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1 INTRODUCTION

Since the beginning of time, people have had to make decisions of how to build and fabricate products for use.  In this age of tremendous technological advances, the ability to enhance the design and manufacturability of products has become vital to those seeking to survive in the business world.  Customers seek high quality goods to be delivered quickly and cheaply.  In turn, companies are trying to improve their manufacturing processes with a focus on delivering value to meet and exceed customer expectations.  This quality can lead to a competitive advantage necessary for business survival.

Medical manufacturers, in particular, face difficult decisions with respect to manufacturing methods.  Demands for low cost, lightweight, and miniaturization, along with restrictive engineering parameters, have forced many medical device designs into product envelopes that push the limits of some manufacturing processes.  Accordingly, medical product developers must carefully weigh the manufacturing alternatives.  

Because many factors enter into the selection of a manufacturing method, we developed a model of this process.  Our objective was to incorporate this process into a decision support system in order to provide an optimal design, consistency, and cost savings.  A functional prototype, Manufacturing Advisory System (MAS), was developed to test concept feasibility.  Our model is intended to equally weigh specified benefits, costs, and risks.  The final assessment will be based on benefits divided by the costs and multiplied by the risks to determine the best manufacturing method.  Each individual model employs separate criteria for the study.

The alternatives considered for the best manufacturing method for a plastic medical product include: injection molding, machining, casting, and extrusion.  The factors that determine the selection of each method compared to each separate criterion include: volume, cycle time, design flexibility, design complexity, tolerances, material selection, secondary operations, repeatability, aesthetic, technology, demand, raw material, defects, re-design, government regulations, tool and mold, training, raw material, labor, and production.

Injection molding is the method chosen by the model, followed by extrusion, machining, and casting.  This is a reasonable choice for a disposable medical product, as Injection Molding is the most commonly used method for mass production due to its high production rates and good control over product dimensions.  

The uncertainty associated with this study involves the dependability of the data used in the pairwise comparisons.  While these judgments are based upon experimental data as well as experienced opinion, there are no absolute certainties in formulating the final decisions. It is believed the model is thorough enough to minimize and overcome any errors that may be present.

2 PROBLEM

Plastic materials have enjoyed numerous uses in the medical industry for quite some time.  Plastic originally found its way into this medical market segment as a replacement for the glass bottles then used for blood storage.  Polyvinyl chloride (PVC) is widely used in the medical device industry for applications ranging from flexible containers for intravenous solutions or blood to many of the accessories employed in the collection and administration of these substances.  The superior performance and value of PVC containers led to their wide acceptance as both blood bags and IV solution containers.

The rapid growth of plastics in medical markets is a testament to the suitability of these materials to meet the demands of today's medical industry.  Plastics have given excellent performance in numerous applications over long periods of time.  They can be compounded with a variety of common and specialty fillers, reinforcements, and modifiers to yield specific properties in a wide range of applications.  With the high costs of manufacturing with other materials, such as metals, and environmental concerns (e.g., ability to recycle), plastics have become a widely used alternative for high strength, high durability applications in many endeavors.

While the use of plastics is an easy decision, choosing the best manufacturing method is not an easy decision.  This study focuses on determining the best manufacturing method for a plastic medical product.  Specifically, this application determines the best manufacturing method for a medical syringe (used to perform injections into the body of the patient).  Because of the importance of high performance in this application as well as high usage rate, the manufacturing process is required to be simple, quick, inexpensive, and, most importantly, reliable.

Establishing the manufacturing process that is best for this function will save the manufacturing company a tremendous amount of time and effort as the company need only focus on enhancing one process.  In addition, the company can position itself as the provider of the most inexpensive and reliable syringe manufacturer and a company that is technologically superior to its competitors, which will lead to increased profitability with this competitive advantage.

3 CREATING THE MODEL
The model for determining the optimal manufacturing method was designed using a benefits, costs, and risks model.  This model assumes that the weights associated with the three are equal.  Benefits will be divided by the quantity costs multiplied by risks (B/C*R).  The benefits model will indicate the method that gives the most benefit, whereas the risk and cost models indicate the sites that are most costly and risky.  

General Definitions

Mold – A hollow form or matrix around or on which an object is formed or shaped

Thermoplastics – Plastic that becomes soft when heated and hard when cooled and is used to form simple and complex products.

PVC – Polyvinyl Chloride.  A polymer used to make medical products, pipes, electrical insulation, films, and other products.
Manufacturability – Feasibility of making or processing a product by single or multiple operations.

Tolerance – Permissible deviation from a specified value of a structural dimension.

Shrinkage – Amount of reduction of overall volume due to heat, moisture, or cold.

Resin – Polymerized or chemically modified synthetics used with fillers, stabilizers, pigments, and other components to form plastics.

Outer dependencies – Interactions between clusters.

Inner dependencies – Interactions within a cluster.

Facts
Medical Industry Facts

1998 U.S. Production

$68.8 billion

- Medical Devices

$58.1 billion

- Diagnostic Products

$10.7 billion

1998 U.S. Market Size (consumption)
$62.2 billion

- Medical Devices

$52.6 billion

- Diagnostic Products

$9.6 billion

Plastic Industry Facts

-1.3 million jobs
-$274 billion in shipments
-Annual trade surplus of $5.5 billion

-Fourth among the top manufacturing industry groups in shipments
Discussion of the Alternative Processes
The following four processes are the most well-known and accepted practices for manufacturing plastic (see Table 1).  Although the selection of a manufacturing process is in large part due to the specific product type (complexity, size, quantity, etc.), this model is intended to give a systematic method for manufacturing a plastic syringe. (Trucks, pp. 11-12, 237-276)
Table 1.  Manufacturing Alternatives.

Injection Molding
Machining
Casting
Extrusion

- Thermoplastic molding is heated at a controlled temperature

- Molding is forced under high pressure into a single- or multiple-cavity mold

- Resin solidifies rapidly

- Mold is ejected

- Expensive casting

- Low cost per part for large quantities

- Shrinkage allowances must be made

- Sufficient wall thickness is needed for strength and manufacturability

- Extremely tight tolerances should not be used
- Resin is already in solid form

- Expensive set up time for complex parts

- High cost per part for large quantities

- No shrinkage allowances are necessary

- Sufficient wall thickness is needed for strength and manufacturability

- Extremely tight tolerances can be used
- Resin heated to liquid form

- Not feasible for small parts

- Extremely tight tolerances should not be used

- Shrinkage allowances must be made

- Sufficient wall thickness is needed for strength and manufacturability

- High cost per part for large quantities
- Resin heated to liquid form

- Continuous process

- Continuous shapes

- Slow speed is necessary

- High cost per part for large quantities

- Extremely tight tolerances should not be used

- Shrinkage allowances must be made

- Sufficient wall thickness is needed for strength and manufacturability

Injection Molding

Injection molding is commonly used to manufacture medical parts in large quantities with reliable consistency. (See Figure 1)  It is a versatile process for forming thermoplastic materials into molded products of intricate shapes, at high production rates and with good dimensional accuracy.  In brief, the injection molding cycle can be broken down into four phases: fill, pack, hold, and cooling/plastification.  The process begins with the mixing and melting of resin pellets.  Molten polymer moves through the barrel of the machine and is forced (injected) into a steel mold.  As the plastic fills and packs the mold, the part takes shape and begins to cool.  The molded part is then ejected from the mold, reading for finishing steps and assembly.

Machining

One of the most common ways that a work-piece can be shaped is by removal of material through such operations such as turning, drilling, etc. (See Figure 2)  Machine tools are stationary power-driven machines used to shape or form solid materials.  The shaping is accomplished by removing material from a work-piece or by pressing it into the desired shape.  Machine tools form the basis of modern industry and are used either directly or indirectly in the manufacture of machine and tool parts. 

Conventional chip-making tools shape the work-piece by cutting away the unwanted portion in the form of chips.  Presses employ a number of different shaping processes, including shearing, pressing, or drawing (elongating).  Unconventional machine tools employ light, electrical, chemical, and sonic energy; superheated gases; and high-energy particle beams to shape the exotic materials and alloys that have been developed to meet the needs of modern technology.

Casting

Pouring liquid rubber or plastic into molds, then allowing it to cure to solid form, describes the fundamentals of liquid resin casting.  (See Figure 3) A technically refined version of this decades-old process is a reliable and cost effective choice for manufacturers of sophisticated medical devices.  With new developments in materials and process controls, liquid resin casting lends itself primarily to many demanding medical applications, such as cardiac pacemaker encapsulations, handheld electro-optical surgical devices, and key components of medical imagers and scanners.

Medical product developers use liquid resin in two principal ways: for prototyping prior to committing to high-volume production, and for ongoing low-production.  The principal advantages of liquid resin casting –comparatively inexpensive tooling, short lead times for tooling and parts, mild processing conditions, and design flexibility –enable the manufacturing of highly complex parts.  For example, unlike molding or machining, casting is associated with mild processing conditions that allow delicate components, such as fiber optics or electronics, to be encapsulated directly into the final or near-net shape required.

Extrusion

Plastic extrusion is a steady state process for converting a thermoplastic raw material to a finished or near-finished product. (See Figure 4)  The raw material is usually in the form of plastic pellets or powder.  The conversion takes place by forming a homogenous molten mass in the extruder and forcing it through a die orifice that defines the shape of the product’s cross section.  The formed material is cooled and drawn away from the die exit.  The formed material can then be wound on a spool or cut to a specified length.

By contrast with injection molding, which is a cyclic process, extrusion is a steady-state process.  Extruded products are long and continuous, and have a cross-section that is usually constant with respect to the axis or direction of production.  Injection-molded products are discrete items with varying cross-sections in each axis.
Cluster Definitions
Under the benefit, cost, and risk models, there are different clusters defined that interact with respect to the control hierarchy established.  For benefits and risks, the control hierarchy consists of economic, product, and customer factors; while the cost hierarchy includes fixed and variable costs.  Although the clusters and the specific elements assigned to each network vary due to their interactions, the following general definitions apply to all.

Alternative Methods

The alternative methods cluster includes the possible manufacturing processes.  This is the only cluster that consistently contains the same elements.  The four methods included are: Injection Molding, Casting, Extrusion, and Machining.

Economic Benefits

The economic benefits cluster includes the following: 

Volume – Method is suitable for large quantities.

Cycle Time – Method allows for fast delivery times.

Design Flexibility – Method accommodates re-designs and design changes.

Design Complexity – Method has minimal size and number of part constraints.

Product Benefits

The product benefits cluster includes the following:

Tolerances – Method yields little dimensional variation, and yields smooth surface finishes.

Material Selection – Method is compatible with a variety of materials.

Secondary Operations – Method requires few secondary (finishing) operations such as polishing, cleaning, etc.

Repeatability – Method yields little product-to-product variation.

Aesthetic – Method produces parts that are ergonomic, smooth.

Economic Risks

Technology – Method is susceptible to changes in technology, obsolescence.

Demand – Method is affected by quantity shifts (demand for the product).

Raw Material – Method is impacted by limits in the supply of raw material.

Product Risks

The product risks cluster includes the following:

Defects – Method produces product defects.

Re-Design – Method is impacted by product design changes.

Government Regulation – Method is impacted by government regulations related to the product.

Fixed Costs

The fixed costs cluster includes the following:

Tool and Mold – Method requires expensive tooling.

Training – Method requires significant training.

Variable Costs

The variable costs cluster includes the following:

Raw Material – Method wastes material.

Labor – Method is labor intensive.

Production – Method requires excessive production time.

4 BENEFITS MODEL

For this model, the benefits and costs are contradictory.  To account for this, no combinations of the benefits and costs are offered; instead, the benefits model consists of its own hierarchy of clusters (see Figure 5).

Benefits in our model are gains and advantages from making a given decision partitioned into two categories: economic and product (see Figure 6).  Economic benefits refer to a decision's positive effect on profit, creation of business, and other finance related elements.  Product benefits describe a decision's positive effect on the product itself.  The inner and outer dependencies of clusters in the benefits model are shown in Figure 6.  Pairwise judgments were made between each node and the comparisons linked to it.

5 COSTS MODEL

As stated above, the costs of this model are contradictory to the benefits, and in turn, the benefits and costs are not combined.  The costs of choosing one method over another can be divided into fixed and variable which comprise the control hierarchy for this model (see Figure 7).  Fixed costs are defined as the tool and mold as well as the training costs. Variable costs are defined as the raw material, labor, and production costs.  The inner and outer dependencies of clusters in the benefits model are shown in Figure 7.  Pairwise judgments were made between each node and the comparisons linked to it.

6 RISKS MODEL
The Benefits and Costs models represent the certain interactions.  Risks, however, are interactions and results that are not definite.  Risks are defined as negative uncertainties in choosing a manufacturing method.  They have been classified into economic and product risks (see Figure 8).  Economic risks are those dealing with monetary issues, while product risks are those dealing with the product itself.  The inner and outer dependencies of clusters in the benefits model are shown in Figure 8.  Pairwise judgments were made between each node and the comparisons linked to it.

7 SYNTHESIZED RESULTS
The model is designed to determine the best manufacturing method for a medical disposable product.  The criteria on which the determination is made are Costs, Benefits, and Risks, which are then further broken down into control criteria and associated networks.  The overall results are shown in Figure 9.  Injection molding is the method chosen by the model, followed by extrusion, machining, and casting.

8 CONCLUSIONS
Injection Molding is the method chosen by the model.  Injection Molding is the most commonly used method for mass production of plastic products due to its high production rates and good control over product dimensions.  The advantages of injection molding are high production rates, low labor costs, high repeatability of complex details and an excellent surface finish.  Its limitations are high initial tool and mold costs and the fact that it is not economically practical for small runs.  Ultimately, it is a good choice for syringe production.
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Figure 1.  Injection Molding.
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Figure 2.  Machining.
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Figure 3.  Casting.

[image: image4.png]



Figure 4.  Extrusion.
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Figure 5.  Main Window.
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 Figure 6.  Benefits Subnet.
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Figure 7.  Costs Subnet.
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Figure 8.  Risks Subnet.
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Figure 9.  Synthesized Values.
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