refer to Appendix E 

for an illustration). The four heaters have a total power of 1000 W, and since this is more than the 194 

W required, the heaters can run smoothly in the low range of their capacity. 
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2.3.2 Insulation 

Insulation added to the outside of the top and travelling plates minimizes heat loss and encourages a 

more uniform surface temperature. Worbo Incorporated [12] offers various high temperature 

protection and insulation products for household and industrial applications. They offer several possible 

solutions for insulating the mould, including Cool-Skin Tape or Cool-Skin Blanket, shown in Figure 12. 

 

Figure 12: “Cool-Skin Blanket” from Worbo Incorporated [12]. 

The purpose of Cool-Skin technology is to “drastically reduce high surface temperatures to a safe touch 

condition” [12]. The Cool-Skin Blanket is very well suited for insulating the surfaces of the mould, since 

the material has a Peel and Stick Pressure Sensitive Adhesive (PSA) and is manufactured with clean non-

fibrous materials. These features make the material easy to cut to the required dimensions and apply to 

the mould surface. The PSA insulation blanket may be applied in one or more layers to reduce the 194W 

heat loss. The Cool-Skin blanket is resistant to moisture, various chemicals, and shows excellent overall 

durability in various environments [12]. Finally, it is rated from -80 to 200°C [12], which our 180°C 

surface temperature falls comfortably within. 

  



    18  

 

3.0 Procedure 

3.1 Assembly 

All parts needed to assemble the mould are listed and labelled in Figure 13.  Assembly drawings for the 

heater, LVDT, and actuator appear in greater detail in Figures 14-16 respectively. 

 

Figure 13. List of parts and drawing of assembled mould. 
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Figure 14. Heater assembly. 

 

Figure 15. LVDT assembly. 
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Figure 16. Actuator assembly. 

3.2 Operation 

The user begins by properly cleaning the entire inside of the mould with acetone and applying a release 

agent to the cavity surfaces. The user then places reinforcement fibre in the cavity between the two 

plates and closes the mould (using a graphical interface) so that the seal along the edge of the mould 

cavity engages. The air is removed from the cavity by closing the resin port and applying vacuum 

pressure to the vacuum port.  Up to this point, the procedure is similar to the current method, except 

that the motion of the plate is controlled using a graphical interface and feedback controlled electric 

motor. 

To achieve fibre volume fractions above the capacity of the current method, the screw jack is utilized for 

compression in addition to vacuum pressure. The screw jacks can close the mould using up to 18kN of 

force in addition to the vacuum pressure already applied (which exerts approximately 10kN over the 

plate surface). This additional step is optional, and provides the user with a great deal of flexibility in 

fibre volume fraction. 

If curing at an elevated temperature is desired, the user enters the desired temperature into the 

interface and four electric heaters uniformly heat up the mould cavity from the top and bottom. Once 

the curing has completed, the user opens the mould via the graphical interface. If necessary, the screw 

jacks can apply force in the reverse direction so that the mould may be opened if the resin bonds the 

plates together. This feature should speed up the demoulding process. If the composite sticks to the top 
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panel inside the cavity, it may either be punched out directly through the ports, or the excess flash 

around the perimeter may be broken away to pry the composite panel out. 

4.0 Summary 

The requirements related to ease-of-use, accuracy, cycle time, and consistency between users are met 

with the current design. The mould uses feedback controlled electro-mechanical actuators to set the 

height of the cavity, dynamic reciprocating O-ring seals to hold vacuum pressure over a range of cavity 

heights, insulation and feedback controlled electrical heaters to achieve a uniform die temperature, and 

linear bearings and guide shafts to precisely control the plate alignment. The mould is expected to 

produce panels which are free of defects and accurate to ±0.01mm. Using computer controlled systems, 

the user subjectivity is eliminated while also making the mould much easier to use. 

The design meets these requirements while maintaining a parts cost of approximately $7,700. Including 

machining and assembly, the cost is still expected to fall below the budget of $10,000.  
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Appendix A – Design Selection 

Selection Process 

Selecting a suitable design solution is never an easy task. Problems seldom have a single solution and 

many different designs had to be evaluated to choose the best option. In order to select an appropriate 

design, screening and scoring matrices were used to compare different ideas. The principal idea behind 

these techniques is to assign a weight to certain criteria related to the design. The different concepts 

were scored relative to each other and the total scores were tabulated. For the present design, concepts 

were divided into four different categories: process, height adjustment, measurement, and heating.  

These concepts and categories were selected through preliminary research into the design and early 

brainstorming sessions. Each category had its own list of criteria that are compared between the various 

design concepts. 

Screening 

The different categories mentioned above each have their own design options. Using the screening 

matrices, some conceptual designs were eliminated thus making the final design choice simpler. It was 

evident that certain concepts were much less suitable than others. Once certain designs were 

eliminated, the remaining concepts were inserted into the scoring matrix so that the value of each 

design could be quantified.  The concepts and scoring criteria from each category are described below. 

The height adjusting matrix suggested that the best design options would be a hydraulic or screw-drive 

system. These two systems stood out from gear train, screw-drive, piezoelectric, and electromagnetic, 

mainly due to their high strength and precision capabilities.  Ratings were determined using carefully 

chosen criteria.  The criteria for height adjustment included: strength, fineness of adjustment, range, 

cost, ease of use and supporting hardware.   

The measurement matrix indicated that an LVDT or a digital indicator were the most practical choices. 

These two systems were selected mainly due to their ease of use and automation potential. The 

selection criteria for this matrix were: ease of use, cost, repeatability, automation, speed and ability to 

be heated.   

Candidates for the heating category included heated fluid, electric heaters, and preheating.  The rating 

was base on the criteria: cost, ease of control, supporting hardware, constant temperature, 

repeatability, and interference with other systems.  Each design option had its own strengths depending 

on the criteria; therefore, all concepts were carried to the scoring matrix. 

The design options selected for the moulding process were: closed mould infusion, vacuum assisted 

resin transfer moulding, compression moulding, and resin transfer moulding.  The criteria used for 

ranking were: cost, volume fraction range, cycle time, ease of use, and adjustability.  Closed mould 

infusion and compression moulding were identified as the most suitable types, and they advanced to 
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the scoring matrix. The desirable features of these methods are their accuracy and high volume fraction 

capabilities respectively.  

Scoring 

The scoring matrices compared the design options that were carried forth from the previous screening 

matrices. Design options and the evaluation criteria were listed along with their relative weightings. 

These weightings and the design options were each scored on a scale of 1 to 5. The scores for each 

design were multiplied by the weighted factor, helping to understand the relative importance of each 

criterion. 

The height adjustment was split up into two different types, automatic and manual. Both the hydraulic 

and screw-drive systems could be controlled automatically or manually, so it was important to consider 

this when making the design choice. From the scoring matrix, both the automatic hydraulic and 

automatic screw-drive systems provided a suitable solution for the height adjustment capability. 

However, upon further consideration, the hydraulic system proved to be too expensive and complicated 

(safety standards for pressure lines, dealing with fluid and pump integration). Thus, an automatic screw 

drive system was chosen.   

Two possible measurement systems from the screening matrix were analyzed in their own scoring 

matrix. From here, an LVDT appeared to be the better device for incorporation into the design because 

of its high accuracy and the ease with which it can be applied to an automated system. 

Since all three heating systems were carried into the scoring matrix, careful consideration had to be 

taken in their scoring. The scores showed that the electrical or fluid heating would be more desirable 

than pre-heating the mould as they would have less interference with the other systems in the design. 

However, the electrical strip heaters proved to be a much simpler and cheaper solution than the heating 

fluid of a heat exchanger. 

Finally, the most suitable moulding process was determined through the scoring matrix. Upon reviewing 

it becomes obvious that no single technique easily satisfies the design requirements. Additionally, it is 

clear that the descriptions of each process are not absolute in their definition and many variations of the 

above techniques exist; therefore, it is better to think of these methods as families of similar techniques 

instead of absolute and well defined processes.  A hybrid technique of the team’s own design was 

chosen for development that includes vacuum infusion followed by compression.  

Discussion 

Considering the multiple parts of the design, concept integration is critical. All of the components need 

to function correctly and not interfere with each other. The environment in which each component 

operates was also considered to make sure that performance is maintained. Other design points that 

were considered are ease of manufacture, use, assembly, and adjustment.  



    25  

 

Several possible design combinations were generated based on the ratings and scoring. The most 

promising design includes a hybrid moulding process (vacuum infused compression) with an automated 

screw-drive system using LVDT feedback to control the mould height. Heating is accomplished by bolt-

on electric heaters. Based on the research and analysis completed, this was the design that was chosen 

for development. 
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Appendix B – Mould Cavity  

Finite element analysis is completed on both plates to estimate the deflection. The total deflection 

should be smaller than the desired accuracy. Simulation is performed in both SolidWorks and ANSYS 

with various boundary conditions.  

In the SolidWorks simulation, the travelling plate shown in the bottom of the figure was set as a rigid 

member while the top plate underwent deflection. The holes for the pins in the top plate were fixed 

while the remaining portions of the plate were free to move. As shown in the scale on the right side of 

Figure 17, the maximum displacement occurs in the middle of the top plate has a magnitude of 

approximately 0.001mm. This is well below the required limit on deflection of 0.01mm.  

 

Figure 17. Deflections of the top plate (SolidWorks) [1]. 

Finite element modeling of the two plates was also conducted for stress. The maximum stress was 

determined to be well below the yield stress for type 410 stainless steel (by an order of magnitude at 

least), and deflection was decided to be the limiting factor.  

The top and travelling plates were also modeled using the commercial finite element code ANSYS 11.0 

with different boundary conditions. Due to the two planes of symmetry, only 1/4 of the plate is modeled 

(applying symmetry boundary conditions to symmetric planes). Geometry is imported and material 

elastic properties are set to those for steel E = 200 GPa and v = 0.3.  Element type is “SOLID187”, which 

is a quadratic tetrahedral shape.  Boundary conditions were applied for three cases of increasing 

complexity.  
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To help refine the solution around stress concentrations:  

 Convergence set to max 5% 

 Adaptive mesh refinement applied between loops  

 The maximum number of loops set at 4.   

Case 1: (Top Plate Only, similar to the SolidWorks case) 

4500N applied to the clip bearing surface.  

Fixed support along mould cavity. 

Maximum deflection: 0.04mm 

 

 

Figure 18. Stress distribution in top plate (case 1). 
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Case 2: 

Fixed support at the clip bearing surface on top plate 

4500N through actuator bearing surface on bottom plate 

Contact elements applied with contact tool. 

Maximum deflection: 0.03mm 

 

 

Figure 19. Deformation in the vertical direction (case 2). 

Case 3: 

Added cylindrical (tangential) supports to case 2 to simulate rigid guide shafts. 

Maximum deflection:  0.02mm 

 

 

Figure 20. Deformation along the normal axis for case 3 [2]. 
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Figure 21. Equivalent stress in top and travelling plates (case 3) [2]. 

This problem could have been further refined by modeling contact between guide shaft and plates.  

Since the shafts are elastic and are expected to deform, the true deflection should lie between the 

values for case 2 and 3. 

Maximum deflection (case 3) was estimated to be approximately 0.02mm at maximum closing force, but 

the variation between deflections across the panel length is only approximately 0.01mm. This is deemed 

to be acceptable.   

Top Plate 

Travelling 

Plate 
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Appendix C – Seal Design 

Selection of seal type 

The operating conditions for this seal are non standard. The non-circular seal must reciprocate (with a 

stroke of approximately 5mm) while maintaining vacuum pressure. In general, there is little information 

available for the design of non-circular seals. However, the Parker o-ring manual [1] indicates that 

“irregular chambers can be sealed [with O-rings] in both fixed and moving part installations” (1-4). The 

selection chart in [2] indicates that O-rings are favourable for light duty reciprocating seals (below 160 

bar), while more robust reciprocating seals (U-seal or similar) are reserved for higher pressure 

applications (since higher pressures are required to energize the seal). Additionally, the cost to custom 

manufacture a traditional reciprocating U-seal or T-seal would likely be prohibitive, since the semi-rigid 

backing materials would need to be custom moulded in the square shape. 

Equivalent diameter calculation 

This size was determined by calculating an equivalent diameter from the perimeter of the cavity (offset 

by the gland height, 𝑔) and adjusting the width (H) such that the seal length would be appropriate for 

the standard 17 inch size O-ring. A 3% installed stretch is designed for to ensure that the seal remains 

well seated (as per design manual [1]).  A schematic showing the required dimensions appears in Figure 

22, with the equation used to calculate the equivalent diameter (derived from geometry) appearing 

below it.  

 

Figure 22. Geometry and nomenclature of reciprocating seal and mould cavity. 

Equivalent diameter: 

𝐷𝑒𝑞 =
2 𝐿 − 𝐻 − 4𝑔 +  𝜋 − 4  𝑅 − 𝑔  

𝜋(1.03)
  

Where L, H, and R are the length, height, and radius (as appearing in Figure 22), and 𝑔  is the gland 

height. 

R 

L 

H 
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Gland Geometry  

The selection of cross sections was based on available standard sizes for this diameter (17”), which are 

1/8”, 3/16”, and 1/4" nominal sizes. The 3/16” (5.33mm) diameter cross setion is selected over the 

other standard sizes to provide balance between flexibility (since the o-ring must wrap around a filleted 

rectangle instead of a circular shaft) and allowable clearance. A larger cross section would provide larger 

clearances and better stability (refer to the discussion on failure in the following section), but the stiffer 

seal would not wrap around the non-circular cavity as well.  Additionally, should a larger cross section be 

desired at a later time, it is much easier to expand the gland than machine a new plate. By selecting the 

mid sized cross section, the option to expand is available. 

Gland height is selected from the low end of the range to increase the compression on the seal. This is 

desirable since vacuum seals operate better at high squeeze [1]. The tolerance for gland height is higher 

than for the width since the height controls the friction and compression, which should be as even as 

possible. 

The width is also selected to be near the low end of the range, since there is very little space available. 

This width provides a gland fill of approximately 65%, which is lower than the ideal fill (generally 

accepted to be 75%). Using larger values will only decrease the gland fill, and it is unclear why the design 

manual specifies gland dimensions that provide gland fill of at most 65%.    

The gland fillet radius (R) of 0.75mm is selected to ease manufacture, since it is more likely that a 1.5mm 

round cutter is available than some non-standard size. Any radius in the range is acceptable, and this 

dimension may be modified to account for which sizes of ball nose cutter is available. 

A shallow chamfer is desired to provide a more gradual insertion. The lower portion of the range is 

selected (10oC). 

A rougher surface inside the seal gland helps to reduce the likelihood of seal rolling, the surface finish of 

32RMS (Root Mean Squared – A specification of roughness measurement) should be achievable from 

machining, but the finer surface finish of 16RMS on the compression side will require additional grinding 

or honing.  

The maximum clearance gap is chosen to ease installation. The major limitation on clearance gap is seal 

extrusion. Since the pressures are very low (1 bar), this will not be a problem.  

The amount of squeeze depends on the gland depth, clearance gap, and O-ring cross section. For this 

case, the squeeze is calculated to be approximately 13%, which is within the acceptable range of 8-14%. 
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Selection of Seal Material 

The selection of a base polymer is one of the most important aspects of the seal design. There are many 

thousand different elastomer formulations available, and most of them are unsuitable for this particular 

operating environment. Temperature and chemical resistance are the two largest limitations placed on 

the current design. The seal must withstand relatively high temperatures that would degrade most 

elastomers, as well as withstand chemical attacks from a range of extremely aggressive fluids.  The 

specific requirements for temperature and chemical resistance appear in Table V below. 

TABLE V. OPERATING ENVIROMENT FOR SEAL [3-7]. 

Element Category Hazard Concentration 

Temperature 20-180oC - 
Cleaning Acetone  100% 
Polyester and Vinyl Ester Resins Styrene  30-50% 
 Methyl Ethyl Ketone Peroxide (MEKP) 1-2% 
 Cobalt naphtenete 0.1-0.5% 
Epoxy Resin Epoxy Resin (Proprietary formulation) - 
 Hardener (Amines) 30% 
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The temperature requirement immediatly eliminates several elastomer families, as seen in Figure 23 

below. 

 

Figure 23. Comparison of the operating temperature for various elastomers [1] 

From Figure 23, the red vertical line represents the highest expected temperature of 180oC. The only 

elastomers which are able to operate at these temperatures are EPDM, FMQ, FVMQ, FEPM, FKM, FFKM, 

and VMQ  (ASTM D1418 [8] designations). 

Chemical resistance is extremely important, since many of the chemicals are very aggressive and the 

seal must be durable to last for several cycles. The seal must be resistant against aromatic hydrocarbons 

(benzene, toluene, styrene), polar solvents (MEK, acetone), amines (in the epoxy resin), as well as other 

specialized chemicals that fall outside of these families.  TABLE VI summarizes each of the expected 

chemicals and the suitability of each elastomer.  
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TABLE VI. COMPATIBILITY OF EXPECTED FLUIDS WITH THE SEAL, ADAPTED FROM [1]. 

 

 Fluorinated rubbers (FFKM/FKM) is the only family of elastomers that fit all of these requirements. 

There are two sub-categories of fluorinated elastomer that are suitable for this application: 

 Perfluoroelastomers (FFKM)   

o Trade names Parofluor (Parker) or Kalrez (DuPont) 

o Approximately 75% fluorine content 

 Highly fluorinated elastomer (subcategory of FKM)  

o Trade names Hifluor (Parker) or Viton ETP Extreme (DuPont) 

o Approximately 74.5% and 73.5% fluorine content respectively 

These elastomers incorporate fluorine atoms into their polymer chains to resist chemical attack, much 

like PTFE (Teflon). The resistance to chemical attack is approximately proportional to the saturation of 

the chains with fluorine atoms. Perfluorinated elastomers contain approximately 75% fluorine, while 

Hifluor and Viton ETP contain approximately 74.5% and 73.5% respectively[9].   

Perfluoroelastomers are very expensive to manufacture. A 3/16” O-ring large enough to seal the mould 

would cost approximately $1500 CDN. A more economical choice is the highly fluorinated FKM 

elastomers, costing approximately half of a comparable perfluoroelastomer for Hifluor and even less for 

Viton ETP.  
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TABLE VII summarizes the properties for the two families of material which are suitable (FKM and 

FFKM). 

TABLE VII. PROPERTIES OF VARIOUS ELASTOMER MATERIALS, MODIFIED FROM [1]. 

P - Poor 
F - Fair 
G - Good 
E - Excellent 
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FKM (eg. HiFluor) G E PF GE E G GE E F F 

FFKM (eg. Parofluor) P E PF F E G FG G PF P 

 

Weaknesses of both FKM and FFKM elastomers are tear resistance and low temperature operating 

conditions. Since the operating temperature is not expected to be below room temperature, the low 

temperature performance is not critical. The tear resistance is far more important, since the mould must 

be repeatedly disassembled and reassembled.  

Note that the FKM is stronger, more abrasion and tear resistant (tougher), and has better dynamic 

properties than FFKM. This suggests that the added expense of FFKM is definitely not justified, and that 

the cheaper FKM base polymer should be selected. 

O-Ring Failure 

Spiral fracture is common in circular cross section o-rings due to the low polar moment of interia. A 

circular cross section is not as resistant to twisting as other shapes, such as squares or rectangles.  For 

this reason, part of the o-ring may twist while another section remains stationary. When this partially 

twisted section of o-ring is under pressure and comes in contact with the edges of the gland, it may be 

damaged in a spiral type pattern.  This is especially common for low speed applications, and can be 

reduced by lubricating the seal.  

Other failure modes to consider include compression set, extrusion, and abrasion. Each of these topics 

will be touched on briefly in the following paragraphs.  

Compression set occurs when a seal becomes permanently deformed and no longer exerts a sealing 

force against the gland and sealing surface. This shoud not be a significant concern for the current 

design, since the seal materials used possess good compression set properties and are not excessively 

compressed for long periods of time.  
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 Extrusion occurs when high pressure forces the elastomer  material into the clearance gap. This is not 

expected to occur in the current design since the pressures are far below design pressures for the 

specified clearance gap.   

Abrasion occurs over time when rough surfaces rub against the seal. It is important to consider abrasion 

in the present design since the elastomer used (FKM) is not extremely abrasion resistant. The abrasion 

performace may be improved by ensuring a sufficiently fine surface finish and by using lubricants 

periodically. 

In addition to proper design, the seal must be installed and used under appropriate operating conditions 

to reduce the possibility of failure.  Some guidelines for installation and operation are provided below.  

During installation, the O-ring should not be stretched more than necessary. The lead in fillet on the 

plate should help with installation of the O-ring. All sharp corners and metal particles should be 

removed to help prevent damage during installation and operation. Rolling of the o-ring should be 

minimized to reduce the chances of initiating a spiral fracture. During initial set up, alignment should be 

verified to ensure the O-ring is not loaded eccentrically.  
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Parker data sheet for the elastomer chosen (V3819) is available on the Parker website [10] and appears 

below for convenience. 
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Appendix D – Linear Motion Systems 

This appendix contains detailed manufacturers’  specification sheets for the screw jack *1], PLC [2],  LVDT 

[3], servomotor [4], and linear bearings [5], and drawings created in SolidWorks [6] for the guide shaft  

and mounting plate.  
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Appendix E – Heating System 

Heat Loss Calculations  

The majority of the heat loss from the mould will be by means of convection with the surrounding air. 

More specifically, since the air is said to be quiescent or still, heat transfer will occur by means of free 

convection. In free convection, velocity has little involvement because the principles are based on the 

plates not moving. The first step in determining the heat loss is to calculate of value of a quantity known 

as the Rayleigh number [1]. 

𝑅𝑎 =
𝑔𝛽 𝑇𝑠 − 𝑇∞ 𝑥

3

𝜐𝛼
 

Where x is the length of the plate, g is the acceleration due to gravity,  𝜐 is the kinematic viscosity of the 

air, 𝛼 is the thermal diffusivity of the air, and  𝛽 is the inverse of the film temperature. The film 

temperature is the average of the surface temperature and the ambient temperature. The surface 

temperature is assumed to be 180oC and the ambient temperature is 25oC. This gives a film temperature 

of 102.5°C or 375.5 K. At this temperature, 𝛽 is 0.002663 K-1, 𝜐 is 2.372 x 10-5 m2/s,  𝛼 is 3.4184 x 10-5 

m2/s, and k is 0.031938 W/m*K. The Prandtl number at this film temperature is 0.6949. These values 

yield a Rayleigh number of:  

𝑅𝑎 =
 9.81  0.002663  180− 25 (0.05)3

(2.372 𝑥 10−5)(3.4184 𝑥 10−5)
= 623,750 

Since different surface conditions exist for different surfaces of the plate, they must be treated as 

separate orientations. Thus, separate values of the heat transfer coefficient must be calculated for the 

top, bottom, and sides of the mould. Treating the sides of the mould like a vertical plate, the Nusselt 

number for laminar flow is calculated using the following formula [1]: 

𝑁𝑢1 = 0.68 +
0.67𝑅𝑎3

 1 +  0.492
𝑃𝑟  

9/16
 

4/7
 

𝑁𝑢1 = 0.68 +
0.67(623,750)3

 1 +  0.492
0.6949  

9/16
 

4/7
= 14.04 

The heat transfer coefficient can be found for the sides of the plate based on this Nusselt number. L is 

taken to be the height of the mould plates: 

1 =
𝑁𝑢 ∗ 𝑘

𝐿
=
 14.04 ∗ (0.031938)

(0.05)
= 8.9682 𝑊/𝑚2𝐾 
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A different heat transfer coefficient must be calculated for the top and bottom of the plate. The Nusselt 

number for the top of a hot plate or the bottom of a cold plate is: 

𝑁𝑢2 = 0.54𝑅𝑎
1
4 = 15.176 

For the heat transfer coefficient, L is taken to be the minimum length of the plate as this would give the 

highest value and thus worst case scenario heat loss. 

2 =
 15.176 (0.031938)

0.375
= 1.29 𝑊/𝑚2𝐾 

The Nusselt number for the bottom of a hot plate or the top of a cold plate is: 

𝑁𝑢3 = 0.27𝑅𝑎
1
4 = 7.59 

Once again, L is taken as the minimum length of the plate for the heat transfer coefficient: 

3 =
 7.59 (0.031938)

0.375
= 0.646 𝑊/𝑚2𝐾 

The surface area of the mould was simplified to be a cube of dimensions 0.575m x 0.375m x 0.05m. Thus 

the total surface area of the sides of the mould is:  

𝐴1 = 2 0.575 ∗ 0.05 + 2 0.375 ∗ 0.05 =  0.095 𝑚2 

The areas of the top and bottom of the plate are: 

𝐴2 = 𝐴3 =  0.575 ∗ 0375 = 0.215625 𝑚2 

The total heat loss is equal to the heat loss through the sides, top, and bottom of the mould. 

𝑞 = 𝐴(𝑇𝑠 − 𝑇∞) 

𝑞𝑠 =  8.9682  0.095  180− 25 = 132.06 𝑊 

𝑞𝑡 =  1.29  0.215625  180 − 25 = 40.11 𝑊 

𝑞𝑏 =  0.646  0.215625  180− 25 = 21.59 𝑊 

Therefore the total heat loss in the mould is: 

𝑞𝑡𝑜𝑡𝑎𝑙 = 𝑞𝑠 + 𝑞𝑡 + 𝑞𝑏 = 193.76 𝑊 

The preceding analysis makes some assumptions regarding the environment and heat loss 

characteristics. The effects of radiation were neglected since the mould will be at relatively low 

temperature for major radiation effects to occur. The forced convection effects from inside drafts are 

neglected, since they cannot be predicted. These assumptions should provide an acceptable prediction 

for general sizing of the heater.  
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The total heat loss was also calculated using simulation within SolidWorks software. This process gave a 

total heat loss of 163 W. This differs from the hand calculations due to the fact that it was treated as a 

transient problem rather than a steady state one, and also the hand calculations were taken as worst 

case scenarios.  

The SolidWorks analysis used thermostats points to keep the temperature at roughly 180°C. The four 

250 W heaters were turned on, and once the temperature reached the upper limit it would be shut off. 

The temperature distribution after 2 minutes is shown below in Figure 24. At this time, the elements 

directly underneath the strip heaters are at 88°C, and the outer areas of the plate are at room 

temperature of 20oC. 

 

Figure 24: Heat distribution after 2 minutes. 
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After sufficient time had passed they would be turned back on and the procedure is repeated until the 

plate is at a uniform temperature. A graph of the center temperature of the plate versus time is shown 

in Figure 25. 

 

Figure 25: Graph of center temperature over time. 

The graph shows that the desired temperature is initially overshot, and then self corrected in an 

iterative manner. To get this temperature to rest closer to 180oC, proportional or integral controllers can 

be used to decrease overshoot. The first instant that the center of the plate reaches 180oC is roughly 20 

minutes.  Figure 26 shows the heat distribution in the plate shortly after this instant. It is noted that at 

this time, the center of the plate is at roughly 200oC and the outer edge of the panel is at roughly 80oC. 

 

Figure 26: Heat distribution after 30 minutes. 
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After initially overshooting the desired temperature, the center of the plate returns to this value at 

roughly 35 minutes. Now undershot, the temperature increases and next reaches 180oC at just over one 

hour of heating. Figure 27 shows the temperature distribution in the plate just before this instant. Note 

that the center of the plate is at 198oC, and the outer edge of the plate is at roughly 120oC. 

 

Figure 27: Heat distribution after 1 hour. 

 If more uniformity is desired, the process after three hours is shown below in Figure 28. At this instant 

the center of the plate is at 200oC and the outer edges of the plate are at 175oC. 

 

Figure 28: Heat distribution after 3 hours. 
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The reliability of the above results is uncertain due to the limitations on simulating free convection with 

the software used. Realistically, there should be a much more uniform heat distribution due to the high 

thermal conductivity of steel and the insulation around the outside of the mould.  

Specification sheets from the manufacturers for the heater [2] and insulation [3] appear on the 

following two pages.  



    61  

 

 



    62  

 

 

  



    63  

 

[1] F.P. Incropera, D.P. DeWitt, T.L Bergman, and A.S. Lavine,  Fundamentals of Heat and Mass Transfer,    

       Sixth Edition. Hoboken, NJ: John Wiley and Sons, 2007. 

 

[2] Omega. (2010). OT SERIES STRIP HEATER [Online]. Available: 

     http://www.omega.com/Heaters/pdf/OT_HEATER.pdf [November 5, 2010]. 

 

[3] Worbo. (2010). WORBO INC. Thermal Protection Technology [Online]. Available: 

      http://www.worbo.com/product_overview/Burn_Protection/product_info_pdfs/Cool 

      Skin%20Blanket%20Data%20Sheet.pdf [November 12, 2010]. 

 

  



    64  

 

Appendix F – Cost Analysis  

Bill of Materials 

Table VIII lists all the parts, their source, and total price. 

Table VIII. BILL OF MATERIALS 

ITEM 

NO. 
PART Source Part Number Price/unit QTY. Total Price 

1 Top Plate  McMaster-Carr 1316T66 $431.95 1 $431.95 

2 Travelling Plate McMaster-Carr 1316T66 $431.95 1 $431.95 

3 Mounting Plate McMaster-Carr 9524K467 $471.90 1 $471.90 

4 Guide Shaft VXB Kit7704 $39.00 1 $39.00 

5 Jack Housing 
Motion Industries - 

Joyce Dayton 
WJ201U2S $508.77 2 

$1,017.54 

6 Screw 
Motion Industries - 

Joyce Dayton 
WJ201U2S $0.00 2 

$0.00 

7 Seal 
(Company) - 

Parker 
V3819 2-386 $700.00 1 

$700.00 

8 Linear Bearing VXB - Nippon SMST20WUU-E $53.00 4 $212.00 

9 Plain Washer -10 McMaster-Carr 97725A200 $7.61 1 $7.61 

10 
Socket Head Cap Screw - 

5 x 0.8 x 12 
McMaster-Carr 

91290A228 
$6.44 1 

$6.44 

11 
Socket Head Cap Screw - 

8 x 1.25 x 25  
McMaster-Carr 

91290A432 
$9.26 1 

$9.26 

12 LVDT Macro Sensors GHSAR 750-A-125 $350.00 2 $700.00 

13 Strip Heater Omega  OT-1225-120V $54.00 4 $216.00 

14 Finger Spring Washer McMaster-Carr 717K63 $10.36 1 $10.36 

15 Thin Hex Nut 1/2 x 20 McMaster-Carr 94846A525 $6.76 1 $6.76 

16 
Socket Head Cap Screw - 

8 x 1.25 x 12  
McMaster-Carr 

91290A416 
$6.53 1 

$6.53 

17 
Socket Head Cap Screw - 

10 x 1.5 x 20 
McMaster-Carr 

91290A416 
$8.47 1 

$8.47 

18 
Socket Head Cap Screw - 

10 x 1.5 x 50 
McMaster-Carr 

91290A532 
$12.85 1 

$12.85 

19 Nylock Hex Nut - 10 x 1.5 McMaster-Carr 94645A220 $8.84 1 $8.84 

20 Plain Washer - 10 McMaster-Carr 93162A330 $9.67 1 $9.67 

21 Guide Shaft Clip McMaster-Carr 3369K16 $13.33 4 $53.32 

22 Insulation 
Worbo Coolskin 

Blanket  CSB-04 
$32.32 4 

$129.28 

23 Control System Starter Kit Omega  ELCSTARTKIT1 $865.00 1 $865.00 

24 Thermocouple Input Omega  ELC-TC04ANNN $396.00 1 $396.00 

25 Relays Omega  SSRDC100VDC12 $49.00 2 $98.00 

26 Servo Motors 
Baldor AC Brushless 

Servo Motors BSM90C-2250AF 
$939.00 2 

$1,878.00 

              

        Total:   $7,726.73 

 



    65  

 

Machining  

Another aspect of cost analysis is machining time.  Machining time has already been minimized by 

selecting many factory standard dimensions.  This includes choosing standard plate thicknesses, lengths 

and guide shaft diameters.  However, most of these parts still need machining for their specific 

geometries.   

Machining precisely and efficiently requires proper selection of spindle speed, feed rate, coolant, and 

type of material.  Many of these factors can be determined based on the machine and tools available.  

The machine must be numerically controlled and is recommended to have a very stiff spindle with flood 

coolant if possible.  This will ensure high precision with minimal chattering.  Carbide steel tools are also 

recommended for faster spindle speeds and therefore increased feed rates.  This will help decrease 

machining time and cost. 

CIC has requested stainless steel for the plates.  Different stainless steels are classified based on 

machinability in TABLE IX [1].  Stainless steel 410 was chosen because it has adequate strength and good 

machinability. 

TABLE IX. MACHINABILITY [1]. 

 

Sample Calculation 

Machine time can vary depending on the machining company; however, CIC has in-house manufacturing 

capabilities.  A sample calculation of the machine time for the mounting plate cavity can be estimated if 

some assumptions are made.  Firstly, a 4 tooth, half inch diameter, carbide steel, 15mm deep end-mill is 

available.  Secondly, the machine is a Haas CNC machine with flood coolant capable of a 250 surface feet 

per minute cutting speed.  Lastly, there is 70% overlap per pass[2]. 

With these assumptions the spindle speed is found to be 2387rpm. 

𝑆𝑝𝑖𝑛𝑑𝑙𝑒𝑆𝑝𝑒𝑒𝑑 =
𝐶𝑢𝑡𝑡𝑖𝑛𝑔𝑆𝑝𝑒𝑒𝑑 ∗  12 

(𝜋 ∗  𝑇𝑜𝑜𝑙𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟)
 

When machining stainless steel each tooth pass should only remove 0.002 inch, known as the 

“ChipLoad”.  The feed rate is then found to be 19.096inch/min or 485mm/min. 

 

𝐹𝑒𝑒𝑑𝑟𝑎𝑡𝑒 = 𝐶𝑖𝑝𝐿𝑜𝑎𝑑 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑇𝑒𝑒𝑡 ∗ 𝑆𝑝𝑖𝑛𝑑𝑙𝑒𝑆𝑝𝑒𝑒𝑑 

Machinability Excellent Good Fair Poor 

Stainless Steel 

Alloy 

303, 416 304, 316, 

410, 430 

301, 302, 

309, 321, 420 

420V, 440C, 15-5 PH, 

17-4 PH, Nitronic 60, A286 
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The top plate shown in Figure 4 will require 54 lengthwise passes to cover the cavity area.  This is using a 

70% overlap on each 509mm length pass.  As a rule of thumb the depth per milling cut for stainless steel 

should be an eighth of the tools diameter.  Therefore, the maximum depth per cut is 1.6mm and the 54 

passes will have to be repeated 10 times to achieve the cavities depth.  At a feed rate of 485mm/min 

the cavity will take approximately 9.5 hours to complete [3]. 

Using similar calculations on all manufacturing tasks, it is estimated that no more than one thousand 

dollars will have to be spent on in-house manufacturing. 

Break Even Analysis 

The old method of manufacturing produced a maximum of 3 panels per 8 hour work day.  This 

happened only if the operator was skilled and had gone through the learning curve of the process. Due 

to the time limitations of this project, a prototype was not built. For future studies, a prototype should 

be built and have time studies conducted on it. Once the operator has gone through the learning curve, 

the number of panels produced in an average 8 hour day would be compared to the total of 3 panels 

that can currently be produced. 

Since the initial cost of the new machine is estimated to be $8500 (assuming manufacturing cost of 

approximately $700), and the current method of moulding takes 2.67 hours to produce each panel, the 

amount of time to produce a panel with the new system and the wage for a machine operator will give 

us the breakeven point. 

Three different scenarios were tested. The first is where the new method takes 2 hours per panel, the 

second is 1.5 hours per panel, and the third is 1 hour per panel. We assume that the lab technician is a 

recent engineering graduate who is making a wage of approximately $25.00/hr. The breakeven point 

will be modeled with the following equation. 

 
$25.00

𝑟
∗

2.67 𝑟𝑠

𝑝𝑎𝑛𝑒𝑙
 ∗ 𝑥 𝑝𝑎𝑛𝑒𝑙𝑠 =  

$25.00

𝑟
∗
𝐴 𝑟𝑠

𝑝𝑎𝑛𝑒𝑙
 ∗ 𝑥 𝑝𝑎𝑛𝑒𝑙𝑠 + $8,500  

Where A is either 2 hours, 1.5 hours, or 1 hour. 

The number of panels produced (x) until the breakeven point occurs at the intersection of these two 

lines. The line for each scenario and the intersection points can be seen in Figure 29. 
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Figure 29: Breakeven analysis for various potential manufacturing times. 

TABLE X below shows the breakeven points for each scenario and a summary of the breakeven analysis. 

TABLE X. SUMMARY OF BREAKEVEN ANALYSIS. 

Scenario Time per Panel (Hours)  Cost per Panel ($) Breakeven Point (# of 
panels) 

1 2 50 508 

2 1.5 37.5 291 

3 1 25 204 
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