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Abstract 

Construction paddles are an important part of the functioning of the ñDrag- a- Flight 

Conveyorò, shown in Figure 51 of Appendix D. These conveyors are devices through which 

powder cement is transported from rail cars to trucks, and the paddles are an essential part of the 

conveyor system. However, these paddles are made of polyethylene and due to friction against 

the frame of the machine they wear out quickly and are expensive. Due to the lack of vendors 

producing the required cut-to-length product, orders usually get back stocked and companies end 

up paying extra shipping fees and delaying their operations. In an ever expanding society like 

ours, in which new buildings and houses are constructed every day, this is unacceptable. To 

improve this situation, a machine that autonomously produces these paddles was developed. The 

design will allow for the interested companies to produce them in-house with little effort, great 

efficiency and at a lower price. As part of our project, testing with new, more friction resistive 

materials, was conducted. 

The objective of this project is to find the best material possible for the task at hand - and 

have the best price to quality ratio in addition to building an autonomous machine to produce 

these paddles under $2000. The prototype has been designed to employ a combination of several 

mechanical and electronic systems to accomplish the final output product. The major systems 

included in the prototype were a drilling system, a cutting mechanism, and a rolling table, all of 

which are equipped with the appropriate electronic controls. 

Some elemental components used in the prototype were bought, and the great majority 

custom built by the members of the team with the support of the FIU students machine shop, to 

meet the design requirements. Several friction tests were performed on samples of different 
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materials to evaluate their performance under conditions similar to those that the paddles are 

exposed to. 

Machine safety rules and regulations were researched extensively to assure that the 

prototype complies with all standards applicable to such a mechanism. Elemental environmental 

impact and material recycling plans were explored and are presented below. 

After the assembly of the Paddle Maker was completed, several calibration trials were 

performed, without feeding raw material, to assure that all the systems were behaving properly. 

Finally, several paddles were fabricated and some final adjustments were done. The machine 

functioned as expected and the quality of the output paddles was acceptable for the application. 

After working on this project during last few months, the main objectives were met. 

Although satisfactory performance was achieved given the time constraints, several 

recommendations for future work are stated in Section 10 of this report. 

1. Introduction 

 1.1 Problem Statement 

 

Construction paddles used in a ñDrag-a-Flight Conveyorò to load powder cement to 

incoming trucks are made of polyethylene. Due to friction between the paddles and the metal 

frame of machine these paddles wear at a relatively fast rate, resulting in unwanted maintenance 

costs and delays. In addition, paddle orders usually get back stocked due to the lack of producers 

and the inconsistency of the orders. Expectations are to solve this problem by building a machine 

to fabricate these paddles. The paddles need to be 37¼ò long, ½ò thick and 1¾ò wide, and with 

six holes 7/16ò in diameter each, spaced by a distance of 5½ò in between. The current design of 

the paddle also features an angle cut in one of the sides to decrease friction. This machine needs 

to be autonomous and to be able to produce the paddles from a given sheet of raw material. Thus, 
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the machine will need to first convey the sheet of raw material to the place where by means of a 

mechanical system the holes will be drilled. Then a circular saw being moved by a stepper motor 

will do the cutting. Finding a material that is resistant to friction and has a better quality to price 

ratio than polyethylene is also one of our main objectives. 

In addition, our goal will be to modify and strengthen the wear of the current paddle 

material and test it in the field. The paddles are made of Ultra High Molecular Polyethylene, 

which has the highest impact strength among all classes of plastic products. Even though it is an 

extraordinary material for industrial uses in wear and sliding applications, it wears fast in the 

current function. This can be observed in Figure 50 Appendix C. 

 1.2 Motivation  

Vulcan Materials, Miami Quarry division, offers mining, processing, and distribution 

services as well as services in sand, gravel and crushed stone retailing. Being the biggest 

producer of construction aggregates and a top producer of cement in Florida, there is no room for 

inefficiencies or delays in such a busy operation. Thatôs why the company is interested in a 

feasible improvement or solution to this ongoing issue at a cost effective price. 

Vulcan operates a ñDrag-a-Flight Conveyorò in their Miami Quarry facility that uses 

polyethylene paddles as a way of transporting the cement powder from the rail cars to the trucks. 

It usually takes twenty minutes to load a truck with cement powder when the paddles are new; 

however, when they are worn out, loading time could take up to one hour and twenty minutes. 

Furthermore, orders of these construction paddles sometimes get back stocked, and subsequently 

the operation gets delayed due to the inefficiency of the machine. To make matters even worse, 

these paddles cost $13 dollars apiece, and the conveyor requires 114 of them in order to function 

properly. It takes about 2 months for the paddles to completely wear out. However, if  a more cost 



Paddle Maker Machine and Material Selection 

 

 

15 

 

effective material or a more friction resistant material were to be used for this application, 

efficiency and productivity of the machine could dramatically improve. Moreover, if  Vulcan 

Materials Company were able to produce these paddles independently, the company would not 

need to buy them anymore, reducing delays to a minimum and boosting its productivity in this 

part of the facility. This could represent savings of more than ten thousand dollars a year at the 

Miami Quarry division alone.  

Finding the right paddle material and creating a machine that manufactures them, 

represents a real life solution to a challenging industry problem. There is a need for improvement 

and we are ready to answer the call with extraordinary effort and dedication while employing 

knowledge and resources gathered in the course of our engineering studies. 

 1.3 Literature Survey 

 

Several terms, processes and/or machines, whose understanding is of great importance 

for the realization of this project, are mentioned throughout the report. Familiarity with these 

terms was essential for the realization of this project. UHMW-PE (Ultra high Molecular Weight 

Polyethylene) has one of the highest impact strengths of any thermoplastic and has excellent 

abrasion resistance, tensile strength, energy absorption, stress resistance, and friction coefficient 

properties. In this section, an overview of the work done on improving the materialôs 

performance by other engineers and scientists will be reviewed.  

In addition, there is a need for an in-house machine that can make paddles out of this 

material. A large UHMW-PE sheet will have to undergo various processes including drilling and 

cutting. Also means for conveying this raw sheet material need to be incorporated into the 

machine.  A review is conducted here on the brainstorming, and information gathering that lead 

to the development of such machines over time. 
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  1.3.1 Material 

 

UHMW-PE has become the material of choice in hip and knee joint prostheses in human 

body. In addition, it is used in many industries where moving and conveying materials presents 

challenge of finding solution to abrasion, sticking and wear. It is the answer in applications such 

as drag flights and paddles, side rails and skirt- boards. When compared to other polymers, 

UHMW-PE possesses superior mechanical toughness and wear-resistance. Despite the success in 

surgical applications, implanted components produce wear debris, and it is necessary to repeat 

the surgery and revise the prosthesis. In the case of the Drag Flights application, UHMW-PE 

paddles wear out quickly after being constantly rubbed against the steel counter face.  

Cross-linking of UHMW-PE has been shown to improve its wear resistance by 70% 

when compared to conventional material. Cross-linking changes the chemical characteristics of 

the material. It alters the bond between molecular chains, reduces crystalline processes, alters the 

free radical content of the material and influences the surface properties significantly.  

Many experimental tests were done trying to understand the wear behavior and wear 

debris distribution of UHMW-PE when rubbed against other material. A literature survey of 

these tests will aid in gathering all the necessary parameters pertaining to our tests. The chosen 

parameters will be used to test and compare the new improved material to the current one being 

used by Rail Barge and Truck Company. In addition, it will be tested and compared with 

UHMW-PE that was exposed to the cross-linking process.  

An experiment on friction and wear behavior of nitrogen ion implanted UHMW-PE 

against ZrO2 ceramic was studied in China University [1]. The Ball-On-Disc (Figure 1) wear 

tests were performed using an UMT tester in Campbell, CA. The tester combined linear and 
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rotary motions in a coordinated manner while taking measurements of tribological parameters 

such as friction forces, friction coefficient, and wear depth. 

Parameters and material used in the study were: 

¶ The material had a disk shape with 10mm thickness, and a diameter of 30mm. 

¶  Roughness of the sample was polished to 0.2 - 0.4µm. 

¶ Ultrasonic bath and acetone as a fluid were used to clean the sample. 

¶  Si3N4 balls with 4mm diameter were used to simulate the wear of the artificial joints. 

¶ Wear tests were operated in a 25% plasma solution for 10,000 cycles. 

¶ A Sinusoidal Normal load of 20N - 25N was applied on the Si3N4 balls. 

¶  UHMW-PE disk reciprocating at fixed frequency of 0.5 Hz. 

¶ The Si3N4 ball load frequency varies from 0Hz to 1.5Hz. 

¶ Four tracks of wear were formed, and the testing results were measured by the wear mass 

loss using an electronic scale having 0.01mg accuracy. 

¶ Specific wear rate (Ms) determined by: ὓί = 
ὓύ ὓὧ

ὲὰ
   

Where Mw is mass loss of worn disc, Mc is mass loss of dipped disc, and n is number of 

tests. 

 

Figure 1-Si3N4 Ball and UHMW -PE Disk Contact Schematic [1] 
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A different study conducted in China University was related to friction and wear behavior 

of nitrogen ion implantation on UHMW-PE [3]. A UHMW-PE disc was put in contact against a 

ZrO2 ceramic ball. The disc rotated and the ceramic ball was fixed on the load arm.  The 

electrical motor was controlled by frequency converter. The tribometer tester measured the 

tribological behaviors of ion implanted UHMW-PE against ZrO2 ceramic. The results showed 

that nitrogen ion implantation improved the hardness of the surface of the material, and increased 

friction coefficient values.  

Test parameters and material selection for N+ implantation were: 

¶ UHMW-PE disc of 5mm thickness and 45mm diameter. 

¶ Surface polished to 0.3 µm. 

¶ ZrO2 ceramic ball of 3mm diameter. 

¶ Contact load 5N. 

¶ Sliding speed was 0.19 m/s. 

¶ Human plasma as lubricant. 

¶ Test time: 110 minutes for dry friction, and 200 minutes for plasma. 

¶ Room temperature RH 55%. 

¶ UHMW-PE implantation: accelerated energy of 450KeV. Three different N+ doses. 

The experiment resulted in a change in color of the original white UHMW-PE. For 5 x 1014 

cm
2
 density the color changed to orange. For 2.5 x 1015 cm

2
 ion density the color changed to 

bright black. 

A study conducted at The Regional Research Laboratory in India was related to sliding 

wear of PP/UHMW-PE composition blend [2]. UHMW-PE was melted and blended with PP in 



Paddle Maker Machine and Material Selection 

 

 

19 

 

different proportions. A pin-on-disc tester apparatus was used where the pin was made of 

polymer sample and the disc was made of EN-24 steel. The test was done at different pressures 

and sliding speeds. 

Parameter and material were: 

¶ Cylindrical pin size 8 mm diameter and 53mm length. 

¶ Disc is made of EN-24 steel with hardness of 305Hv. 

¶ 1.06-6.34 M Pascal pressure. 

¶ Sliding speed of 0.28-1.09 m/s. 

¶ 300m sliding distance. 

The results showed that the wear volume increases uniformly with applied pressure and 

sliding distance. 

The parameters used for those studies will serve a guide in selecting parameters that will 

be needed to compare the current material to the purchased material. A ball-on-disk Tribometer 

wear tester at FIU Plasma Lab was used. 

  1.3.2 Plastic Cutting Machines 

 

Because plastics are thermoplastic processed organic materials with high molecular 

weight, cutting them requires specialized cutting equipment. In general a plastic cutting machine 

must possess the following features:  

Å High level of precision  

Å Good edge quality  

Å Energy efficient  

Å Low maintenance requirements  

Å Facility of cutting virtually any shape 
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 However since the design of the Paddle Maker machine is intended for a very 

specialized function, only a few tasks are of key importance to the design and development of 

our paddle maker. Among these tasks are: 

Å Ability to move a sheet of the chosen material to the section where holes are to be made.  

Å Six 7/16ò equally spaced holes are to be drilled. 

Å The machine must be energy efficient. 

Å It must have low maintenance requirements and be autonomous. 

The current manufacturer of these paddles uses a water jet cutter to produce them. A 

water jet cutter is a device that enables cutting materials like metals and plastics by means of a 

high speed and pressure water jet, or a mix of water and an abrasive substance. The process is 

very similar to that of water erosion, yet significantly accelerated and concentrated. It is usually 

implemented in manufacturing and industrial plants, especially when the material that needs to 

be cut is sensitive to high temperatures. It is suitable for various kinds of materials such as heat 

sensitive, delicate and hard ones. Water jet cutting is used for operations such as cutting, 

shaping, carving, and reaming. Rubber, foam, plastics, composites, stone, tile, metals, food, 

paper are just some of the materials commonly sliced by water jetting, while tempered glass, 

diamonds and certain ceramics cannot be cut with it. The versatility, precise cutting and clean 

finish of abrasive water jet machining, displayed in Appendix E Figure 52, avoids the need for 

expensive secondary finishing. However, our team believes that due to the material being soft 

and precision not a big factor, appropriate cutting could be done using conventional cutting tools 

such as a circular saw. This tool can easily be found in any of the major hardware stores such as 

Home Depot, Ace Hardware or Grainger.       
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After doing an extensive search and literature review a company that manufactures 

machinery with similar processes and principles as those of the Paddle Maker was found. Its 

name is, Kaltenbach [30] - a 4
th
 generation family owned company and a world leader in metal 

sawing technology. The company uses CNC for steel beam drilling and metal fabricating (Figure 

4).  The CNC features contain vertical and horizontal drilling units with a combined saw (Figure 

2).  A spindle has three axes for drilling with an option to change the tool automatically on each 

axis. A computer control interface allows the integration of the sawing operation. In addition, the 

company has a CNC robotic machine designed for coping beams and square tubes. One of its 

features is material fed pusher conveyor (Figure 3) 

 

Figure 2-Kaltenbachôs Drill, Cutting, Roller Table [30] 

 
 

Figure 3-Hinged Roller Conveyor [30] 
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Figure 4-Drilling Assembly [30] 

 A local business, Grainman Machinery Corporation, was visited to check for systems that 

could relate to our proposed machine design. The Company supplies equipment for the grain 

industry and has several old and new machines, some of which are very similar to the design of 

the here presented machine. Some pictures of conveyors with end processes like bag sawing, and 

bag sealing are shown in Appendix T.   

2. Project Formulation 

 2.1 Project Objective 

As mentioned earlier, this project will be based on two central objectives. First, the 

development of a fairly simple machine, capable of making these paddles from a sheet of raw 

material while maintaining a lower cost per paddle. Secondly, as time allows, our team desires to 

optimize the current material being used and find a more efficient, cost effective one. 

The current paddle material provided by the Gund Company has a tensile strength of 

2,500 PSI. However, in an effort to obtain a better wear resistance UHMW-PE, it was found that 

the current vendor can provide the same material having the same specific gravity, with a higher 

tensile strength of 5,500 PSI. One of the objectives was to apply a gamma radiation process to an 

UHMW-PE sheet as time allows. Since cross-linking has been shown to improve the wear 
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resistance of ultra-high molecular weight polyethylene [2], we investigated the wear loss of 

radiation cross-linked material.  

The development of the machine presented in the conceptual design of this project was 

the central goal of this project while at the same time research for a better material was 

conducted as mentioned above. In the process of developing this machine, several sub objectives 

arose and as they were executed they enhanced the central topic of this project. A few existing 

technologies used in the manufacturing of plastics were explored to learn crucial information 

about this topic. Improving the cost of the end product by exploring different vendors and 

material properties was one of the major objectives underlying our main tasks. 

Concentrating on building a functional mechanism that will perform the above mentioned 

tasks while keeping the complete process at a cost efficient price and safe environmental 

conditions, was the focus of this project.  

 2.2 Design Specifications 

In this section all the specifications gathered while designing the system are presented. 

Specifications are separated into different categories for better understanding. 

  2.2.1 Motor Selection 

Throughout this project, when selecting motors, many questions arose. What kind of 

motor should be used; DC, AC, or stepper motors? What Torque and Power are these motors 

going to need to accomplish their respective tasks? What RPM will they need to run at? To 

answer all of these questions an extensive literature survey was conducted so that the team could 

have an understanding of similar machinery already on the market. Further detailed explanation 

on motor selection is included in Section 6 of this report and in Appendix J: Torque Calculations. 
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  2.2.2 Drilling Control 

The paddle design currently being used in the RBT conveyors features seven 7/16ò  holes 

spaced at 5ò, however Nestor has noticed that while replacing old paddles with new ones, that  

the middle hole is located where the paddles break most of the time.  Therefore we are going to 

avoid making this middle hole in order to make the paddleôs design more lasting and stable. This 

will also reduce drilling time and therefore the cost of producing one paddle. Based on this 

specification the drill bit was selected and the G-code program written to instruct the Mach 3 

how to move the stepper motors. 

The fabrication of the finished product was influenced heavily by the way the three 

different processes operate simultaneously; namely, first the roller table, then the drilling 

operation, then the cutting, finally the roller table moves the thickness of the paddles and the 

whole cycle starts over. 

  2.2.3 Movement Control 

The Paddle Maker machine has three main moving parts: the roller table, the drilling 

station and the saw station. Specifications for the roller table were to move a sheet of UHMW-

PE of 37¼ò by 38ò by İò weighing about 40 lbs. Based on these sizes the rollers were bought 

and the table frame built. Also a Torque analysis was done to find the required torque needed to 

move the sheet forward by a stepper motor. Details are found on Section 6 and in Appendix J, 

named ñTorques Calculationò. To move the drilling assembly up and down a linear stage was 

acquired. Selection criteria for this element were a travel distance of at least 2 inches and to be 

able to carry at least nine pounds which is what our drilling assembly weighs. Also a torque 

calculation was done to be able to select an appropriate stepper motor. To move the drilling 

assembly in the x-axis, a much smaller torque would be required since the weight of the 
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assembly would be supported by two high precision shafts and the whole thread rod that moves 

the piece. The same applies to the stepper motor that moves the circular saw assembly 

horizontally. Thus a kit of four stepper motors was purchased to meet the highest torque 

requirement given by the vertical linear stage. By buying them together we guaranteed the 

functioning of the system would be appropriate and the cost of the machine is reduced. 

 2.3 Constraints and Limitations 

Constraints and limitations were explained in detail in the previous subsections, where 

the specifications for every component of the machine were discussed. Some of the limitations 

not discussed previously were that the drilling station would take about 2 minutes to perform the 

drilling of the six holes, which is mainly due to the chosen setup of the assembly and the speed 

of the stepper motors. Also the table was built to fit one specific size of sheet (37¼ò by 38ò), 

thus the machine is limited to this size of raw material, bigger sheets would have to be cut to size 

before being input into the Paddle Maker. Future work will solve this issue by having an 

adjustable table workstation. 

  2.3.1 Paddle Material 

The current paddle material is UHMW-PE. This material is good for friction resistance 

and has proven to perform adequately when used in Flight a Drag Conveyors. Thus our team 

tried to find a material similar or better to the one being currently used and that is economically 

feasible. It was found that UHMW-PE can be in fact improved when exposed to different 

procedures explained in detail in the materials section of this report. 
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3.  Design Alternatives 

 3.1 Overview of Conceptual Designs Developed 

 The process of developing and selecting several conceptual designs for the desired 

machine that would produce the needed paddles was a crucial step in the advancement of this 

project. During the first stage of brainstorming, many ideas defining the requirements were 

considered while keeping in mind the end product requirements. After recording ideas for several 

days the first informal drawings were discussed and several changes were recommended as 

everyone in the team agreed.  

 Because the machine is composed of three subsystems, namely: drilling, roller table and 

cutting, the conceptual design section is also divided into three sections that expose different 

approaches to designing the Paddle Maker. 

 3.2 Cutting 

  3.2.1 Design Alternative 1- Water Jet Robotic Platform 

The first design discussed was a robotic platform equipped with a water jet specially 

designed to cut through the materials selected in the Material Selection part of this report. Water 

jet systems typically have very unique capabilities that make them more advantageous and 

effective over traditional machining. Their ability to cut while keeping low temperatures makes 

them practically attractive to industries handling flammable materials, such as natural gas and 

petroleum. In addition, material cut by water jet has a smooth satin-like finish. Although highly 

efficient and popular in industrial applications, where versatility is an essential factor, these 

modern systems have complex controls and functionality and are relatively expensive. Since our 
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application does not require high accuracy, and because of the high cost of this alternative, it will 

not be considered for our design. 

  3.2.2 Design Alternative 2 -Laser Cutter 

 

 Another typical system widely used in modern manufacturing to cut almost any type of 

material and discussed while brainstorming was laser cutters. Basically, laser cutting consists of 

a high power laser guided by a computer to burn a groove in the material near the emitting 

component. The material being removed can be melted by the high temperatures and or blown 

away by high velocity fluids, usually gases. Laser cutters present several advantages over the 

majority of the traditional cutter systems, consequently making them especially popular as an 

innovative emerging technology. They produce extremely smooth surfaces as well as very 

precise cuts and usually cut fairly fast if the material thickness is not extreme. The single most 

attractive characteristic of a laser cutter is the lack of physical contact between the tool and the 

piece being worked on, completely eliminating the wear and tear factor present in traditional 

processes. Furthermore laser cutting requires considerably high electric power thus increasing 

the operation cost of the machinery. Because the main objective of this machine is to reduce the 

paddle cost, it is not feasible to include this technology into the machine given that high 

precision is not required. 

  3.2.3 Design Alternative 3 ïCircular Saw Workstation 

 

The cutting along the width will be done by a circular saw blade specially designed to cut 

plastic (Figure 5). This particular blade has unique features like the sharpening of the tooth that 

allows for a cleaner and faster cut, which makes it highly efficient when cutting plastic. The 

width of the cut done by the blade is also a parameter that will be studied carefully, since a wider 
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cut means more wasted material. The cutting blade will travel along the complete width of the 

plastic sheet, powered by an electric motor that will rotate in both directions moving the blade 

back and forth. 

 

Figure 5-Circular Saw Workstation Design Alternative 

 The angle in the scraping corner of the paddle was going to be cut by a corner round 

router (Figure 6) powered by a motor turning it and is to be installed in an assembly together 

with the saw, which in turn will be moved by a stepper motor. The installation of the router and 

the powering motor are not done in the current prototype but will be integrated in the machine in 

the near future. 

 

Figure 6-Round Corner Router 
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Feed rate for all components were analyzed theoretically and then tested physically, 

particularly those of the cutting tools, to assure that the material did not burn in the process 

damaging the tools or the machine.  

 3.3 Drilling  

  3.3.1 Design Alternative 1 ï Mechanical Drilling Assembly  

Another approach for our machine was to build a straightforward combination of 

mechanical components, equipped with electrical controls. This design is depicted in Figure 7. 

As raw material will be obtained in the form of sheets cut to the required width the cutting 

performed by the machine will be along the width of the sheet. In this design the holes were 

going to be drilled by a set of six drill bits mounted in a supporting base and pre-set to the 

desired measurements. By having all the drill bits mounted on fixed positions, the accuracy of 

the distances between holes, which is the only critical dimension in the complete part, is assured. 

This will also improve drilling time since all holes will be drilled simultaneously. The drill bits 

used will be specifically designed for drilling hard and soft plastics and they also feature 

characteristics, such as point and rake angles, which minimize or eliminate left-overs from the 

material being removed while cutting the holes, resulting in a smoother internal surface. More 

details about this drill bit can be found at Appendix F of this report. Some of the concerns with 

this design are the force required to press all drills at once against the material being drilled and 

the vibration created by all the drill bits acting on the material simultaneously. 

The six drill bits should be interconnected by a mechanical system and driven by an 

electric motor mounted in the center of the frame supporting the drill bits and connected to the 

center chuck. The up and down movement will be provided by a stepper motor. The two systems 
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considered were a belt system or a chain and sprocket combination. Both of these systems are of 

considerably higher cost and complexity. Hence their construction and assembly would take 

longer than that of the final design presented in the next section.  

 

 

 

 

Figure 7-Mechanical Drilling Assembly Design  

  3.3.2 Design Alternative 2 ï Drilling WorkStation 

The last major design explored was a ñCNCïlikeò system, also referred to in this report 

as a drilling station (Figure 8). The concept of CNC goes back to the 40ôs and 50ôs when the 

combination of existing machines with electrical controls started to become popular. The rapid 

development of electronics in the last few decades has affected the CNC technology accordingly. 

This has revolutionized the manufacturing industries making almost every process faster, more 

accurate, and consistent. A great deal of knowledge has been gathered by industries through all 

these developments and a considerably large number of applications are in use today, making the 

components of CNC available in almost every possible form. The concept discussed for this 

project was based on the combination of a cutter and a drill, mounted on two linear motion 

systems, moved by stepper motors and controlled by a driver connected to a computer. Some of 

the concerns when discussing this design were the price of accurately controlling the position of 
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the drill when moving from one position to the next, and the constant movement of the electrical 

wires connected to all the moving devices. 

 

Figure 8-Drilling Workstation Design 

 3.4 Material Movement 

  3.4.1 Design Alternative 1 ï Roller Table 

Since early in the conception of this project it was realized that some sort of mechanism 

to move the UHMW-PE sheet from point A to B while controlling the rate of movement as 

required. One approach to solving this issue was to build a roller table as seen in the picture 

below. This design includes nine galvanized steel rollers, purposely separated at different 

distances to minimize the torque required to move the work piece forward. A stepper motor was 

selected that would easily overcome this torque, and both the legs and frame were made of 

standard 1ò x 2ò steel tubing. 
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Figure 9-Roller Table Design Alternative 

  3.4.2 Design Alternative 2 ï Automatic Material Handling Table 

 

The table illustrated below was one of the alternatives discussed while brainstorming on 

how to move the sheet of material to the specified position where the other processes were going 

to be conducted. The way this works is having two sliders, one long the x-axis, through which a 

pusher slides, and another on the side that holds the sheet of polyethylene and moves with it at 

the same rate the pusher displaces the sheet forward. Both of these mechanisms are moved by 

stepper motors turning two lead screws. They lay in an aluminum table to provide system 

stability and accuracy. One of the biggest disadvantages of this design is that it requires a lot of 

machining to bring this model to life and in the process a lot of material would be needed, thus 

the price of developing this model would be high. 
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Figure 10-Automatic Table Design Alternative Trimetric  View 

 

 

 
  

Figure 11-Automatic Table Design Alternative Inclined View 

 3.5  Feasibility Assessment 

 

Research of all these possible options, while keeping in mind cost, availability, 

complexity and material being handled among other factors led us to choose the design presented 

below. As can be seen the roller table was chosen for moving the work material and the CNC ï

like approach using, lead screws and stepper motors, was used for both the drill and sawing 
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station. This design was the most time effective and cost efficient approach for doing a Paddle 

Maker machine. 

 

 

Figure 12-Overall Design 

Some small details are not included in this drawing. A section view of the first draft is 

shown below. 
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Figure 13-Section View of Proposal Design 

  

Next an exploded view (Figure 14) is presented to help identify the different components 

that make up the whole assembly. 

 

Figure 14-Exploded View of Proposal Design 
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 A drawing of the finished paddle (Figure 15) was done to help visualize the needed 

proccesses. 

  

Figure 15-Targeted Finished Paddle 

 

 3.6  Design Process Diagram 

  3.6.1 Material Selection Logic Diagram 

    

 

 
Figure 16-Steps for Material Optimization Process 
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The optimization process involved the four steps mapped above and detailed as follows. 

Step 1: Recognized the need- the improvement of the product (obtaining a better friction 

resistant material) is the most important part of the entire process. 

Step 2: Research material for new current test- this part of the process included finding a 

product with similar or improved properties to that of polyethylene. 

 Step 3: Test the new material- after receiving the material it was tested and compared to 

polyethylene wear. 

Step 4: Improve the design- As a result of the test performed on the new material, quantitative 

measure were obtained and results are presented in following sections. 

  3.6.2 Proposed Machine Design Logic Diagram 

 

Figure 17-Machine Design Process 

Step 1: The machine was designed such that the plastic sheet will be easily rolled over a 

platform (roller table) to the drilling area. 
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Step 2: A table workstation consisting of two linear stages and a drill system, moved by stepper 

motors, were designed to create holes on the plastic sheets. 

Step 3: A saw moving by means of a linear stage and stepper motor cuts the paddle to required 

dimensions. Also a round corner router, not included in the prototype, moving by the same 

system as the saw could do the side angle. 

Step 4: Evaluation of the process was performed on the accuracy of the design. 

Step 5: Improvements were done until the final product was obtained successfully. 

 3.7 Proposed Machine Design 

 After considering all of the above mentioned systems and procedures, the final 

conclusions were: 

¶ The design preference for drilling was Design Alternative 2 - Drilling 

WorkStation.  

¶ The design preference for material movement was Design Alternative 1 - Roller 

Table.  

¶ The design preference for cutting was Design Alternative 3 ï Circular Saw 

Workstation 

 The complete design included a table with rollers that facilitated the movement of the 

sheet toward the drilling station. This table consists of several, free motion rollers, and one driver 

roller that pulls the raw sheet forward by a prescribed distance, which is the desired width of the 

paddle. Then the drilling system moves through linear stages in the horizontal and vertical 

directions to make the six holes needed. 
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4. Project Management 

 4.1 Timeline 

 

Figure 18-Project Timeline 

 4.2 Team Breakdown of Responsibilities, Tasks and Roles 

 The timeline and responsibilities table is an approximation of the time spent in the 

different tasks and it only reflects the most important subjects. The team members names 

appearing in the arrows just represent the person in charge of that specific category. The team 

membersô tasks reflected below just show the team memberôs main responsibilities; however 

every member participated in every specific area and in the report as a whole. 

The table below shows the approximated number of hours each member spent for each 

category. 
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Table 1-Numbers of Hours Spent 

 

Category Nestor Jorge Orena 

Literature Survey 85 83 90 

Machine Design 61 58 46 

Machine Drawing 55 55 12 

Calculations 9 26 19 

Material Search 3 2 19 

Material Test 5 4 51 

Machine Components 

Ordering 10 8 4 

Construction 55 48 39 

Machine Testing 48 46 40 

Software Installation 3 3 3 

Software Verification 4 4 3 

Paddle Testing 2 1 1 

Presentation 6 7 9 

Report Structure and 

Contents 50 48 53 

Total Hours 396 393 389 

 4.3 Patent/Copyright Application 

 

 For an invention to be patented such idea needs to be novel and the inventor must show 

how the invention works. In addition, it is important to keep records of all details; including 

drawings, brainstorming and dates of importance. To ensure it is a new idea one must search the 

US (sometimes foreign) patents, and technical journals for related inventions. One tool usually 

used by lawyers when they want to research whether an invention is original or not is 

google.com/patents. 

 A US patent cost depends on the technology involved.  
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¶  The initial cost to have a patent searched, and to have an opinion if the idea is  

  patentable is $650 to $1000. 

¶ A patent application which includes 2-3 drawings costs $150 per one drawing for 

a total of $450. 

¶ Next, an abstract and detailed description has to be prepared for the application. 

 The fees in simple mechanical cases are $4500. The fees for software, 

 computers, and electrical systems are $7000. For a more complex system such as 

 shock absorbing prostatic device the cost is $15,000. For highly complex such as 

 telecommunication networking system the fee would be $15,000 +. 

¶ Next, the application filing fee costing $355 

¶ An amendment for the application can cost up to $2000 in attorney fees. 

¶ Final patent issue to the USPTO costs is up to $1300 

¶ Maintenance fees range $2995-$5790, and it increases over the life of the patent. 

  The patent process is relatively expensive. An inventor can spend up to $10,000 in order 

to obtain a US patent. An additional fee of $20,000 for a patent protection in a foreign country 

can be expected. Moreover it takes about 36 months for the complete process. 

  A search for an automated plastic cutting, drilling, and saw machine, using US patents 

web sites[28], led to no results for these specific combined functions. The new paddle maker 

machine is a unique design for a very particular application that will indeed save time and money 

to any company using Drag-a-Flight Conveyor.  

   Even though the design has a low cost and provides a unique application, the team has no 

intention of filing for a patent at this point since this project was supported and thus intended for 

the Miami facility of Vulcan Material. Furthermore the possible clients soliciting for this 
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machine is limited, which makes profiting from it a risky venture. In addition, the Paddle Maker 

is composed of many different mechanisms that have long been patented, namely: drills, circular 

saws, roller table and CNC workstations, which could also make obtaining a patent even harder. 

 4.4 Commercialization of the Final Product 

 In order for The Paddle Maker to be commercially ready many different parts need to be 

optimized, for instance, the drilling assembly motor and the two lead screws of the saw and 

drilling assembly respectively.  

The prototype presented in this report, was built just to demonstrate that our design 

works, thus some parts were substituted to be able to meet our budget. In order to transform this 

prototype into a commercially viable product, the drilling motor needs to be substituted with the 

one suggested in Appendix L, also the whole thread rods need to be substituted with lead screws 

shown in Appendix P, so that both the saw and drill assembly run smoothly and more accurately.  

Also a slider table as proposed in the future work section should be included to the machine as an 

accessory to be able to collect the paddles.  

 4.5 Discussion 

 

Management is one of the most important tasks of any engineering project. Weekly 

meetings were held to discuss tasks to be accomplished, and to ensure that the Table of 

Responsibilities was being followed in a timely manner. Different tasks were split between 

members according to their abilities, yet the more intensive tasks like design, construction, 

optimization and testing were mostly accomplished by group work. Cost was an important factor 

affecting nearly every decision throughout the realization of this project. To meet the budget and 

time deadlines some concessions had to be made as mentioned in section 4.4 and Future Work in 
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section 10, yet because of having had a well timed and organized breakdown of tasks, our 

prototype was successful and both the machine and the paddles met expectations. 

5. Engineering Design and Analysis 

 5.1 Structural Design 

Structural design and analysis in the engineering process of creating functional 

machinery are extremely important steps that need to be revised thoroughly. Sometimes 

restricted by the objective conditions and specifications of the output product, the challenge 

presented in designing structures goes beyond the scope of this project. Based on practical 

knowledge, information gathered from numerous sources and the help of computational 

software, such as SolidWorks, Beam 2D 3.1 and Excel, a logical design and analysis of the here 

presented structure and mechanism was conducted. Some preliminary analyses were done and 

are presented in the following section of this paper. 

Selecting major components for the machine being designed was a fundamental step in 

the task of designing and engineering a working device that could operate under the presented 

restrictions and conditions. Some of the factors considered for component selection were the 

cutting speed and the feed speed of the drill bit. 

For the construction of the frame, standard rectangular 2òĬ1ò tubing was used in 

combination with several other small structural steel parts. Several pieces were made of 

aluminum to reduce weight, cost and to increase durability of the completed mechanism. 

The selection of the main electrical components for this machine was a challenge that 

was directly discussed with the team advisor, other professors and several of our electrical 

engineering colleagues before buying the motors and controller kit. 
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Fundamentals of mechanics of materials and material properties were applied in the 

search for a material that would have better performance when operating under the specified 

conditions. 

 5.2 Dimensions 

 Some the dimensions of interest in this project have already been mentioned in previous 

sections. Production time of a paddle, machine cost including maintenance, and raw material cost 

are some of the most significant fundamental aspects of the project. 

 The final cost of the completed machine was intended to be kept under $2000 USD for 

future commercialization purposes. Quotes from several different companies and materials were 

obtained and are presented in the following section with the intension of reducing material cost. 

 5.3 Material Selection 

  5.3.1 Paddle Material  

 E-Beam Services Inc. provides cross-linking and chain session services for a price of 

$900 to any sheet size. The cross-linked cost per sheet shown in the table from Horn Plastic Inc. 

is not expensive because this was an exchange with other vendorôs material. The cross-linked 

UHMW-PE could not be welded and therefore was traded off with regular UHMW-PE sheet. We 

were not able to get information on the data sheet. However the sample color is Orange which 

indicates that the UHMW-PE had undergone through a process.  
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Material Cost for UHMW-PE Sheet 

   

Table 2-UHMW Cost 

  

Vender Name Size TxWxL Cost per Sheet 

($) 

Cut to length Cost 

(CTL 37-1/4ò) 

Interstate Plastic.com İò X 48ò X 72ò 471 500 

RPlastic.com İò X 48ò X 120ò 356 395 

The Gund Company Inc. ıò x 38ò x 48ò 216 250 

Horn Plastic Inc. 

(With Crosslink Process) 

ıò x 60ò x 96ò *242 285 

  5.3.2 Machine Major Components 

The proposed system is composed of several mechanical and electrical components that 

work simultaneously to achieve the targeted end product. The major components are as follow: 

¶ Beginning with a DC electric motor that provides rotational motion to the drill 

assembly. 

¶ A DC motor that provides rotational motion for the saw assembly. 

¶ A belt and timing gear system that transfers the rotating motion and torque from the 

motor to the drill bit assembled in a custom made shaft. 

¶ The drill bit shaft has a simple chuck machined on it, so that the drill bit can be 

removed if necessary. This shaft was machined to custom fit the existing assembly to 

reduce vibrations created by centricity differences. 

¶ A drill bit specially design for drill ing hard and soft plastics. 

¶ High speed bearings that support the shafts holding the chucks. 
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¶ Four stepper motors that provide linear motion to the drilling workstation in the 

vertically and horizontally direction and to the cutter in the horizontal direction 

parallel to that of the drilling, and rotational motion to the roller table. 

¶ A 6İò circular saw powered by an electric motor, to make the horizontal cut to the 

desired width. 

¶ A table composed of several rollers where the sheet of raw material slides towards 

the cutting machine. 

As mentioned above, these are some of the most essential components included in the 

assembly of the present machine; as improvements are made more components will be required. 

 5.4 Force Analysis 

The force analysis is mostly covered in Appendix J: Torque Calculations section. Here 

the torque needed for the two main stages of the machine was analyzed, namely: the linear stage 

and the roller table. The torque for the roller table stepper motor was found to be approximately 

0.23 Newton per meter (Nm) or 32.7 ounces per inch (OPI); while the torque that the stepper 

motor on the linear stage would need to exert was found to be around 17.7 ounces per inch (OPI) 

for the worst case scenario - which is when the drilling assembly is going up; this torque is called 

raising Torque or TR. All assumed values specified in Appendix J were those of worst case 

scenarios taken from mentioned sources. 

In the case of the circular saw motor, the drilling motor and the stepper motors providing 

the horizontal movement for the drilling assembly, finding the necessary torque was 

accomplished as follows. 
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First we looked at different similar saws in the market and found that the best one to 

compare to was a cordless one - since we are going to use a DC motor to power the saw. Usually 

cordless saws range around 1/20 horse power (HP) and have a torque of about 7.5 (OPI). Then 

Mr. Zicarelli from the Engineering Manufacturing Center at Florida International University 

recommended using Machinist Toolbox, which is known computer software, to find an estimate 

of what power would take to cut UHMW-PE. Using this program it was found the horsepower 

and torque would be 1/10 HP and 15 (OPI) respectively. Then tests were done using a DeWALT 

cordless saw. Several pieces of the material to be used were cut successfully and then from the 

specs of the machine, the power was found to be 1/20 HP. Thus after doing this set of tests a 

range of power and torque required to cut this material was estimated. For simplicity, it was 

decided to use an existing cordless saw and just replace the blade with one for plastics, 

guaranteeing success for the given case. 

 For the drilling motor similar steps as those for the circular saw motor were undertaken. 

From the literature survey it was found that similar cordless power drills usually range from 1/20 

to 1/5 HP and 50 to 200 OPI for the torques, while from the Machinist Toolbox the estimation 

was ¼ HP and 214 OPI. To find the correct RPM to operate the drill bit a drill press was used. 

Several holes were drilled letting the speed of the driller vary. It was found that anywhere in the 

range of 700 to 1300 RPM the sheet could be drilled and good finished holes would be obtained. 

Then tests to find torque and horsepower were done by using a Dewaltt cordless drill whose 

specifications were 1/10 Hp and 100 OPI. Combining this information, it was decided that a 

motor capable of providing 1/8 HP and 170 OPI was acceptable. Yet this motor speed was much 

greater than needed, so as part of the assembly a gear pulley system was included to reduce the 
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speed of the assembly to approximately 1300 RPM, which is the fastest speed achieved in our 

testing, while still obtaining quality holes. 

Since the stepper motors torque requirements for the roller table and the linear stage were 

the ones expected to be higher than those used in the horizontal movement of the saw assembly 

and the drilling assembly, a kit was purchased to exceed the specifications of the higher torque 

component, in this case the linear stage (17.7 OPI). The drill assembly and saw assembly require 

less torque due to their providing displacement in the x direction and not carrying as much load 

and having two high precision rods and bearings supporting them. The kit bought was a great 

decision since it saves us time and money. A single package provided us with everything needed 

for controlling the displacements of the machine: a driver, four (270 OPI) stepper motors, one 

power source and a controlling board. Another major reason why these steppers were chosen is 

because their compatibility with the mounting of the linear stage. 

 5.5 Dynamic/Vibration Analysis  

The team consulted Dr. Levy on how to conduct vibration analysis on the system. Dr. 

Levy recommended a simple method of analysis in order to find an approximation of the first 

natural frequency that could be compared to the frequency that the motors are running at.  He 

suggested that if the natural frequency of the system is different than the natural frequency of all 

motors then no resonance will occur and the design would be safe of critical vibrations. If the 

system frequency falls within ± 10% of the natural frequency of any motor, it is not considered 

safe and a simple vibration absorber composed of springs and mass should be used.  

The paddle maker machine is formed by several subsystems: namely the drilling station, 

sawing assembly and a roller table. For that reason it was chosen to use Dunkerleyôs formula 

[31] to determine the systemôs final natural frequency. Dunkerleyôs formula gives approximate 
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values of the fundamental frequency of a composite system in terms of the natural frequencies of 

its components. The fundamental frequency showing in Figure 19 was used to include all 

subsystems.  

 

Figure 19-Dunkerleyô Formula Used for the System 

The natural frequency formula is ⱷ= ▓/□  where k is the spring coefficient and m is the 

mass. 

ü k equivalent and total Mass for each subsystem was calculated: 

¶ Roller Conveyor assembly- The legs experience the same deflection; thus the k 

equivalent is in parallel. They were simulated as fixed beams of circular cross-

section.  The nine rollers were modeled as rods experiencing the same deflection, 

hence they were considered in parallel. The frame of the roller table was divided into 

frame L and frame W, and both were modeled as fixed beams with a thin walled 

thickness cross-section. The legs, frame and rollers can be taken as in series since 

they all experience the same load. 

¶ Drilling assembly- The two support rods are considered fixed, and the lead screw is 

considered as a free rod. The drill station which includes: electrical motor, stepper 

motor, rods, and linear bearings are considered as one mass.  The two rods and lead 

screw carry the same load, namely the weight of the assembly, thus they are 

considered to be in series. 
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¶ Sawing assembly- Includes the same parts as the drilling assembly. The only 

difference is the length of the rods and lead screw. The saw blade and motor are 

considered as one mass. The rods and lead screw carry the same load, namely the 

weight of the assembly, thus they are considered to be in series. 

¶ Sheet mover assembly- the stepper motor and wheels move the sheet to be cut to 

length very slowly. The wheels only turn approximately 3/4 of a revolution to move 

the sheet the prescribed distance and thus this assembly including its respective motor 

is deemed stationary and is excluded from the vibration analysis, though its mass is 

included in the rollerôs table mass. 

ü The total natural frequency for the system was calculated to be 1.009 rad/sec. 

ü All motors frequency was obtained by converting RPM to Rad/sec. The smallest natural 

frequency for the drilling stepper motor calculated to be 5.236 rad/sec 

ü Since ɤ system is different than any ɤ any motor , and since the value does not fall within      

± 10%  of any motorôs frequency value, the machine should have no resonance. 

 5.6 Deflection Analysis 

Member deflection is a considerably important topic in the design of any structure. Even 

though the system here presented consists of a combination of simple structures, determining the 

deflection of the key parts of the machine was of interest. 

The linear shafts holding the drilling assembly, being the thinnest and longer members, 

were the components where the major deflection was expected. The deflection and other 

properties of interest for these supporting shafts were calculated using the very well known 

software Beam 2D version 3.1 and are presented in Appendix K. The two tentative dimensions 

for these shafts were 3/8ò and 1/2". The load carried by two of these shafts at any time is 8 lbs, 
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but to be on the safe side, a 10 lbs load, located at the center, was simulated on a single shaft. 

After performing this analysis the İò shaft was picked based on minimum deflection 

specification. The maximum deflection was found to be 0.03746543ò at the center of the shaft 

where the load was being applied (Figure 20). 

 

Figure 20-Deflection Analysis of Linear Shaft  

 5.7 Material Analysis for Machine Assemblies 

 

Structural analysis involves the consideration of physical properties in the effort to 

predict and study the response of a structure to the adversities of the environment in which it is 

operating. Involving the fundamental of material failure theories, mechanics, as well as non static 

loading, the fundamental goal of structural study is the estimation of stresses, internal forces and 

physical deformations. This portion of the engineering design process has become essentially 

important as a result from the demand to save money in the realization of direct testing. 
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When building any kind of machinery, it is of great importance to estimate the life span 

of the design by predicting failure using theoretical analysis. Structural analysis to all possible 

components was done using SolidWorks Cosmos Works in order to determine their performance 

under continuous applied loads. Finite element analysis was used to make sure the structure is 

safe. Obtaining a high factor of safety will guarantee reliability of the Paddle Maker and 

minimize vibrations. Furthermore Deflection Analysis was applied to determine how much the 

different parts of the machine displace when under stress and the results are presented in the 

following. 

  5.7.1 Stress Analysis 
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  5.7.2 Strain analysis 

 

 

  5.7.3 Displacement 
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  5.7.4 Factor of Safety analysis 

 

 
 

 Stress and Strain analysis results show a very safe and stable  table model .Deflection 

Analysis shows that the center of the side of the table is the one experiencing the most deflection, 

yet this value is very small, approximately 6.31 *10
-6
 inch, thus the current design it also a good 

one on this aspect.  The factor of Safety is very big, which is desirable for a machine that is 

expected to have a long lifespan. 

 5.8 Cost Analysis for One Paddle 

 

Below you will find a Table that estimates the cost of producing one paddle with the 

proposed design, the Paddle Maker. As it can be seen the cheapest option will imply a saving of 

$7.75 per paddle, when compared with what the actual manufacturer (The Gund Company) 

charges Vulcan Materials, $13 per paddle. Charges which multiplied by the 114 paddles needed 

for the conveyor belt would represent a saving of almost $884 per paddle shipment. Considering 

that a new set of paddles must be installed every month, in order to efficiently load with powder 
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cement the trucks, the total savings for the company would be around $10,606 a year. This is 

only in the Miami Facility. If every facility that uses Drag-A-Flight conveyors today for load 

product from trains to trucks can save that much money, the paddle maker could mean huge 

savings not only for Vulcan Materials but also for any company in the construction field 

interested in this technology.  

Table 3-Paddle Production Cost 

 

 

Below a discussion of the equations used to produce this table is presented. 

¶ Time(minutes)= 5 min *  (sheet size/paddle size) 

¶ Machine functioning cost = Power * (hours to produce paddles)*($0.10 per KW-h) 

¶ Cost of 1 paddle = (sheet cost+ machine functioning cost) / (amount of paddles produced 

from that sheet).  

In the time equation, five minutes is the time empirically determined required to 

manufacture a single paddle. That multiplied by the amount of paddles obtained from each sheet 

gives you the time that it takes to make paddles out of that sheet.  

The Paddle Maker uses 2 DC motors and 4 stepper motors that account for the total 

horsepower of the machinery to be approximately 1 HP. This is converted to KW, and then to 

KW-h using the time calculated in the first step. That value times the average KW per hour cost 

in Florida, namely $0.10 yields the machine functioning cost. 

Polyethelene Sheet 

Provider Size Cost per sheetTime(minutes)

Machine 

Functioning Cost 

($ per hour)

Machine 

Functioning Cost 

($ )

1-paddle 

Production Cost  

($)

Interstate Plastic.com1/2" x 37" x72" $500 205.714 0.256 0.877 12.174

Rplastics.com 1/2" x 37" x120" $395 342.857 0.426 2.436 5.796

The Gund Company 1/2" x 37" x72" $215 205.714 0.256 0.877 5.247

Current Price 13
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In order to obtain the amount of paddles produced from a given sheet, the size of the 

sheet is divided by the desired paddle size. 

6. Prototype Construction 

 6.1 Description of Prototype 

The target of this project was to build a machine that would produce construction paddles 

to be fitted in a Drag-A-Flight Conveyor .These paddles needs to be 37¼ò long, ½ò thick and 

1¾ò wide, having six holes 7/16ò in diameter each, spaced by a distance of 5½ò. The current 

design of the paddle also features an angle cut in one of the sides to decrease friction.  

A machine, The Paddle Maker, was constructed to produce the paddles autonomously 

from a given sheet of raw material. Thus the machine first moves the sheet of raw material to the 

position where a pulley-belt system driving the drill bits makes the holes. Then a saw moves by 

means of a stepper motor and takes care of the cutting. 

 6.2 Parts List   

  6.2.1 Motors and Stepping Motors 

 Four Nema 23 Hybrid Bipolar Stepper Motors of 270 oz-in, 1/4ò dual shafts, were used to move 

the different linear mechanisms. Typically controlled by a computer and driver, these motor are 

among the most common systems used in machines requiring motion control. Advancements in 

electronic controls have made steppers motors more popular than ever in almost every modern 

industry. 

 The torque of these motors greatly exceeds that required by the system; the reason for 

this is that these motors were bought in a complete kit, including the power supply and 
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controller. By having all stepper motors of the same size and frame will facilitate future 

maintenance. 

  6.2.2 Gears and Timer Belt 

 The design of the machine required means transmitting power from the electric motor to 

the drilling shaft while reducing the speed of the motor by a ratio of 3:1. To accomplish this, a 

combination of two timing gears was selected since no slippage between the belt and the pulleys 

was desired. 

 The driving pulley was chosen to be a 24 tooth, Acetal Plastic, with Aluminum Hub to 

meet the size of the motorôs shaft. The driven pulley was required to be 72-tooth to meet the 

required rpm for consistent drilling and acceptable hole finishing. This last pulley was not 

available in any other material but steel, which is heavier yet more lasting than plastic. 

  6.2.3 Bearings 

 All bearings used in the design and construction of the machine were picked from the 

McMaster catalog while keeping in mind their availability from local vendors in case 

replacements were to be needed in the future. All bearings were selected depending on their 

specific function, location in the machine and load carried.  

  6.2.4 Linear Stage 

 After estimating the weight of the finished drilling assembly a suitable linear stage was 

selected to withstand the torque and reaction forces created by the drilling process. The selected 

linear stage is a MLPS-4-10 low profile series from Servo System Company capable of 

supporting a 10 lbs dynamic load on a 4ò travel rail. The manufacturer specification sheet is 

attached in Appendix I of this report. 
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  6.2.5 Rods and Supports 

 After studying the shaft deflections and internal forces presented in preceding sections 

the shafts used were Linear Motion shafts made of AISI 1566 Steel, meeting surface finish 

requirements for the selected linear bearings to travel smoothly. 

  6.2.6 Systemôs Driver 

An automation machine technology is used to drive the four stepping motors running the 

vertical and horizontal motion for the Paddle Maker Machine. Rockcliff 4 axis CNC motor V10 

Driver (Figure 21) enabled running the machines at low cost and high performance. The 4 

stepping motors are Bi-Polar motors making the system more powerful. A bi-polar motor has a 

single winding per phase, unlike a uni-polar one, which has two windings per phase. In a uni-

polar motor the magnetic pole can be reversed without switching current direction, where as in a 

bi-polar one the current needs to be reversed in order to reverse the magnetic field.  Hence, the 

driving circuit must be more complicated.   

The four colored coded wire connection shown in the schematic diagram in Figure 22 

must be carefully checked, an incorrect connection will destroy the controller. The current level 

can be adjusted using a potentiometer, which converts the voltage to motor output current.  

Stepper motor performance is dependent on the drive circuit. The motor drive can handle 30 

VDC and can generate voltage and current back into the circuitry. Motor failure can occur when 

exceeding 35 VDC. The power source for the driver is a 12 or 24 volt power supply. The 24 volt 

supply will reach the speed and torque twice as fast as that of the 12 volt one. 

Stepper motors step from one position to the next, and their coils are constantly 

energized. As a results, when running at certain speed they are prone to vibration. Motor dumper 
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or changing acceleration helps remove vibration. The Rockcliff driver board uses a PFD 

adjustment setting to help remove resonance. 

 

 

Figure 21-High Performance 4 Axis CNC Motor V10 Drive 

 

 
 

Figure 22-Schematic Diagram for Rockcliff V10 
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6.2.7 Systemôs Software 

 

 PC-based CNC software, the Mach 3 series, available from Artsoft USA is used to run 

the Paddle maker machine. Rockcliff provides a special file name óRockcliff4X.XMLô to 

configure Mach3 software settings to the motor drive board. Mach3 features and functions are 

easy to use. Mach3 provides tutorials that cover basic knowledge, installation and configuration, 

as well as many troubleshooting videos. 

Mach3 minimum computer requirements are not supported by Laptops due to inherent 

power saving features. To use the features and run the machine accurately a desktop PC was 

used which outputs more consistent voltages to its parallel port pins. 

One of the features provided by Mach3 is to allow us to use the G-code program 

language in order to move the motors up, down, left and right.  

Mach3 is easy to setup, and it has many great features which are easy to understand 

(Figure 23). Some features used in Mach3 are: G-Code display, M-Code display, spindle speed 

control, relay control. The program can control Lathe, mills, Routers, Lasers Plasma and even 

engrave. 
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Figure 23-Mach3 Screen Shot Features [39] 

6.2.8 Saw Assembly 

 A motor from a DeWALT circular saw was used to drive the carbide blade that cuts 

along the length of the raw material. 

  The following table was developed for some of the commercially available power saws. 

The cheapest of all these options was the third choice; however the HP of this machine is too 

large for the required application, thus the DeWALT Cordless Circular Saw was selected. Details 

of this selection are shown in table 4 and Figure 24. 

Table 4-Power Saws Comparison [38] 

 

Company/Product name Part # Price ($) Voltage(V) Current(A) Speed(RPM) cutting Power(W) Power(HP)

Kett Electric Plastic Cutting Saw KS-224 353.77 120 5 2500 Plastic 600 0.8046

Dewalt Cordless Circular Saw DC9390K 199.99 18 2.4 3700 Plywood 43.2 0.0579312

RIGID Circular Saw N/A 99 120 15 3000 Framing 1800 2.4138
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Figure 24-Circular Saw Specifications and Features [38] 

6.2.9 Drill Motor 

Through an extensive search of similar motors on the market and while performing tests 

of our own, as explained in the Design section, it was found that the motor needed to have at 

least  1/10 HP and 100 ounces of torque per inch. Following this criterion some commercially 

available motors were selected as shown in the Appendix L, yet their prices range from $300 to 

$400. Hence for the purpose of this prototype the motor shown below was used, in part because 

it has 1/8 HP and also because it was a donation from the teamôs sponsor: Vulcan Materials. 
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Figure 25-Prototypeôs Motor 

 

This motor has a speed of 3600 RPM, thus a gear reduction system was added to the 

assembly to bring down the speed to about 1200 RPM, which was proven to be an effective 

drilling speed yielding good quality holes in this material. Two gears were purchased to 

accomplish this. The following drawing indicates the considerations for determining the correct 

belt dimensions. 
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Figure 26-Belt Length Determination 

  6.2.10 Roller Table 

The roller table was designed and manufactured to meet the size and functionality of the 

cutting process. Structural analyses were presented in prior sections although the table was 

expected to surpass design requirements, and this was proven by the large factor of safety 

obtained from these analyses. The roller table was designed so that the distance between rollers 

gradually increases along the length of the table. By doing this we are decreasing the torque 

required for this stepper motor to move the sheet. Thus the motor would have to work less and 

therefore its lifespan would likely be extended. Calculation details are included in Appendix J.  

  6.3 Construction 

Construction of the machine was a very intensive and challenging task where our 

knowledge and hands-on abilities were put to the test. The roller table (Figure 27) was built by 

welding steels beams to form a frame 48ò in length and 39ò in width. Then the rollers were 

installed to allow for easy displacement of the raw sheet of material.  
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Figure 27-Roller Table 

 

 For the construction of the motor assembly (Figure 30) some elemental machining was 

done by one of the team members and the centricity of the gear shaft was checked using a 

deflection gage (Figure 28). After doing this it was realized that the gear shaft was off-centered 

by 0.002ò due to the differences in diameter between the bearing inner cup and the shaft. A new 

shaft was machined to fit the inner diameter of the bearing to solve the centricity issue 

(Figure29). 

 

Figure 28-Shaft Centricity  Test Gage  
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Figure 29-Machining of Shaft to Precise Tolerance 
 

 
    

Figure 30-Motor and Linear Stage Assembly 

 

For both the drilling and the sawing assembly two supporting rods and one lead screw 

attached to a stepper motor were used for movement of the assemblies. A Dewaltt 18 V circular 

saw was used for cutting. For further detail refer to sections 6.2.8 and 2.2.3 
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 6.4 Prototype Cost Analysis 

 

This section reflects the total price of buying the parts, materials and tools that were 

necessary for the realization of The Paddle Maker Machine.  

Table 5 below represents the approximate total cost of the final design. Table 6 shows the 

cost analysis of manufacturing the machine using the mechanical drilling assembly instead of the 

drilling workstation. The reason weôre showing both is that they serve as a comparison between 

the two main design alternatives. As can be seen by using the drilling workstation choice, a sum 

of around $400 would be saved. This ended up being an important factor on the decision of 

choosing the final design: The Paddle Maker. 

Table 5-Final Design Cost 

 

Description Item Price Qty Subtotal

Stepper Motor Kit $405.00 1 $405.00

DC Motor $350.00 1 $350.00

Linear stage $249.00 1 $249.00

Pulley and gear $63.37 1 $63.37

Wires and crimps $50.00 1 $50.00

Drill Bits $23.05 1 $23.05

Chucks $0.00

Round rods $0.00

Tubing $22.84 1 $22.84

Welding Rods $0.00

4 1/2 " Circular Saw Blade $25.00 1 $25.00

3/8 "Corner round router $29.00 1 $29.00

3/8" by 24' Shaft $30.77 1 $30.77

3/8" by 8' rod $30.00 1 $30.00

Bolts $0.00

Linear Bearings $143.90 1 $143.90

Ball Bearings $19.32 1 $19.32

Flange Bearings $45.09 1 $45.09

High Precision Rods $50.00 4 $200.00

Polyethylene Sheet $278.00 1 $278.00

Total $1,964.34

Cost Analysis
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Table 6-Initial Design Cost 

 

Not included in these tables is the labor cost involved in this project. After having 

finished our project all hours related to design, construction and testing added up to be about 910 

hours total, which multiplied by $20 per hour yields around $18,200 of prototype development 

cost. The $20 per hour rate was used in these calculations since this is the average rate per hour 

charged by machine shops in Miami, and is also around the average salary for in-training 

engineers, such as ourselves.  However of this time, 208 hours were devoted to machining the 

different components; had the team contracted the services of Mr. Zicarelli at the FIUôs 

manufacturing center, this time would have been decreased to about 55 hours which would have 

cost about $1375. If this prototype were to be mass produced then this price would be 

significantly reduced. 

 

 

Description Item Price Qty Subtotal

Stepper Motor $80.00 3 $240.00

DC Motor $250.00 3 $750.00

Power Supply $200.00 1 $200.00

Wires and crimps $50.00 1 $50.00

Drill Bits $23.00 7 $161.00

Chucks $15.00 7 $105.00

Round rods $30.00 4 $120.00

Tubing $22.84 1 $22.84

Welding Rods $10.00 1 $10.00

4 1/2 " Circular Saw Blade $25.00 1 $25.00

3/8 "Corner round router $29.95 1 $29.95

V-belts $20.00 8 $160.00

Bolts $15.00 1 $15.00

Bearings $20.00 14 $280.00

Polyethylene Sheet $278.00 1 $278.00

Total $2,446.79

Cost Analysis
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The following graph shows the approximate amount of hours that each member worked 

per week throughout the duration of these last two semesters. The peak represents the spring 

break week where the team spent about 250 hours building the prototype. The total amount of 

hours is as follow: Orena 389 hours; Jorge 393 hours; Nestor 396 hours. 

 

 

Figure 31-Paddle Maker Teamôs Total Hours 
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7. Testing and Evaluation 

 7.1 Design of Experiments  

  7.1.1 Mack 3 CNC controller Input Verification 

 Using Mach3 software requires motor configuration outputs for step pin number and 

direction pin number. Mach3 software is compatible with the Rockcliff CNC motor driver. The 

figure below shows the pin assignment for the four steppers motors per Rockcliff manual. The 

configuration is attached in Appendix R.   

 
 

Figure 32-Conector Pins Assignment 

 Part of the setup was to obtain the correct velocity and acceleration for each stepper 

motor. Figures 32-35 below are movement profile screenshots for X, Y, Z & A axis. The X axis 

assigned to the drill assembly and the Y axis assigned to the saw assembly; both move in the 

horizontal direction. The Z axis move the drill assembly vertically, and the A axis rotates the 

wheels that move the sheet forward. 
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Figure 33-X-axis for Drill Assembly (Horizontal Direction)  

 
Figure 34-Y-axis for Saw Assembly (Horizontal Direction) 






















































































































































































