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Automated Accordion Reed Valve Manufacturing
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Abstract—Accordion reed valves are currently only available
in two forms: hand-cut leather strips and layered plastic. The
layered plastic valves are only available from one Italian source,
leading to high shipping costs for accordion repair businesses. In
order to reduce recurring costs and protect against the risk of
the Italian manufacturers going out of business, a previous team
constructed a prototype system to automatically manufacture
these reed valves. In this follow-on project, the team debugged
and augmented the existing design for functionality and ease of
use, and modified the prototype to achieve functionality of critical
components. The final system design consists of an interconnected
mix of mechanical and electrical hardware with software for
control. This paper presents the final design of the manufacturing
system with both hardware and software details, the test plans
performed on the subsystems and some of their results, and the
current state of the machine. Finally, it is worthwhile to critically
analyze how the project arrived at its final state, and what the
team could have done differently to achieve better results.

Index Terms—Accordion, Automated Manufacturing, Human-
Machine Interface (HMI), Multidisciplinary Senior Design
(MSD), Programmable Logic Controller (PLC)

I. MOTIVATION

A. Background Information

BUTTON Accordions have hundreds of small valves inside
them which allows the instrument to make its unique

music. Traditionally these valves were made from leather,
but modern day valves are comprised of layered pieces of
thin plastic bonded together at one end. These valves can be
made by hand, but the vast majority are mass produced by
a company in Italy. For accordion enthusiasts in the United
States, international shipping costs and lead times can be
prohibitive.

This project is a follow on from a previous Senior Design
team, P19667, tasked with designing and building a machine
capable of mass producing these valves. It is being developed
for Scott Bellinger, who owns an accordion repair business
named Bellinger’s Button Boxes. The machine would allow
him to locally mass produce valves, vastly decreasing the lead
time on accordion repairs and allowing the sale of extra valves
to accordion enthusiasts throughout the country.

B. Critical Requirements and Constraints

The nature of this project lends itself to many require-
ments and constraints. The machine was in the middle stages
of development at the beginning of this project, with all the
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Figure 1: List of Engineering Requirements

concepts present but some functionality remaining to either
be fixed or redesigned. The fact that materials and space had
already been delineated into four subsystems restricted and
aided the team in sticking with the main design and overall
layout. A general layout of the subsystems can be seen in
Figure 2.

In order to fulfill the main requirement of the machine - that
it be capable of producing multi-layer reed valves - several
requirements had to be agreed upon. Since the subsystems
had already been created, the Customer Requirements (CRs)
were specific to functions of the machine. A priority was
placed on redesigning the hole punch operation, adding the
multi-layer ability, implementing an HMI, adding an output
station and ensuring that the reed valves are not distorted upon
completion. Ultimately the machine should quickly produce
reed valves that pass a deflection test to ensure accuracy.

Engineering Requirements (ERs) were created to address
the customer requirements. Some CRs changed throughout the
project, and the ERs were subsequently adjusted. Engineering
requirements contained the technical capability that addresses
the customer’s concern as well as the standard of measurement
that the result will be judged by. It was ensured that each
customer requirement had at least one engineering requirement
associated with it. For example, the multi-layer reed valves had
a fusing component; that fusion had a pull force requirement
where they had to withstand a certain amount of force, or
they would fall apart. The output station is a CR that requires
the sorting of good reed valves from bad ones. A deflection
measurement ER was designed to determine what made a good
and bad reed valve and a pick and place system was designed
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in order to physically sort the reed valves from one location
to another. Here, two or more engineering requirements were
needed to fulfill a CR. Each subsystem had a specific task to
perform as detailed in the rest of this paper.

Figure 2: Arrangement of Subsystems

C. Project Evolution

Throughout the project, one variable which remained
unknown was what material would be used to create the reed
valves on the final machine. Several plastics with proper-
ties similar to those used by the Italian manufacturer were
purchased and informally tested, but none were perfectly
acceptable to the customer. Ultimately, it was decided to
move the material selection outside of the project scope with
all further testing done with placeholder plastics. During the
testing process, however, it was discovered that a large number
of the plastics tested would not fuse adequately using the
original heat stake. An ultrasonic welder had been discussed as
a potential backup should heat fusing fail. After the customer
acquired a suitable welder, the ultrasonic fusing method was
upgraded to the primary design choice, with the heat stake
remaining as a backup.

A further design opportunity which arose during the early
stages of the project was the machine adjustments for different
length valves. The existing design required an operator to
manually turn screws to ensure proper alignment, which would
reduce machine changeover time and increase the risk of
misalignment. Instead, the team proposed a new subsystem
which automated this process.

II. DESCRIPTION OF DESIGN

This section discusses the mechanical, electrical, and
software design of the reed valve manufacturing assembly.
Figure 3 demonstrates the functional decomposition of the
machine, with color-coding to indicate what portions were
designed or fixed by the team. The team Confluence page [1]
contains greater detail on the design process and design itself.

Figure 3: Subsystem Functional Decomposition

A. Mechanical Hardware Subsystems

The Accordion Reed Valve Machine consists of four
subsystems: Fusing Station, Test Station, Offload Station, and
Feeding Station. Each sub-system had a series of engineering
and customer requirements to be met. The Fusing Station
allowed multiple layers of reed valves to be bonded utilizing an
ultrasonic transducer. In order to determine the best method of
fusing, multiple iterations of a Pugh charts had to be made. The
Test Station required a functional deflection laser, a clamping
bracket to hold the reed valve, and air delivery. As the clamp
holds down the reed valve, air blows, allowing the reed valve
to deflect and the laser reads a value. The Offload Station
was required to sort good reeds from bad reeds. The Feeding
Station required an operational hole punch mechanism, a new
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blade holder to cut the material being fed, and an alignment
of the pick and place bracket. This station is crucial as it is
the beginning stage of the machine. The top level Computer
Aided Drafting (CAD) model is displayed in Figure 4. From
the top going clockwise are the two Feeding Stations, the
Fusing Station, and the Offload Station, all surrounding the
central dial.

Figure 4: Mechanical Subsystems Overview

1) Material Feeding Stations: Rolls of material are fed to
length using a stepper motor with a pinch roller applying
pressure to the shaft. Three different widths of material can
be used, either 5, 6, or 7 mm. Material feed guides can be
changed over depending on the width. A pneumatic operated
punch and cut operation forms the hole on the reed valve and
cuts it to length. This fully forms one layer of the reed valve. A
pneumatic operated pick and place with a vacuum generator
picks up the valve layer and extends to set it on a nest on
the dial. To accommodate different lengths of valves, a linear
actuator changes the position of a rail mounted end stop. This
changes where the horizontal pneumatic slide of the pick and
place stops to change where the tip is located. This ensures
that the rivet hole of the valve layer aligns with the dowel pin
on the dial nest. The second station is mechanically identical
to the first feed station, where the second and and third valve
layers are formed.

2) Fusing Station: The two or three layers of the reed
valves are fused through ultrasonic fusing using an ultrasonic
welder. An ultrasonic welder tip is mounted to a pneumatic
slide, which is extended down to apply pressure and contact to
the valve layers. When contact is made, the ultrasonic welder
is activated and the plastic layers are fused together. After the
fusing cycle, the welder tip is raised.

3) Test Station: A pneumatic slide with a small plastic
contact acts as a clamp to fix the fused end of the valve against

Figure 5: Material Feeding Station

Figure 6: Fusing Station

the nest. A small fan is then turned on to deflect the free end
of the valve up. A laser is used to measure the deflection of the
valve to determine if it is within tolerance for an acceptable
reed valve. The laser is mounted to a rail, whose position is
adjusted using a linear actuator. The linear actuator changes
where the laser measures the deflection on the valve based
on the bottom layer’s length. The valve is then determined
to either be a “good” or “bad” valve based on the desired
tolerance on the laser measurement.

4) Offload Station: The offload station mainly consists of
a rotary pick and place mechanism. A pneumatic cylinder that
rotates 180 degrees and can move vertically up and down has
an arm with a vacuum tip mounted to it. When the test station
function is complete, the rotary pick and place travels down
and picks up the reed valve. If the valve is designated as “bad”,
the valve is dropped halfway through the rotary stroke. If the
valve is “good”, the rotary mechanism travels the full 180
degrees then drops the valve into a collection area for good
parts.

B. Electrical Hardware Subsystems

1) Programmable Logic Controller: The PLC is an indus-
trial computer specifically designed for manufacturing pro-
cesses, used in this application for central control of the
different subsystems. The pneumatic subsystem consists of a
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Figure 7: Offload Station

large number of relays, solenoid valves, and proximity sensors.
The PLC has multiple I/O expansion modules connected to it.
Two of them are digital 16-output cards designated to control
the relays and solenoid valves within the pneumatic and
stepper motor subsystems. The PLC also has two digital 16-
input cards used to read the proximity sensors. These sensors
tell the PLC the current state of the machine so that the PLC
knows what to do next. The PLC is also configured with one
analog input and one analog output card. The analog output
card uses its two ports to transmit the desired valve length to
the material feeder stepper motors and the length adjustment
linear actuators on the first and second stations. The analog
input card is used to determine whether a manufactured reed
valve is acceptable when being tested on the offload station.

The digital inputs are primarily connected to Hall sensor
pairs on each pneumatic actuator. This allows the PLC to
assess the state of the machine and ensure that no critical
components are out of position when performing tasks. The
digital outputs are connected to every other component on
the machine which requires control, including the solenoid
valves for the pneumatics, stepper motor inputs, and dial motor
controls.

Figure 8: Programmable Logic Controller

2) Human-Machine Interface: The HMI allows an operator
to configure the machine and provides feedback regarding
the machine state. The HMI has three major components:
an Emergency Stop (E-Stop), stack-light, and touchscreen
interface. The E-Stop cuts power to the pneumatic and stepper
motor subsystems when pressed. This is a standard safety
component used in all machine tools to help protect both the
operator and the machine from harm. The stack-light is used to

quickly indicate the current state of the machine to the opera-
tor. The touchscreen interface allows the operator to configure
the machine. The PLC and the HMI are directly connected
through RS-232 serial communication. When the operator puts
a command into the HMI screen, it is transmitted to the PLC.
The PLC then interprets and executes the command.

3) Length Adjustment and Material Feeding: The proper
length of material for the specified reed valve is precisely fed
out using a pair of stepper motors, one for each feeder station.
After the PLC writes the desired length to each stepper motor,
it triggers the motor to feed once by sending a flag to one
of the digital inputs. The pick and place subsystem on each
feeder station, and the laser measurement system on the offload
station, are adjusted to maintain proper alignment through the
use of linear actuators, which are set to position using the same
analog signals as the stepper motors. As the linear actuators
are controlled using Pulse Width Modulated (PWM) signals,
the analog values are converted to PWM representations by
an Arduino microcontroller.

C. Software Subsystems

1) Human-Machine Interface: The HMI is programmed us-
ing version 4.09 of the GP Pro EX software. The touchscreen
interface used is the GP 4402WW, known more generally as
the HMI in this paper. This hardware is an improvement upon
the previous Panel View 400 model. As mentioned in the
previous section, the HMI is capable of communicating with
the PLC through the RS-232 connection through a serial port
on the Allen Bradley LRP 1764. The HMI also connects to a
laptop via USB B for programming, as seen in Figure 9.

Figure 9: HMI Connection Diagram

The HMI allows the operator to the specify the reed valve
width, length, and quantity per batch. It contains the screens
for automated functionality concerning these batches, but some
implementation work for batches remains to be completed. The
following section details the important screens available on the
HMI and how they fit into the capability the HMI is designed
to provide:

i) Main Screen: The functionality of the main screen is on
the HMI side only, in the form of screen switching buttons. It
allows navigation to all landing HMI screens and most screens
navigate back to the main screen.

ii) Auto Mode: The functionality of auto mode is split
between the HMI and the PLC. Auto Mode allows the operator
to specify how many batches (ongoing development), what
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length, what width and what quantity of that set of reed valve
to specify. The length, width and count are written to specific
addresses in the PLC that are referred to while the machine
runs. The PLC is only aware of one set of parameters at a time,
the HMI contains an internal table of all the specifications that
are written to the same PLC addresses once the current reed
valve count is complete. In Auto Mode, all stations run through
as many cycles as necessary, and the dial advances.

Figure 10: HMI Auto Mode Screen

iii) Manual Mode: Manual Mode allows the operator to
manually run a single station. Either the station can be run
in single step mode using a finger touch sensor, where each
swipe of the sensor is one action on the station, or the operator
can specify that a station will run through all of its steps. This
was developed by having flags in the PLC set to indicate which
station should be run in which mode.

Figure 11: HMI Manual Mode

iv) Setup Mode: The Setup Mode screen allows the operator
to switch out the width of material for the reed valves.
The widths cannot be automatically adjusted like the lengths,
and requires the machine to not be running and operator
involvement to switch the rolls. Setup Mode allows for the
specification of the reed valve width, which sets a flag in the
PLC, and for the operator to manually feed and cut the material
for alignment.

v) Machine Statistics: Machine Statistics displays running
counts of good and bad reeds for all possible widths and
lengths. This is for operator and business convenience, to see
what the machine has produced and allows for the tracking
down of issues where a lot of bad reeds might be produced.

vi) Machine Status: Machine Status displays where the
moving parts of each station are currently located. This is
ideal for debugging errors and allows an experienced operator
to look and see what is in the wrong place depending on where
in the sequence the machine is. It consists of lamp switches
that change their icon depending on the position.

vii) Deflection Calibration: The Deflection Calibration
Screen works with the Offload Station and allows for the
operator to input what the acceptable range of a good reed
valve should be. This was added due to concerns of changing
materials. With this screen, if the operator uses a different
material they can set a new good range instead of relying on
an out of date older table.

2) Programmable Logic Controller: The PLC is pro-
grammed using the RSLogix5000 ladder programming soft-
ware from Allen Bradley. The software is written using ladder
logic, which consists of a series of graphically-defined digital
logic instructions. Logical sequential latching is a technique
used in ladder logic where the outputs of each rung are internal
bits which are used in the following rung. This allows the
normally concurrent language to behave sequentially when
desired. The premise of the logic is to read digital and analog
inputs, then convert that into digital or analog outputs. The
simplicity of PLCs makes them user friendly, and easy to use.
It replaces relay logic and is very fast.

The PLC software is broken down into sections, one for
each station on the machine as well as the dial. The logic
for each station is configured to run sequentially, with the
stations running in parallel to each other. However, aspects of
one section may latch aspects of another to maintain proper
machine operation. Further sections of rungs are added to
directly map the internal station output signals to the proper
PLC outputs.

The software begins with a section for startup of the
machine, which ensures that all pneumatics are up to pressure
and in safe positions. Once all the stations are in the correct
locations, the operator is allowed to initiate a cycle start. If the
PLC does not see the correct startup conditions, the machine
will not be allowed to go into cycle. This is for the safety
of the operator and to eliminate the creation of bad parts.
Once the cycle start button is pressed, the PLC will begin the
execution of the logic for each of the machine stations. This
allows the machine to produce multiple parts at the same time
with maximized speed and efficiency.

3) Length Adjustment and Material Feeding: The length
adjustment logic is a simple mapping of discretized analog
inputs to desired lengths, and then those lengths to an offset
in microseconds for PWM. The mapping for each analog input
from the PLC is different in order to maximize the use of the
analog range for the second feeder station, which has fewer
possible lengths. After passing each input through an Analog
to Digital Converter (ADC), it is converted to a desired length
by finding the nearest value in a set of ADC mappings. These
values were determined by finding the mean of a large set of
ADC values reading a known analog length from the PLC,
thus reducing the effect of noise. Once the desired length
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is determine, it is directly converted into a time offset for
the PWM, which corresponds linearly to the linear actuator
position. The position mapping of the offload station linear
actuator is slightly different even though it operates on the
same length reed valve as the first feeder station. This means
that there are three PWM outputs from the Arduino, and three
sets of if-else statements in the code to control them.

The software operates in a 20 millisecond loop, equal to
the period of the linear actuator PWM signal. In the first two
ms, the analog inputs are sampled and converted to lengths.
In the second two ms, the positive pulse for the offload station
is generated, as the pulse width is in the range of one to two
ms. From four to six ms, the positive width for the first feeder
station is generated, and in the sixth to eighth ms, the same is
done for the second feeder station. The system then idles for
12 ms before starting the loop over.

The stepper motor code operates in a similar manner,
although it is written in an assembly language. When triggered
by the PLC, the stepper motors convert the analog input into
a length, then convert the length into the number of steps
required to accurately feed the material. Once the feeding
is complete, the stepper motors send a signal to the PLC to
indicate that it is safe to continue operation.

III. SUPPORTING EVIDENCE

A. Test Plans

The testing and validation of each subsystem was a
critical aspect of this project, as without thorough testing of
the prototype against the engineering requirements in Figure 1,
it would be impossible to accurately report success. In order
to properly validate this project, a detailed set of test plans
was created.

The two primary methods of validation used were two-
sample t-tests and a process capability analysis. These tests
were conducted utilizing the Minitab software.

1) Two-Sample T-Test: The two-sample t-test compares the
means of two sample sets of data against one another. The
mean is tested against a specific confidence interval, which
in this project varied between 80-90 percent depending on
the test. The key output when running a two-sample t-test
is the P-value. If the P-value of the t-test (assuming equal
variance between the data sets) is greater than the alpha level
of 0.05, the test fails to reject the null hypothesis, which is
(H0): µ1 = µ2.

If the means of the two data sets are equal, then the
observed results are treated as equal and therefore acceptable.
When then reference Italian reed valves were compared to the
reed valves manufactured by the prototype, the means were
observed to be equal.

2) Process Capability Analysis: A process capability anal-
ysis is used to understand how well a process meets certain
specification limits. The typical result of a process capability
analysis is a bell curve, which represents the spread of the
data. If the majority of the curve is close to the center, there
is little variance between each sample. If the curve is spread
out, there is significant variance between samples. This test,

Figure 12: Two-Sample T-Test

like the two-sample t-test, also provides a P-value. The P-
value principle applies the same way in this application as in
the previous case.

Figure 13: Process Capability Analysis

Another crucial element of this test are the Cp and Cpk

values. Cp and Cpk are known as process capability indices.
Cp measures whether the process is centered and Cpk mea-
sures how uncentered the process is. If Cpk is greater than
1, the system is producing within specifications. If Cpk is
less than 1, the system is producing outside the specifications.
The specifications would be the tolerances of the product
being measured. After the test plan for validation was de-
cided, the flow chart of the plan on how to conduct the test
was developed. This flowchart varied depending on the test
requirements. An example of a test flowchart can be found in
Figure 14.

IV. RESULTS

A. Current State

Mechanically, the machine was largely completed on
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Figure 14: Example Test Flowchart

time according to the requirements: the redesigned punch and
cut sub-assembly, the linear actuator length adjustment system,
and the offload / inspection station were all manufactured,
assembled, and had basic testing done to verify their operation.
The only component that was not successfully manufactured
on time was the second pair of dies for the punch and cut
on the second station. These were originally planned to be
manufactured by an external company, but to reduce cost it
was brought in house, which resulted in a significantly longer
lead time.

Electrically, the machine currently still needs significant
integration work between the HMI and PLC. While the HMI
was not programmed with every PLC addresses it needs
to control the machine, its screens are complete and likely
functional. Similarly, the PLC code for a functional single
step mode and a single station mode was not completed, so
those HMI screens do not currently perform their intended
functions.

Some additional programming of the Arduino microcon-
troller which manages the length adjustment is also required.
Many of the position mappings are incomplete and still
must be gathered experimentally. The conversion logic for
the position mappings is complete. The logic that adjusts
the second station’s length for three layer valves was never
verified, although this mostly depends on the PLC’s logic and
is unlikely to require any changes to the Arduino code.

The project as a whole came significantly under budget,
costing only $525 out of the $1,000 allowable. Of this, $430
was spent on mechanical hardware, primarily for the length
adjustment system. An additional $47 was spent on electrical
power supplies, fuses, and the Arduino. The remaining $48
was spent on sample plastic films which were used for testing.

The budget is not fully representative of the cost of the
project as many expensive components were supplied at no
charge by the customer. Additionally, the touchscreen HMI
was acquired for free via donation. The budget reported in the
Bill of Materials therefore only reports purchases made by
the team and excludes any purchases made by the customer
or previous team.

B. Compliance to Specifications

The machine’s operation was planned to be tested
against each of the engineering requirements, in accordance
with the test plans. However, only one of these test plans was
successfully completed, which was the ability of the ultrasonic
welder to fuse multiple valve layers. This test showed that the
ultrasonic welds were slightly weaker than the welds of typical
Italian valves, but were still within acceptable limits. Informal
testing throughout the building and integration of the machine
provided confidence that most engineering requirements would
be met, but completion of the remaining test plans will be
necessary to definitively state whether the machine meets the
required specifications.

C. Critical Evaluation

Overall, if the team had the ability to continue proto-
typing for the entire semester as originally planned, it likely
would have been able to complete the remaining tasks to
get the machine functional and validated. If the team had
prioritized HMI-PLC integration work, or spread that work
out more evenly throughout the semester, it is possible it could
have been more successful. Instead, the team prioritized other
work, which resulted in integration being delayed to the final
few weeks. This would have resulted in a time crunch, but
the halting of prototyping work means that very little of that
integration could be ultimately be completed. Therefore, while
it will never be known whether the project would have been
completed, the team did not put itself in the best position to
do so.

V. CONCLUSION

Although the prototyping and testing of the automated
manufacturing system were halted early, the design work and
most of the subsystem prototyping have been completed. The
full test plans were not performed on all subsystems, however
most subsystems have been informally tested. This means that
the majority of the remaining work is adjusting the PLC code
to integrate all components and provide functionality to the
HMI screens.

One of the greatest design constraints the team faced was
that a previous team had already performed a significant
amount of design and prototyping work. While in some cases,
such as the length adjustment subsystem, the team had the
freedom to solve a problem in the way it thought best, there
were other cases where the team disagreed with the solution to
a problem already in use. Although adherence to the existing
design was a customer constraint, it is likely the team would
have succeeded in changing certain design aspects. These
design points were ultimately left in place as the team was not
proactive enough in the early parts of each phase, particularly
the first few. This was one of the greatest lessons of the Senior
Design experience: the importance of meaningful planning and
pro-activeness.
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