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Abstract
A pharmaceutical company makes a product that requires them to extract medical grade
salve from tubes so that it can be mixed with another salve. Currently, the company has workers
manually twist off the caps and put the tubes into an extraction machine. This current method has
caused several workers to develop wrist problems and does not allow the company to meet
demand. A process was created to automate the removal of the caps from the salve tubes.
A feed system was designed to be able to be able to be continuously loaded with multiple
tubes and feed one tube at a time into the tube holder. A tube holder was designed to hold the
body of a tube firmly so that the cap can be cut without salve being squeezed out. A cutting
process was created based off of finite element analysis of the interaction of a blade tip and the
tube. A blade cuts the cap off of the tube after it is fed into the tube holder. An assembly using
two linear actuators was designed to move the tube holder over and up into the extraction
machine consisting of a squeezing roll set.
Motion analysis using data from real components found that the designed machine can
run with a three second cycle time. This simulated cycle time would allow the company to meet
their production demand. The designed machine would cost roughly $5,487.
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Chapter 1: Introduction
This project is industry-based with the intent of fulfilling the needs of a manufacturing
employer. Our project included the design and production of an automated system that removes
caps from polypropylene tubes which are fed into a roll set to extract the salve inside the tubes.
The main components of the design include a feed system that allows for continuous feeding of
tubes one at a time into the tube fixture, a fixture and method of moving the tubes, a cutting
process to remove the caps of the tubes with minimal loss of salve and no contamination, and a
control system for the automation of the process. Figure 1 shows a model of the final design with
all its components

Figure 1: Overview of Full Scale Model

1.1 - Background
A pharmaceutical company makes dermal creams that involve mixing lidocaine based
salve with other ointments. The lidocaine numbs the skin so the other ointment can penetrate the
skin. The company can only obtain the lidocaine salve in 30 g polypropylene tubes that come in
individual boxes. Their current method to manufacture these dermal creams is to have workers
manually uncap the push and twist lidocaine salve tubes and then put them into a salve extraction
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machine that extracts the salve into a larger container where it is stored until it is mixed with the
other ointments.
The process of manually removing the push and twist cap is very taxing on the workers’
wrists. Several workers have had to be moved from the job due to developing wrist problems.
However, that is just the beginning of the problem with the current process. The manual method
of extracting salve is not quick enough for the company to meet the high demand for the dermal
cream products. The group was tasked with designing a machine that can automatically uncap
the salve tubes while being ergonomically friendly to operators and being able to average a three
and a half second cycle time that is estimated for the company to meet the demand for their
dermal cream. This design needed to integrate itself with a salve extraction roll set that has
already been designed.

1.2 – Initial Thoughts
One of the initial thoughts the team had was that the uncapping of the tube could be done
one of two ways: either pushing and untwisting the cap or by removing the cap by cutting. After
considering the three and a half second cycle time the team thought it would be unfeasible to
create an automated process of untwisting the cap that could meet that cycle time. When the
team considered cutting, the main challenge that was foreseen was that the tube would need to be
held steady while it was cut without its holding pressure squeezing out the salve during the cut.
This lead to the focus on the design of our first component, a tube fixture.
The next consideration was meeting the cycle time challenge. One way to maximize
cycle time is to create a feed system that could continuously feed tubes into the machine as fast
as the tubes can be unboxed. Another way to maximize cycle time is to automate a system that
moves the tube to the roll set after it is cut. To do this we decided the main components of the
system would be a feed system, a tube fixture, a blade and cutting process, a way to move the
tube to the roll set, and a control system to automate the entire process.

1.3 – Professional Components
For this project in particular, safety is the largest concern. The final design involves the
use of a sharp rotating blade. Safety precautions have been taken by adding a guard to protect
workers from accessing the blade from the side that they stand during operation. The guard
provides as much shielding as possible while still allowing the blade to cut the tube properly.
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The cutting process was designed so that no hazardous polypropylene debris is introduced to the
air that the operators might breathe.
Another consideration for this project is its environmental impact. The machine will have
the waste of several thousand tube caps per day. The design allows for the collection of these
caps so they can easily be collected and then sent for recycling.

1.4 – Contributions
Collin Wicks acted as a project manager. He assigned the group tasks and scheduled
meetings. He also kept the group on task and arranged for the creation of 3D printed parts. Collin
was mainly responsible for the design of the feed system and the finite element analysis. Along
with all the other members, he took part in the construction of the prototype. Collin learned
Solidworks motion study and did a complete motion study on the feed system as well as taught
Luke how to use motion study for the mounting. Collin helped Sam with sizing a motor for the
blade and using analysis to give him values to solve for the safety of the blade.
Luke Lancaster created or aided in the creation of most of the Solidworks models and
assemblies. His largest design focus was in the creation of the holder, the mounting, and base of
the system. Along with all the other members he took part in deciding the direction of the overall
design for the prototype and final design and took part in constructing the prototype. Luke
created the wood tables that acted as the prototype base and created the motion of the actuator
portion of the full assembly in Solidworks.
Ramon Valdivia’s contribution came from the development of the Arduino Uno code and
the circuit design of the system. He developed the code that moved the actuators in the x and y
directions. He also integrated the proximity sensor that it could work alongside the actuators.
Development of the circuit was also handle by Ramon any parts that need to be order such as the
actuators or electrical components were handle by Ramon. Testing and trouble shooting the
circuit and the code were also handle by Ramon.
Sam Masini’s contributions included the conception of the cutting cycle in addition to the
methodology behind the cutting mechanism itself. Sam designed a rotary blade intended for the
full-scale model. This included the verification of an acceptable fatigue factor of safety (FOS)
the use of the modified Goodman criteria with the aid of Collin Wicks' work in ANSYS. During
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the build of our prototype, a mount for a simulated DC motor and rotary blade was measured,
designed in CAD, and manufactured in the machine shop at NIU. Again, with the aid of Collin
Wicks, we were able to test and document the resulting outcome of how a polypropylene tube
reacts when being cut by a simulated DC motor and rotary blade (Dremel). In addition, a
brushless DC motor with an encoder and a brake was selected according to our required
specifications within our full-scale model. Finally, a budgetary analysis was created detailing
items, materials, and the costs associated in order to manufacture our designed full-scale model.

Chapter 2: Project Planning
Figure 2 shows a Gantt chart showing the time table the group attempted to stick to during the
project.

Gantt Chart
14‐Oct 3‐Nov 23‐Nov 13‐Dec 2‐Jan 22‐Jan 11‐Feb 3‐Mar 23‐Mar 12‐Apr
Ideation
Possible methods of removal researched
Research automation method (PLC or micro‐controller)
Select method of automation
Select method of cap removal
Research finite element method modeling of cutting
Working creative design made for cutting process
Research components for creative design
Rough CAD model
Project proposal
CAD model of tooling and feed system finalized
FEM model created
CAD model of cutting mechanism finalized
Finalize material selection and design
Work Orders made and components ordered
Testing methodology created
Testing
Final presentation prepartion

Figure 2: Gantt Chart
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2.1 – Design Specifications
The house of quality chart helps to illustrate the important parameters and focus our
design specifications.

Figure 3: House of Quality Relations
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Figure 4: House of Quality Competitive Analysis

Our proposed House of Quality (Figure 4 and Figure 5) maintains a focus of replicating a
reduced cycle time. It is vital that our efforts are invested in the prevention of potential jams or
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malfunctions to preserve a repeatable cycle time. Another factor which will affect the efficiency
of our automated mechanism is the correlation between the number of tubes being loaded and the
total time of the loading process. Our competitive analysis indicates that our current expectations
based upon our design specifications will exceed the performance of the current method being
used to extract material (salve) from tubes.

Figure 5: House of Quality Target Values

The design specifications of our automated mechanism considers the removal of a pushand-twist safety cap off of a tube of material (salve) through a cutting process. The tube, which
has a mass of approximately 28 grams, is 22 millimeters in diameter and 120 millimeters long.
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Both an Arduino and a proximity sensor will be used to make our mechanism automated. The
mechanism will also need to eject uncapped tubes into an extraction machine where the material
(salve) inside the tube can be extracted. The cycle time required for this system is set for 3.5
seconds between a tube being introduced into the cutting mechanism and ejecting the tube. The
system will be loaded with 36 capped tubes each loading cycle. One of our main goals for this
project is to limit the amount of material (salve) lost per gram of salve. We have set this goal to a
limit of 1 milligram of lost material (salve) per gram of salve. We are to also limit the frequency
of maintenance work for one work-day. This limit has been set to a maximum of one issue
arising per work-day where maintenance must be completed for the automated mechanism. As
an additional requirement for the blade design of our project, no contamination of the material
(salve) will be tolerated during the cutting process. A limit of two jams per work-day will be
tolerated in the design of our mechanism. The time it will take for expendable components to be
replaced will be one minute which increases the overall efficiency of the automated mechanism.
The time it will take to load 36 tubes prior to the cutting process will be approximately 30
seconds. The total time between the cutting process and introducing the uncapped tube to the
extraction roll set will be approximately ten seconds. Finally, when compared to the manual
option of uncapping tubes of material (salve), a technician will need to physically twist off 36
safety caps per load. This is an extremely inefficient process when compared to the design
specifications of our proposed automated mechanism.

2.2 – Concept Generation
For this machine, there are several things to keep in mind for the design. The machine
needs to contain the tube of salve without squeezing out its contents. A blade must cut the cap
off the tube, again without squeezing out the contents. The machine needs to operate quickly for
long periods of time. It must be fully automated. Lastly the tubes need to be easily inserted and
removed.
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Figure 6: Rough Concept of Guillotine Cutting Method

The design of the tube is fixed and so all the other components must be made with the
tube in mind. Multiple methods of tube holding were suggested. Any design for the tube holder
would have to keep the tube from moving and function as an anvil for the blade. In the design
shown in Figure 6 a hollow tube would serve this purpose. This design was chosen as it would
distribute the pressure across the salve tube and prevent crushing. A small notch prevents the
salve tube from sliding out of the holder completely and serves as the anvil for the guillotine like
blade. The salve tube could be made to slide in and then out of this holder. This could be done by
tilting the holder and letting the tube slide inside and then tilting it once again to slide the tube
out. This tilting and the activating of the blade would be controlled with an Arduino. The blade
would have to be replaceable as the machine would be in constant use throughout the day. The
used dull blades could be stored somewhere else for sharpening later.

2.3 – Concept Evaluation
Some important things to consider when analyzing the design for this machine are the
materials, speed, and amount of contamination. The cost of this machine isn’t a large concern as
it is not a very large machine and the intended customer is a large company.
The material of the blade is perhaps the largest concern. The blade makes the most
contact with the salve paste and for this reason it must be sanitary to avoid contaminating the
product. There are several metals with antibacterial properties available for the purpose such as
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copper. The blade must also be sharp and remain sharp. If the blade becomes dull the cut will not
be as clean and plastic debris may contaminate the salve. However, replaceable blades might
mitigate this issue. In the shown design, the proposed method for the introduction and removal of
the salve tube was to have the tube slide in and out. Further analysis would have to be done to
determine how fast this process can be accomplished as speed is important. The Arduino code
would need to be optimized for speed. If the machine is not at least as fast as the manual
workers, then it is useless.

Chapter 3: Cost/Market Analysis
Our budgetary restrictions were due in part to our limited resources provided which
consisted solely on our allotted school budget. Figure 7 provides a detailed description of our
needed resources and budgetary allocation for the design and production of our full-scale model
for an automated salve tube cap removal system. Our estimated prices are determined on the
basis of searching for multiple items sharing exact specifications required for our needs and
utilizing estimating an average price for that item. The budget seem comparable to other budgets
used for company specific in-house automation projects.

Figure 7: Estimated budgetary allocation (full scale model)
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This particular project is so specific that there is not any existing method currently on the
market for this process. The project is not very marketable to any outside company as it only
works for the specific tubes.

Chapter 4: Design of Prototype
A prototype model was designed and assembled as a proof of concept. The finished
prototype is pictured below in Figure 8.

Figure 8: Finished prototype

4.1 – Feed System
The feed system design has went through several iterations. The original concept of the
feed system consists of a hopper system with a rotating separation drum to try to prevent
jamming. The following figures show a hopper and loading design for the apparatus. The hopper
needs to be efficient due to the 3.5 second cycle time that the team is aiming for. This means the
system needs to load very fast to without jamming. The following figures are conceptual design
for the hopper and load system.
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Figure 9: Full feed system assembly design concept

Figure 9 shows the assembly concept design. It consists of a hopper, a rotating feed
system, a track, and the tooling that holds the tube for cutting.

Figure 10: Isometric view of hopper

Figure 10 shows the hopper. It is designed so that it can hold several tubes while only
letting out one tube at a time at the bottom of the funnel. As a concept it is clear that the tubes
could rotate after being introduced to the hopper so that they would jam when the drum rotates.
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Figure 11: Rotating feed system

The feed system concept consists of a rotating piece with fins, shown in Figure 11, that is
made to only let one tube in a slot at a time that is then dropped on to the rail system shown in
Figure 4.

Figure 12: Track design concept
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Figure 12 shows the concept for the track that guides the tubes to the tooling. Some
concerns are that the track needs to have a low coefficient of friction so that the tubes will slide
into the tooling.
The feed system design concept then moved more towards a real world design as a
system to mount all the components of the feed system was created. The main support for the
structures would be a table top like piece. This could either be metal to allow for the welding of
supports like is shown in figure below, Figure 13, or it could have several threaded holes that
could receive supports to allow for adjustment. If the latter option is used, the supports would be
threaded rods at the bottom instead of the square shape they are. Also notice how there is a slot
for the tube to fall through to slide down the track. The track could be welded to this slot for
stabilization.

Figure 13: Feed system mounting table

Significant changes were made to the separating wheel. The wheel will be powered by a
mounted motor coupled to a shaft that rotates the wheel. The shaft will be supported by the
motor on one side and by a greased brace on the other side to allow for rotation. Assuming the
wheel is to be 3D printed with ABS plastic, it will only weigh 3.92 lbs according to the mass
properties simulation in Solidworks. This is relatively light, so the motor should not need to be
very powerful. When determining what motor to use, the main concern for this application is if it
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provides enough torque to turn the wheel when the tube is introduced. The tube is 30 g and the
center of mass of the tube is 0.0724 m away from the axis of rotation. Using a simple moment
calculation, I found that the torque placed on the axis is 21.31 Nm. Another motor factor is the
speed at which we run it. To avoid jamming, we plan to run the motor at a relatively low speed.
Looking at motors capable of putting out at least 21.31 Nm at a low speed, they are in the 10 –
20 dollar price range.

Figure 14: Separating wheel and motor

The motor mount system is shown in Figure 14 and Figure 15. The motor would be
mounted using a block supported by a rod on each corner as the sturdy support. A U-bracket will
hold the motor in place. Care needs to be taken when the motor is first mounted to ensure the
motor is in the right orientation.
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Figure 15: Motor mount

Figure 16 shows this iteration of the feed system with mounting components.

Figure 16: Mounted feed system

After brain storming and configuration design, it was determined that the possibility of
jamming when using a hopper was too great. Jamming was extremely likely due to the fact that
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the tubes are crimped to prevent them rolling and that the tubes are so easily deformed from
when interacting with each other. To attempt to solve this problem in a manner that was within
the budget, a slot was designed to be rapid prototyped as a proof of concept. The design of the
slot is shown in Figure 17.

Figure 17: Tube slot design

The working principle of the slot is that the tube is held in place by the sides of the slot
fitting snuggly in the gap between the cap and the rest of the tube. Once the tube slides down to
the enlarged hole, it is able to fall through in a consistent position. This allows for the tube to
tube interaction to be contained mostly to the caps instead of the easily deformable tube bodies.
Figure 18 shows the slot integrated in to a system where the tubes are let drop into the chute one
at a time by a solenoid quickly retracting to let one tube through and then extending to hold the
line of tubes back from falling. The added walls of the tube slot restrict the rotation of the tube to
make the ending position of the tube more consistent.
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Figure 18: Prototype feed system

The tube slot was rapidly prototyped using a PLA 3D printer. The result is shown below
in Figure 19.

Figure 19: 3D Printed tube slot

The 3D printed prototype proved too flimsy to hold a tube in place. It was redesigned to
be machined of metal and to have more area to attach it to a base material for support. The final
machined aluminum slot is shown attached to support wood used in the prototype in Figure 20.
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Figure 20: Machined tube slot

While the design was much sturdier, the aluminum cut was rough and caused frictional
problems so the tube did not slide smoothly in the slot. There was also a problem with the metal
being so thick that it fit very tightly in the gap and caused more friction. The only part of the feed
system design that made it into the prototype was the channel that directs the tube into the
holder. After two failed prototypes, a decision was made to design a feed system without
constraining the cost to allow for the actual creation of system with the team’s funds.

4.2 – Tube Holder
To tackle this problem, we thought of several ideas. The most popular idea was to use a
guillotine like blade to separate the cap from the tube while the tube was in some sort of holder.
With this idea in mind a holder was designed that would accept the tube, allow it to be cut, and
then reject the cut tube so that another could be cut.
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Figure 21: Pat Klingberg's Salve Tube Model

Figure 23: Initial holder full section
Figure 22: Initial Holder Design

Figure 21 shows the model of the tube that was sent to us by Pat Klingberg. It is a model
of a 30g tube of salve and is a little under six inches long. All the modeling was done based on
the size of this tube. The holder designed to hold the tube during cutting was to be made from
aluminum due to aluminum’s corrosive resistant and antibacterial properties. Figure 22 and
Figure 23 show the initial holder design and a full section of it created in Solidworks. This
design was created with the intention of the entire salve tube fitting inside. The tube would come
in cap first into the larger end and the cap end would be allowed to pass through the smaller end
on the other side while the larger body portion of the tube could not. This would leave the “neck”
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of the tube, the thin section between the cap and the body of the tube, exposed for the guillotine.
The cylindrical shape was used with the intention of spreading the normal pressure out along the
length of the tube to combat any squeezing or crushing that might happen during the cut.

Figure 24: Holder with actuator and pin joint
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Figure 26: Holder angled upward
Figure 25: Holder angled downward

Figure 24 shows how the holder would be supported by a pin joint and an actuator. A pin joint at
the cap end of the holder would allow for rotation but not translation. The actuator would be
attached to the slot on the other end. The slot transforms the linear up down motion of the
actuator into rotation around the pin joint for the holder as shown in Figure 25 and Figure 26.

Figure 27: Holder with added inner angle

A 2.94-degree angle was added to holder design as shown in Figure 27. It is the same
angle as the tube itself. This was intended to build upon the idea behind the cylindrical design.
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The pressure could be more spread out along the tube and the added friction would help prevent
the tube from spinning or moving around during cutting.
Pat Klingberg expressed concerns about our cutting angles and support for the design and
suggested considering a robotic arm or Cartesian robot to move the tube around. The use of one
of these methods would also remove the need to study the friction of the system.

Figure 28: Holder version 2

Figure 29: Holder version 2 full section

Figure 30: Holder version 2 with tube model

Figure 31: Tube cutting area

With this suggestion in mind the holder was changed. As shown in Figure 28 the pin hole and
slot were removed and a rectangular section meant to be attached to a robot was added. Figure 29
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and Figure 30 show how the tube fits into the holder and serves as a size comparison. Shortening
the holder was meant to expose the crimped end of the tube. The crimped end would be fed into
the set of rollers and then the extracted liquid would pass through the center of the holder and
out. Along with these changes an extra slope was added on the inside to allow the tube to ease
into the holder from above which is shown in Figure 31.
After discussing the design of the holder with the NIU machine shop some changes were
made. The machine shop gave suggestions for how to improve manufacturability and guidance
on how machining would likely take place.

Figure 33: Simplified holder full
section

Figure 34: Simplified holder with mock
rollers

Figure 32: Simplified holder design

Based on this advice and the idea of improving machinability the changes shown in Figure 32,
Figure 33, and Figure 34 were made. The holder was made less round and smaller. The holder
and one of the mounting pieces were also combined so there would be less parts to machine. The
smaller holder would also expose more of the tube, making it easier for the rollers to grab it.

4.3 – Mounting System and Base
It was decided that we would use two cheap actuators in place of a cartesian robot due to
our limited budget. After this decision, a full assembly of the machine was created in Solidworks
to visualize what the final product would look like.

32 | P a g e

Figure 35: First full assembly

Figure 36: Mounting models

The assembly is shown in Figure 35. It includes the holder, actuators, mounting pieces, the feed
system, the blade with mock motor, a pair of mock rollers, and a table for the machine pieces to
rest on. Figure 36 shows these mounting pieces. The left piece was to attach the holder to the
vertical actuator, the center piece attached the actuators together, and the right most pieces
attached the horizontal actuator to the table.

Figure 37: First assembly actuator close-up
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Figure 38: First assembly extended actuators

The mounting pieces can be seen more closely in Figure 37 and the actuator set up is shown as
well. The actuators feeding the holder with tube into the rollers is shown in Figure 38.

Figure 39: Simplified
actuator joining mount

The mount that was intended to join the actuators together was intricate and so a new mount was
modeled that would fit a larger array of actuators and would be much easier to machine. This is
shown in Figure 39.
After a discussion with Pat it was decided that we would construct a prototype of our
design while also designing the full scale. This way we would have something to present as a
proof of concept and we could keep our budget low.
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Figure 40: Final prototype design

With this idea in mind a final design of the prototype was agreed upon and a full assembly of it
was made as shown in Figure 40. It was decided that the components that were intended to be
machined were to be 3D printed as a cheaper alternative.

Figure 41: Wooden table base

Figure 42: 3D printed holder

Figure 41 shows one of two tables that were constructed out of wood and used as the base for the
prototype machine. Figure 42 shows the 3D printed tube holder with minor alterations from the
previous design. The actuators to be used in the prototype were ordered and obtained and a part
to hold them together was designed.
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Figure 43: Final prototype actuator joining
mount

Figure 44: actuator joining mount in assembly

Figure 43 and Figure 44 show the new joining mount design. It was designed to fit exactly into
the actuators that were being used. The machine shop’s 3D printer was down so the sintering
printer was used with the help of Dr. Sciammarella’s students. The 3d printed part is shown
below in Figure 45 and Figure 46.

Figure 45: 3D printed joining mount
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Figure 46: Joining mount side view

4.4 – Blade and Cutting Process
A mount is designed and serves as stabilizer for the simulated DC motor and rotary blade
in our prototype (Figure 47 and Figure 48). The back and base of the mount will be constructed
using wood and will hold the motor upright while the blade is allowed to spin in a horizontal
motion. The top ring, mid ring, bottom ring, and the guard for the blade are manufactured using a
3D printer in the machine shop at NIU. Each 3D printed component has two holes for screws to
fasten each component to the back portion of the mount. Finally, the mid ring will have two
additional holes on the outer edge of the ring where a screw and nut will tighten the motor in
place during the cutting process. Due to a lack of precise Dremel measurements, the mid-ring
was the only part that fit the Dremel during construction of the prototype.
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Figure 48: Cutting mount full view

Figure 47: Cutting mount side view

We chose a Dremel 3000 series rotary tool and a reinforced fiberglass cutting attachment
(Figure 49) to simulate the operation of a DC motor and a rotary blade cutting a tube of salve
within our full-scale model for the prototype. Our simulated DC motor and cutting attachment
operating at 32,000 RPM caused heavy contamination and loss of salve after cutting once
through a polypropylene tube with salve contained inside .
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Figure 49: Reinforced fiberglass cutting attachment
(courtesy: bettymills.com)

4.5 – Arduino
The design specification for the Arduino code and the circuit are as follows. Two linear
actuators needed to be moved with the commands of the Arduino Uno and a proximity sensor. A
4-channel relay would be used to protect the Arduino Uno from the 12 Volts that the linear
actuators need. The proximity sensor would mainly be used to detect when a tube has entered the
holder thus activating the code that would move the first actuator in the x-direction and the
second actuator that would move in the y-direction. The code for the Arduino would consist of
functions that control when the actuators extend, retract, or stop. These functions would be called
in the main body of code once the if statement of the proximity sensor is triggered due to a tube
entering the holder.
As stated before, the circuit consisted of an Arduino Uno, two Actuators, 4-channel relay,
and a proximity sensor. Most components would be powered by the Arduino with the exception
of the two linear actuators which would be powered by the 12 volt power supply. However, this
supply of 12 Volts to the linear actuators presents a key problem, in which the Arduino cannot
see those 12 volts or else the Arduino can be potentially harmed. To solve this problem a 4channel relay is used to shield the Arduino Uno from ever seeing the 12 volts supply to the
actuators. The relays work as an off on switch. When the relays are on, they supply 12 volts to
the actuator and when they are off they supply no voltage. The proximity sensor, as stated
before, is used to detect when the tube has entered the holder. Figure 50 illustrates the circuit
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design and the wiring where black goes to ground, red is define as a voltage and any other color
goes to a pin that will be set as an output or input in the code.

Figure 50: Circuit

To begin discussing the Arduino code the logic of the code will first be presented as
shown in Figure 51.
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Figure 51: Code logic

The logic for the Arduino is very simple proximity sensor that will emit a signal, if this
signal bounces off a tube of salve then the appropriate functions will be called. The linear
actuators will be moved to their respective positions and move back once the tube has been
extracted by the rollers. If the signal never returns to the proximity sensor then nothing will
happen and the linear actuators will remain in their zero position.
Figure 52 shows the code used to control the linear actuators and the proximity sensor.

Figure 52: Arduino Code a) Inputs and outputs b) actuator functions c) proximity sensor code

In Figure 52 all the relays are set as outputs since they will be sending out a signal to the
actuators to receive 12 volts. The proximity senor has one output and one input. The output label
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trigger will send out a signal if that signal bounces off an object it will be picked up by the
receiver which will be labeled as echo.
Figure 52 is the functions for the actuators. For the extendActuators function the relay1 is
open so that 12 volts can travel to the actuators and relay2 acts as the ground. If the actuators
need to be retracted then all that needs to be done is to reverse the polarity as shown in the
retractActuators function. Finally, if the actuators need to be stopped then the flow of the 12
volts must be shut off in both relays as shown in the stopActuators function.
In Figure 52 the first two lines of code sends out the single. If it bounces back it will be
picked up by the echo. This is executed by setting the echo to a high voltage using the pulseIn
function it will convert this single into time which is then used in a distance in line 9 of Figure
52. This distance is then displayed using the Serial.println function and this distance is used as a
condition for the if statement. When this if statement is triggered it will call the actuator
functions and begin the process of moving the actuators.

Chapter 5: Design of Full Scale Model

5.1 – Feed System
A feed system was designed that centered on a conveyor system. A conveyor system with
a cleated belt, meaning that it has “teeth” to constrain a tube, allowed for the quick and
repeatable movement of tubes. Pairing a conveyor system with a slider crank mechanism that can
repeatedly push the tubes onto the shoot and into the tube fixture made for a quick and efficient
feed system. The slider crank mechanism was designed with a slide link length of 8 in and a
crank link length of 2.5 in so that the slide would extend enough to push the tube off the
conveyor. The concept for this feed system is shown in Figure 53 and Figure 54.
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Figure 53: Feed system final concept slider retracted

Figure 54: Feed system final concept slider extended

The concept was further designed to include a mounting system and more realistic
materials. An operator would load tubes in between the cleats that will move relatively slow. The
rest of the operation is discussed more in depth in the motion study portion. The final design of
the feed system is shown in Figure 55.
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Figure 55: Finalized feed system design

5.3 - Mounting System and Base
The mounting system consists of two belt driven linear slide actuators connected by a
bracket to be able to move in the X-Z plane. The tube holder mounts to the vertical actuator
carriage to be moved over and up into the roll set. The actuators used were LRC22 belt driven
actuators from Parker. The base is made so that a collection vessel can be placed under the blade
for the caps to fall into and a vessel can be placed under the roll set to catch the extracted salve.
The principle of catching the salve is based on the company’s claim that the salve will come
straight down without splatter when the tube is introduced into the roll set. This is clearly seen in
Figure 56 below.

5.4 – Blade and Cutting Process
The concept of the cutting cycle satisfies four requirements which aim to meet the needs
of a local manufacturer, 315 Machine Design. This Naperville-based manufacturer assigned our
group the task of designing and building an automated system which removes caps from salve
tubes in an efficient and cost effective manner. The method by which to remove these caps is to
slice through the neck of the tube, creating a clean cut that minimizes salve loss. Another goal is
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to increase cutting efficiency during the cutting sequence through the blade's design
characteristics. Most importantly, we were to make the cutting cycle of this system as safe as
possible. Lastly, the final piece of our product includes the implementation of a roll-set created
by our sponsor, Patrick Klingberg, the president of 315 Machine Design. After the tube is cut
and the cap is removed, the tube is introduced to a roll-set for salve extraction, the final phase of
the cutting cycle. Figure 56, is an illustration of our concept for the cutting sequence.

Figure 56: The cutting cycle

The components which make up the cutting cycle in Figure 56 include a rotary blade
controlled by a brushless DC motor. These two components are held stationary as a linear
actuator, fixed with a tube holder, slides linearly across the edge of the rotating blade. With a
salve tube held fixed within the tube holder, this synchronous motion separates cap from tube
and the tube is slid to the roll-set where it is introduced for salve extraction.

Safety
A guard attachment designed for the blade, shown in Figure 57, creates a controlled, safe,
and operable environment for the cutting cycle without a loss in cutting efficiency.
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Figure 57: The guard attachment

In the beginning stages of conceptualizing the rotary blade for our full-scale model, we
created a set of standards to follow throughout the design phase so we could meet our end goals
for the automated system. We first considered the material composition of the blade.
The material we chose for the design and construction of the rotary blade is D2 tool steel
Figure 58 This material has a combination of characteristics being highly wear resistant with a
high hardness. This combination suited the needs of our design requirements and is easily
accessible for purchase in the NIU machine shop.

Figure 58: D2 tool steel (courtesy of sinhoss.com)
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One of the most important aspects of the rotary blade design is its edge which must
exhibit a balance between cutting ability and durability. For our case, we could have chosen a
single or double-beveled blade edge Figure 59, however, we selected a single-beveled edge for
simplicity when entering the manufacturing phase of the blade. The edge of our single-beveled
blade is to be sharpened to between 15 and 20 degrees. Sharpening the blade to a larger angle
will sacrifice cutting efficiency while its durability will increase and vice versa when decreasing
the angle of the blade edge.

Figure 59: Single and double-beveled edge (courtesy: sharpeningsupplies.com)

The curvature (Figure 60) within the design of the rotary blade is intended to increase
cutting efficiency further by avoiding the limits that coincide with a straight edged blade. These
limits include more force required in cutting the tube which, in turn, will require more power
from the DC motor. More force required in cutting through the neck of the tube will cause salve
loss, increase the time it takes to cut the tube, and contamination of the salve will occur prior to
extraction.
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Figure 60: Edge curvature (rotary blade full-scale
model)

An important component in designing a rotary blade for our full-scale model is the
fatigue factor of safety. To calculate the fatigue factor of safety for the blade, we needed to
extract sets of equations and conditions from our textbook used in Mechanical Engineering
Design (MEE 470). These equations and conditions were used in conjunction with the modified
Goodman failure criteria Figure 61 to quantify the fatigue factor of safety of our designed rotary
blade.
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Figure 61: Fatigue factor of safety (Shigley's Mechanical Engineering Design, 10th Edition)

The tensile strength of D2 tool steel can range between 640 MPa and 2000 MPa based on
differing levels of heat treatment. The lowest tensile strength possible was chosen for our design
to avoid excessive costs due to our budget constraints. D2 tool steel is a cold-drawn steel. This
detail is required in calculating for the surface factor. The size factor amounted to 105
millimeters, and the loading factor was determined to be in torsion. The required temperature
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range for pharmaceutical operation is between 65-70 degrees (Fahrenheit). This detail factored in
determining the temperature factor. Finally, a reliability factor of 90 percent was chosen. This is
due in part to budgetary restrictions as a higher reliability would increase the cost to manufacture
our designed rotary blade. A calculated fatigue factor of safety of 2.43 was determined and
deemed acceptable for entry into the manufacturing phase as an increase in this numerical value
will also increase cost.
In contacting Patrick Klingberg, our non-faculty advisor, it was brought to my attention
that we would need to implement a DC motor Figure 62 with a holding brake and an encoder.
This motor operates our current rotary blade design which cannot be manufactured in the
machine shop at NIU. We cannot purchase a motor of this type due to the cost which amounts to
most of our school senior design budget. We allocated our finances toward a manufactured
prototype which implements the use of an NIU 3D printer.

Figure 62: DC motor and integrated parts (courtesy: moonindustries.com)

Given the necessary financial resources, we would implement a 200 watt (1/4
horsepower) brushless DC motor speed control system Figure 63. This DC motor is controlled
by a programmable logic controller (PLC) through an I/O module which acts as an encoder for
the motor. This motor also includes a brake for an instantaneous stop which controls when the
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rotary blade will rotate as the tube holder with the salve tube inside moves across the cutting
zone.

Figure 63: DC motor for full-scale model (courtesy: orientalmotor.com)

Our selected DC motor for the full-scale model has a rated torque of 2.90 newton·meters
which satisfies our requirement of at least 2.1 newton·meters. This requirement must be met as
this statistic details how much torque is required to cut through a tube of salve given the speed at
which it is linearly actuated within the tube holder. This numerical value of 2.1 newton·meters is
equivalent to the operating point of the DC motor within our full-scale model and allows for
continuous operation.

5.5 – Controls
For the full scale design a PLC would be used instead of Arduino Uno. The benefits of
using a plc is that it is a more robust system used in many industrial application. Furthermore, it
allows for more simplification of the code or modifications if the need arises. Figure 64 shows
the logic for the PLC.
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Figure 64: PLC logic

How the plc logic works is that a signal will be sent to the conveyor belt and the crank
shaft they will pulse for a second each one after the other. This will send a tube to the holder.
The tube will pass through a proximity sensor which activate the first actuator to move in the xdirection. There is a position sensor in the actuator which will actively track the actuators’
position. The holder will be moved to the blade. The blade will be activated and the cap cut off.
After this the holder will be move under the set of rollers. This will trigger the second actuator
which will move the holder in the y-direction. A second proximity sensor will determine when
the tube has left the holder completely. This will then cause the first and second actuator to
return to their zero position to wait for the next tube to enter the holder.

Chapter 6: Analysis
6.1 – Finite Element Analysis
The main use for finite element analysis in this project was to try to size a motor to spin a
blade that was designed and to make sure that the blade could withstand the stresses applied to it
during cutting. To size the a motor to spin the blade, I looked at the stress that the blade applied to
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the polypropylene tube with different cutting forces and compared that stress to the Ultimate
Tensile Strength (UTS) of polypropylene. I was looking for the stresses on the tube to consistently
breach the UTS of the tube in the cutting zone. This was done by modeling a very thin surface on
the tube to act as the surface where the blade tip is interacting. A very small area was used for this
analysis due to the nature of how a blade slices and the rotary motion of the blade. The blade tip
width that was used was .1 mm. A 40 N cutting force was found to consistently breach the UTS.
The UTS is 3.3e7 Pa [2]. Figure 65 and Figure 66 show this analysis.

Figure 65: Tube FEA equivalent stress legend (Pa)

Figure 66: Tube FEA equivalent stress

Using the 40 N cutting force and the radius of the rotating blade, the holding torque
required of the blade motor is found to be 2.1 N-m by a simple moment equation. This is a
reasonable starting point; however, slicing of plastic is a very complex problem. The slicing of a
soft material involves the impact force that causes the material to fracture followed by crack
propagation [1]. Due to the highly ductile nature of plastic, the fracture and crack propagation
may vary from the yield strength of the plastic. Testing should be conducted for accurate results
of the slicing of plastic.
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Next the stress and safety of the blade was analyzed. The process was very similar to the
analysis of the tube. The worst case scenario of near first contact between the blade and tube was
analyzed. This is the worst case scenario because 40 N of force on a very small area causes huge
pressure and stress. Frictional force between cut tube and blade was also considered in this
analysis. Figure 67 and Figure 68 show the analysis.

Figure 67: Blade FEA equivalent stress legend (Pa)

Figure 68: Blade FEA equivalent stress

It is observed that the maximum equivalent stress is 1.4713e8 Pa. Comparing it to the
UTS of the blade material of 6.4e8 and using the design factor of safety formula, the design
factor of safety of the blade is determined to be 4.35.

6.2 – Motion Study
The final design of the entire system was analyzed using the Motion Analysis tool in
Solidworks. To make a conveyor belt move correctly in Solidworks, the belt command was used
on two four diameter cylinders that act as the axes that move the conveyor. This makes them
move in exactly the same way. A motor was then applied to one of the cylinders to move the
conveyor. Solidworks is not easily capable of actually moving the physical model of the belt. To
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make an object move along the belt like it would in the real world, a linear pattern of the motor
cylinder was created so that the copies were spaced close enough to allow for the smooth rolling
of an object along them. Contact was then created between the tube and all cylinders including
friction between rubber and plastic so that the cylinders will move the tube in a fashion that is
accurate to a real conveyor. Cleats were then added and constrained so that the tube’s movement
was constrained and so the tube would be in the correct position for the slider to push it on to the
slot. A motor was added to the circular crank of the slider to rotate it so that it pushes the tube.
Contact and gravity were added between all components so that the tube accurately is moved by
the belt where it is pushed by the slider crank onto a sloped channel where it slides into the
fixture. The last thing left was to time the belt and the slider crank mechanism so that the
mechanism always pushes between cleats. This was done by pulsing the conveyor belt motor at
15.52 RPM for every other second. This would pulse the opposite of the slider crank motor that
would pulse at 60 RPM for every other second. The conveyor speed was chosen to advance the
belt 3.25 in and the crank motor speed was chosen to make the slider extend and then retract.
This motion study found that the feed system could load a tube into the tube fixture about every
three seconds. This time could be easily tweaked to be faster or slower by adjusting the speed of
rotation of the belt motor.
A motion study was also done on the linear slide actuators that move the tube fixture
through the cutting process and into the roll set. This system is shown in Figure 69.

Figure 69: Finalized tube fixture movement system

55 | P a g e

The system consists of a horizontal actuator that moves the tube fixture attached to the
vertical actuator. This system moves the fixture through the rotating blade where it is cut and up
into the extraction roll set. The actuators were belt driven to allow for quick acceleration and fast
speeds. This motion study neglected contact and gravity and used the linear motor function of
Solidworks to move the holder horizontally and vertically. By using the data sheet for the
particular model of actuators used, the functions were input to the motors to make them act like
the actuators would act in the real world. An acceleration of 10 m/s2 was used in the simulation.
This number is lower than the max acceleration specified in the brochure as 20 m/s2 [3]. The max
was not used to avoid pushing the actuator past what it could realiably do. Using this
acceleration and maxing out the velocity at the 675 mm/s as specified by the brochure, the
motion study ran with a cycle time of about 3 seconds.

Chapter 7: Results and Discussion
7.1 – Prototype Model Results
The prototype did not work as we wanted. The Arduino code worked. The actuators
moved as they were coded to, but the proximity sensor that triggered the actuators was finicky.
Sometimes the actuators triggered like they were supposed to and sometimes they did not. The
mounting and base held all the components together, but there was a lot of wiggle room. The
actuators themselves allowed for about 20 degrees of rotation. This rotation combined with the
actuators moving in their mounting led to problems. When the holder approached the rotary
blade the tube and the blade would repel each other resulting in a shallow cut. If anything it
reaffirmed the idea that the components of the full design should be welded in place.
The Dremel blade contaminated the salve by chipping and also pulled much of the salve
out of the tube during cutting. Figure 70 shows a tube after it has been cut by the Dremel.
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Figure 70: Dremel cutting result
The prototype did demonstrate the motion we were trying to achieve and showed how the
set-up for the full design would look. The prototype gave us insight towards what should be
changed in the full scale as well.

7.2 – Full Scale Model Results
An effective feed system was designed using a cleated conveyor belt in conjunction with
a slider crank mechanism. The effectiveness of the feed system was proved by motion study. A
system of belt driven linear slide actuators making an X-Z robot was able to quickly move tubes
through the cutting process and into the rollers. Using motion study the effective cycle time was
found to be around 3 seconds. This is under the target cycle time of 3.5 seconds. Finite Element
Analysis was as a starting point to size a motor to spin the blade. Due to the properties of slicing
soft material the analysis to size the motor is not as reliable. Finite Element Analysis was used to
find that the blade that was designed has a reliably high factor of safety. If the cutting process
with the designed blade proves to have minimal salve loss and no contamination then all project
goals would be met.

7.3 – Future Considerations
The timing for the various components still needs to be calculated. There are many
moving parts such as the blade, the holder, and the conveyer. These parts need to have timed
cycles so they can work together properly. The blade also needs to be tested. Finite analysis of a
cut is very complicated and so we had to rely on stress analysis rather than analysis of an actual
cut. The easiest way to perform the analysis the blade needs would be to manufacture it and test
it. It would also be possible to scale the design up. By increasing the size of the holder and the
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size of the slider-crank on the conveyer so that multiple tubes could pass through the system at
once. This would require its own timing analysis but it would increase efficiency.

Bibliography
[1] E. Reyssat, T. Tallinen, M. Le Merrer and L. Mahadevan, "Slicing Softly with Shear," 10
December 2012. [Online]. Available: https://physics.aps.org/featured-articlepdf/10.1103/PhysRevLett.109.244301. [Accessed 4 May 2017].
[2]"Machinist-Materials, Plastics Comparison Table," [Online]. Available:
http://www.machinist-materials.com/comparison_table_for_plastics.htm. [Accessed 4
May 2017].
[3] Parker Hannifin Corporation, "LCR Series Positioners," 2013. [Online]. Available:
http://divapps.parker.com/divapps/emn/pdf/LCR/LCRBrochure4.pdf. [Accessed 4 May
2017].

58 | P a g e

Appendix
Actuator Specification Sheets

Figure 71: Linear actuator spec sheet
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