
AUTOMATED REFRIGERANT CHARGE STATION
FOR PROTABLE MEDICAL REFRIGERATORS

Item Type Electronic thesis; text

Authors KLIX, ALYSSA RAE

Citation KLIX, ALYSSA RAE. (2021). AUTOMATED REFRIGERANT CHARGE
STATION FOR PROTABLE MEDICAL REFRIGERATORS (Bachelor's
thesis, University of Arizona, Tucson, USA).

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 23/05/2023 20:09:52

Item License http://rightsstatements.org/vocab/InC/1.0/

Link to Item http://hdl.handle.net/10150/666819

http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/666819


AUTOMATED REFRIGERANT CHARGE STATION FOR PROTABLE MEDICAL 

REFRIGERATORS

By 

ALYSSA RAE KLIX 

____________________ 

A Thesis Submitted to The Honors College 

In Partial Fulfillment of the Bachelors degree 
With Honors in 

Mechanical Engineering 

THE UNIVERSITY OF ARIZONA 

M A Y  2 0 2 1 

Approved by: 

____________________________ 

Gary Redford 
Department of Engineering 



Abstract 

Refrigerant is used widely for maintaining the desired temperature of vaccines, food, and living 
spaces; However, as the grams of refrigerant a system requires is decreased, the required 
precision of refrigerant charging is increased, improved methods of supplying refrigerant must 
be developed to ensure proper operation and efficiency. Providing an accurate refrigerant 
quantity to any cooling system is critical. Most known methods of refrigerant delivery are done 
manually, introducing the potential for human error in the refrigerant delivery process. This 
design improves refrigerant delivery accuracy by automating the refrigerant recharge process 
and monitoring refrigerant mass.   

A refrigerant recharging process system was designed and built by the team using electronically 
controlled pumps, valves, and sensors. The system minimizes human involvement and maintains 
an accuracy of 40g ±0.10g of refrigerant during delivery. The monitoring system consists of 
load-cell based weighing stations that continuously collect data on the mass of the refrigerant 
tanks and medical refrigerator. The system alerts operators of events, such as empty refrigerant 
tanks needing to be switched out or full recovery tanks of excess refrigerant, ready to be handed 
off to a third party for recycling.  
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1.0 Scope 

Refrigerant maintains the desired temperature of vaccines, food and living spaces. The less 
refrigerant a system requires, the more precision in refrigerant charging it requires. Providing an 
accurate quantity of refrigerant to any cooling system is critical. Most known methods of 
refrigerant delivery are done manually, introducing the potential for human error in the 
refrigerant delivery process. Improved methods of supplying refrigerant will ensure proper 
operation, efficiency and less human intervention. 

The purpose of the automated refrigerant recharge station focuses on increasing refrigerant 
delivery accuracy to the APRU by automating the current manual process used. This is to be 
done by electronically controlling valves, hoses, and all other related components to the 
refrigerant charge system. In addition, the automated recharge system is to execute a refrigerant 
recharge process through a LabVIEW interface operated by a single user, keeping in mind that 
this involves implementing approaches that have not been used before in this particular field. As 
per the requirement of the sponsor for this project, Delta Development Team. The automated 
refrigerant charge station is to be used by Delta Development Team employees. However before 
that can happen, the system must pass the acceptance test procedures must be passed as well as 
meeting the software and hardware requirements, which will be discussed in length throughout 
this report. The Delta Development Team headquarters was identified as the planned operating 
site for the automated refrigerant charge station, and the project mentor is Douglas May. 
The contents of this report include results of all major documentation and testing taken 
throughout the year and a user manual in appendix D.  

2.0 System Block Diagram 

The Automated Refrigerant Charge Station for Portable Medical Refrigerators is intended to 
increase the accuracy of refrigerant recharge for the Autonomous Portable Refrigeration Unit 
(APRU), a portable medical refrigerator. The current process for charging the APRU is a manual 
process that presents several human errors, resulting in a refrigerant amount, with some degree of 
uncertainty, entering the APRU. Automating the process would not only allow the user to control 
a refrigerant charge process through a single interface, but the accuracy and uncertainty of the 
recharge process itself will also be known as a result. Using the appropriate data acquisition 
methods and software packages, the mass of refrigerant will be investigated over a desired 
interval of time. The current layout of the main hardware components can be seen below. 
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Section 3.1.0 Figure 1: Complete System Mock-up 

 
 

The proposed design will measure the weight (in grams) of the refrigerant flow at three different 
locations: the R-134A delivery refrigerant tank, the APRU, and the recovery tank. This will 
serve as a monitoring system to allocate the proper amounts of refrigerant to the APRU as well 
as alert the user of events needing human assistance. The scales built use 4 10kg load cells, per 
scale, assembled in a Wheatstone bridge configuration. The collected data is then sent to 
LabVIEW for the GUI and exported onto an excel file for uncertainty analysis. 

 
Below is the system block diagram denoting the interfaces made between each hardware and 
software components. 
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Figure 2.1: System Block Diagram 

 
This report contains all necessary components that describes the software portion of the 
automated refrigerant charge station to include requirements, architectural design, proof of 
concepts, designs related to the interface, and lastly design for Computer Software Configuration 
Item (CSCI). The automation of the refrigerant charge process is key as Delta Development 
Team, the sponsor of the project, requires a tenth of a gram accuracy of the total forty grams of 
refrigerant into the APRU, an outcome that cannot be met through the current manual process.   

3.0 Technical Data Package 
 
The purpose of the technical data package is to show the software and structural layout of the 
project and how they co-exist. This will include outlining the software requirements and 
architecture, software design, analysis, and acceptance test procedures. 
 
3.1.0 System Requirements and Architecture  
3.1.1 Functional Requirements  

The following section includes the list of requirements needed to create the APRU as well as the 
use case diagrams for explanation on how each requirement shall be fulfilled.  
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Functional Requirements System Requirements 
1 The system shall be able to 

recover unused refrigerant 
in the system. 

1 The system shall be compatible 
with the refrigerant recovery 
unit used by Delta 
Development Team. 

2 The system shall be able to 
fill refrigeration systems 
with refrigerants. 
 

1 The system shall have a 
refrigerant accuracy of at least 
+/-0.5 g. 
 

- 
 

- 2 The system shall regulate the 
refrigerant between 75° and 
85° F.  

- 
 

- 3 The system shall have multiple 
charging ports for 5-10 units. 
 

3 The system shall vacuum 
Delta Development’s 
Autonomous Portable 
refrigeration unit.  
 

1 The system shall be able to 
achieve 50 microns vacuum. 

4 The system shall be 
compatible with the Delta 
Development’s 
Autonomous Portable 
refrigeration unit. 
 

1 The system shall connect to the 
refrigeration unit with a ¼” 
intake port. 

5 The system shall 
electronically control all 
pumps, valves, and sensors. 
 

1 The system shall use an 
Arduino to read data inputs 
from sensors and control the 
pumps/valves. 

- 
 

- 
 

2 The system shall be compatible 
with LabView for data 
analysis. 

6 The system shall be 
portable. 

1 The system shall fit within the 
6’ x 6’ shelf along with the 
refrigeration units being 
charged. 

 

3.1.2 Requirement Flow Down 
 

 
System 
Requirements  

Subsystems  
  

 Elimination  Recovery  Recharge  Computer  
4.1.1 
Compatibility (I): 
System 

(I-Direct Flow) 
Use of the JB 

(I-Direct Flow) 
Use of the Appion 
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compatible with 
refrigeration unit 

Industries 
Eliminator DV-6E 

G5 Twin to 
recover refrigerant 

4.1.2 Refrigerant 
Accuracy (T/A): 
Refrigerant 
accuracy of ±0.10 
grams. 

 (T-Derived) 
Recovery tank 
mass monitored 
with scale for 80% 
capacity limit 

(T-Derived) 
APRU mass 
monitored via 
scale (4 10kg load 
cells) 

(A-Derived) 
Uncertainty 
analysis to verify 
the accuracy of 
refrigerant charge 
(±0.10 - 0.50g) 

4.1.4 Adaptability 
(D): Upscaling 
system to allow 
for 5-10 units 

   (D-Allocated) 
Automation of the 
charging process 
for multiple 
products operated 
by a single user  

  

4.1.5 Operational 
Pressure (I): 
Ensure a complete 
vacuum 

(I-Direct Flow) 
Vacuum to 50 
microns using 
pressure gauge. 

      

4.1.6 Connection 
Ports (I): Intake 
ports compatible 
between the 
system and 
refrigeration unit 

(I-Allocated) 
Connectors with 
¼” intake port 

(I-Allocated) 
Connectors with 
¼” intake port 

(I-Allocated) 
Connectors with 
¼” intake port 

  

4.1.7 Automation 
(A/T): System 
processes 
automated with 
minimal user 
inputs required. 

(T-Direct Flow) 
Arduino Uno R3 
signals system to 
continue/stop 
refrigerant flow. 

(T-Direct Flow) 
Arduino Uno R3 
signals system to 
continue/stop 
refrigerant flow. 

(T-Direct Flow)  
Arduino Uno R3 
signals system to 
continue/stop 
refrigerant flow. 

(A-Derived) 
Digital control of 
solenoid valves 
and read sensor 
outputs. 

4.1.8 
LabView(A/T): 
Data processing & 
GUI 

      (A/T-Derived) 
Integration of 
LabView based 
system for data 
recording. 

4.1.9 Size (I): Fit 
among a 6’ x 6’ 
shelf 

      (D-Flow Down) 
SolidWorks 
drawings 
demonstration of 
the final space 
allocated.    

 
3.1.3 System Architecture 
 
The system mainly comprises of the APRU, recovery tank, refrigerant R-134a tank, an 
eliminator and a scale design (refer to figure 1) as shown below. The sub-assemblies of our 
system are elimination, recovery, recharge and analysis. The Solenoid valves will be responsible 
for controlling the flow of refrigerant whereas the Vacuum JB Industries eliminator will be used 
to vacuum the system so that no residual refrigerant exists. Elimination entails the removal of 
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refrigerant and cleaning of the current system using solenoid valves, vacuum, and a pressure 
gauge. The recovery subsystem recovers leftover refrigerant in the system and filters it. The 
recharge subsystem measures and disperses 40 grams of refrigerant to each unit using a weighing 
assembly, and the analysis subsystem measures and displays the data through LabVIEW. The 
system that will be compatible with the port of the medical refrigerator using a quarter inch 
tubing attachment, however, the rest of the system interfaces outlined in the system block 
diagram (refer to figure 1) is not restricted by the external entities. The recovery process occurs 
once the medical refrigerator has been recharged with the desired mass of refrigerant entered by 
the user. Any excess refrigerant remaining in the refrigerator will flow back to the recovery tank 
via the charging hose. 
 

 
Figure 3.1: Complete system Architecture  

 
Figure 3.2: System Architecture of Verifiable Subassemblies 
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Figure 3.3: System Architecture of external interfaces 

 
3.2.0 Software Design 
 
Please refer to appendices. 
 
3.2.1 Software Requirements and Use Cases 

Requirements that specifically pertain to the software are: 

4.1.2: The system shall have a refrigerant accuracy of at least ±0.5 grams.  

4.1.7: The system will use an Arduino to read data inputs from sensors and automate the 
system.  

4.1.8: The system shall be compatible with LabView for data analysis.  

Use Case: Recharge System   
ID: APRU-SM-UC1  
Brief Description: The software is initialized, and system begins the recharging process.   
Primary Actor: The User  
Secondary Actor:  
Precondition: APRU is connected to the manifold and present on the scale.  
Main Flow:   

1. The user case begins when the user starts the program in LabView  
2.  The system check is marked as completed.   
3. The load cells collect data from all the scales.   
4. The Arduino processes the data.   
5. Weigh is initialized.   
6. Low pressure valves are opened.   
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7. Vacuum power delivered.   
8. Pressure Sensor reads 50 microns.  
9. Arduino processes.  
10. Vacuum is turned off.   
11. Low pressure valves are closed.  
12. Refrigerant tank valve is opened  
13. Refrigerant flows into high pressure tubing.   
14. APRU valve is opened  
15. Load cells process 50 grams  
16. APRU valve is closed.   
17. Manifold valves are opened.   
18. Recovery unit is powered.   
19. Load cell data is collected.   
20. Final weights for the APRU, Recovery tank, and the R-134a tank.  
21. All refrigerant is recovered and recovery unit powers off.   
22. Data is sent to LabView to the user.   
23. The use Case ends.   

Postcondition:  The APRU is recharged.   
Alternative Flow: None  

 

Use Case: Recharge System   
ID: APRU-SM-UC2  
Brief Description: Verification Processes  
Primary Actor: The User  
Secondary Actor: None  
Precondition: The user starts the software through LabView.   
Main Flow:   

• The use case begins when the user presses go.   
• The system checks the power sources for the scales, the vacuum, and the 
recovery tank.   
• The system checks the scales are balanced and the weights are equal to the last 
log.   
• The system checks hose connections.   
• System starts recharge process.   

Postcondition:  The APRU is recharged.   
Alternative Flow: None  
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3.2.2 System Software Requirements Traceability  
 
The system requirements traceability, in accordance with the SVRM and requirements is shown 
below. 

 
Requirements Use Cases 

 APRU-SM-UC1  APRU-SM-UC2  
4.1.2  X  X  
4.1.7    X  
4.1.8  X    

 
3.2.3 GUI/Display CSCI Design   

As per the system shown in Figure 3.1, in order to process data from the pressure sensor and 
solenoid valve, we’ll need an Arduino that will be interfaced with a computer using LabView. 
Although the Arduino Uno (Rev. 3) will be processing the majority of the data, the user will 
need a method of visualizing the charging process. As such, a GUI will be required. In addition 
to this, the GUI will be storing the data for further analysis of accuracy.  

Figure 3.2, demonstrates the most up-to-date GUI created, outlining the layout of the majority of 
components required for both procurement and analysis of data.   
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Figure 3.4 Graphical User Interface, Front Panel Window.  

The chain of communication is from the load cells to the Arduino to the computer running 
LabView. The Arduino collects data from the load cells and determines three mass values for the 
following: APRU, R-134A delivery tank and the recovery tank. Afterwards, the Arduino outputs 
those three values to the serial monitor, from which LabVIEW collects as data points and saves 
them into an array: these values are displayed in two forms. First, a history of mass values over 
time is displayed for the user using a waveform graph. Secondly, a visual representation of the 
tanks being filled or emptied is shown with the level of refrigerant being periodically updated. 
Digital LEDs are used as a warning system to alert the user action needs to be taken before 
proceeding.  
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Figure 3.5 Graphical User Interface, System Block Window.  

Figure 4 further illustrates how the GUI was created using LabView. As explained previously, 
the Arduino will export the registered weight using the serial monitor.  Once the data collection 
process ends, the data registered onto the GUI will then be exported onto an excel file for the 
completion of the uncertainty analysis report.  

3.2.4 Serial Communication Code   

The following section will include the codes used in the development of the automated charging 
station for the APRU. This will consist of three programs called: The Slave Arduino Code, 
Master_ATP1, and the Master code (seen in Appendix A). The purpose of the Slave Arduino 
code is to control a single scale for testing or adjustment purposes. Rather than running that 
entire system, this code allows one scale to be calibrated and ran with LabView to collect data on 
it individually. This code was used to conduct ATP test 2 as each scale was tested individually 
when a variable weight was applied to it.  

The next code, Master_ATP1, is used to run all scales at once in conjunction with LabView. This 
allows the scales to be tested together without running the entire system. This software was 
created in order to run ATP test 1 as it was necessary to see how all the scales measure the object 
in comparison with each other.  

Lastly, the Master Code was created for ATP Test 3, in order to run the entire system. We have 
divided it into four overarching loops: the vacuuming stage, then the preparation stage, followed 
by the recharging stage, and ending with the elimination stage. The beginning of the code shows 
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the initialization of the majority of variables and pins used for data communication. To start the 
vacuuming stage, the code will turn on the vacuum until it reaches 50 microns at which point it 
will break out of the loop and move onto the next stage. In the preparation stage, the code will be 
waiting for user input to move forward. At this stage, the user must now place the mass on top of 
the scales and may tare the system with the first button if desired. The code will move forward 
onto the next stage after the user confirms they're done with preparations by using the second 
button. The recharging process will start and then end once it reaches the desired 40g at which 
point the solenoid valve will close and move onto the elimination stage. The elimination process 
is the last process needed to completely to finish the automation of the system. After that, the rest 
of the code dictates the process through which the master code pings the slave Arduino to send 
the data recorded from each scale to it. As well as the Arduino to LabVIEW communication. 

It is important to note that other libraries and codes created by Arduino were used. These 
included the Wire.h library, the Bounce2.h library, and the load cell calibration code.  

3.3.0 Analysis and Predictions 
 
Our team is optimistic that the acceptance test procedures, software design and schematics will 
help us successfully build our first prototype of the refrigerant recharge station. With our current 
standing in the progress of this project, we predict that the refrigerant recharge station shall meet 
the requirement of obtaining mass of refrigerant to an accuracy of 0.5 grams. The system will use 
an Arduino to read data inputs from sensors and automate the system. Furthermore, the system 
shall be compatible with LabView for data analysis and Arduino UNO as our main electronic 
device that will read input from load cells and pressure transducer. The system will also recover 
unused refrigerant and be able to vacuum the entirety of the system. Although testing with 
nitrogen or refrigerant was unable to be completed, the team is confident that the current design 
will be successful for that test. 

 
3.3.1 Load Cell Configuration 
 
The load cell configuration typically responds to sensitivity, total error and drift. The sensitivity 
range of a load cell is mostly linear, however, in order to meet the accuracy requirements of 
Delta, the excitation voltage must be adjusted so that output voltages obtained can cause a liner 
trend in sensitivity values. Having said this, investigating the electrical output of our scale design 
is important as an important relationship can help determine the degree of accuracy of the mass 
of refrigerant being obtained. Consider for a moment the layout of the load cell configurations.  
 
Ohm’s Law states: 
 

 
 

If each load cell configuration were to be wired in series to one another, then their total 
combined resistance would be:  
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If each load cell configuration were to be wired in parallel to one another, then their total 
combined resistance would be: 
 

 
The resistance of both load cell configurations can be compared: 
 

 
 

A relationship from ohm’s law is produced: 
 

 
*The excitation voltage in series will be much greater than the excitation voltage produced in a 
parallel configuration. 
 
The sensitivity produced from the load cells can be described as the ratio of the output voltage, 
produced from each Arduino UNO board, to the excitation voltage. 

 
 
 

 
 

Each load cell contains strain gauges which will cause a slight change in resistance when a force 
applied is applied. The layout of the strain gauges, in each load cell can be seen in figure, 
choosing a load cell configuration that will either increase or decrease the sensitivity readings. If 
these readings are directly related to the accuracy of the mass and will help with understanding 
the curve fit of our data.  
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Figure 3.6 Wheatstone bridge-Resistance model of strain gauge of each load cell 

 
3.3.2 System Requirement Verification Matrix 
 
The following system requirement verification matrix (SRVM) is shown to relate the system 
requirements to the testing and analysis.  
 
Requirements  T(Test) A(Analysis) D(Demo) I(Inspection) 
Performance      
Refrigerant 
calculation  

X X   

Unit Capacity    X  
LabVIEW 
Compatibility  

   X 

Automation  X X   
Data 
Comprehension  

 X   

Design 
Requirements 

    

Portability   X  
Environment   X  
Adaptability   X X  

*Additionally, the figure below outlines the expanded version of the SRVM to include 
information in regard to analysis, testing, and overall design points of the system.  
 

Functional 
Requirement 

Requirement  Verification Model Tool Value Marginal 
Prediction 

Refrigerant 
Calculation 

4.1.2 
Refrigerant 
Accuracy 
(T/A): 
Refrigerant 
accuracy of 
±0.10 grams. 
 
 

Test and 
Analysis  

Refrigerant 
calculation 
Uncertainty 
Analysis: 
Calibration, 
Delivery, 
and 
Statistical 
Analysis 
 

LabVIEW 
 
Arduino 

± 0.10g 
 

± 0.5g 



   
 

  18 
 

4.1.5 
Operational 
Pressure (I): 
Ensure a 
complete 
vacuum 
 
 
 

Order of 
Operations 
 
Constant 
Weight  
 
Variable 
Weight 
 
 

Unit Capacity 4.1.4 
Adaptability 
(D): 
Upscaling 
system to 
allow for 5-
10 units 
 

Demo Adaptability 
Analysis 
 
Automation 
and Data 
Comprehen
sion 
Analysis 

LabVIEW 
 
Arduino 
 
Automated 
Refrigerant 
Recharge 
System 

5-10 
Units 

2 Units 

LabVIEW 
Compatibility 

4.1.7 
Automation 
(A/T): 
System 
processes 
automated 
with minimal 
user inputs 
required. 
 
 
4.1.8 
LabView(A/T
): Data 
processing & 
GUI 
 
 
 

Inspection Force 
Analysis 
Model 
 
Software 
Model 
 
Automation 
and Data 
Comprehen
sion 
Analysis 
 
 

LabVIEW 
 
Arduino 

Design 
Point 

Design 
Point 

Automation 4.1.7 
 

Analysis and 
Test 

Software 
Model 
 
Order of 
Operations 
 
Automation 
and Data 
Comprehen
sion 
Analysis 

Automated 
Refrigerant 
Recharge 
System 

95% >90% 
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Data 
Comprehensi
on 

4.1.2  
 
4.1.4  
 
 

Analysis Automation 
and Data 
Comprehen
sion 
Analysis 

LabVIEW 
 
Arduino 
 
 

± 0.10g 
 
5-10 
Units 
 

± 0.5g 
 
2 Units 

Portability 4.1.9 Size (I): 
Fit among a 
6’ x 6’ shelf 

Demo Not 
Applicable 

Automated 
Refrigerant 
Recharge 
System 
 

100% 100% 

Environment 4.1.1 
Compatibility 
(I): System 
compatible 
with 
refrigeration 
unit 
 
 
4.1.6 
Connection 
Ports (I): 
Intake ports 
compatible 
between the 
system and 
refrigeration 
unit 
 

Demo Not 
Applicable 

Automated 
Refrigerant 
Recharge 
System 
 

100% 100% 

Adaptability 4.1.4 Analysis and  
Demo 
 

Adaptability 
Analysis 
 
 

LabVIEW 
 
Automated 
Refrigerant 
Recharge 
System 
 

~40-45g 
of total 
Refrigera
nt 
 
5-10 
Units 
 

~39-46 g of 
total 
refrigerant 
 
 
2 Units 

 
3.4.0 Drawings and Schematics 
This section displays all the relevant drawings and schematics of our system and relevant 
subsystems as well as a list of parts. 
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3.4.1 Assembly of System 

 
Figure 3.7 Assembly of System 
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3.4.2 Bill of Materials 

 
Figure 3.8 Bill of Materials 

 
3.5.0 Drawings 
 
The drawing of the assembly, base plate assembly, and load cell schematic are available in 
Appendix C. 
 
3.6.0 Acceptance Test Procedure 
 
The four Acceptance Test Procedures for this project are shown below, the corresponding data 
sheets can be found in Appendix D. Each test used to either meet sponsor requirements, pass 
verification, or test the functionality of our system and sub-system components will be. 
 
3.6.1 Constant Weight Test  
 
3.6.2 Introduction  
 
This test is designed to calibrate the load cells with a series of known weights that will be applied 
to the scale. The different force distributions of each weight will allow the scale to be calibrated 
for the minor differences that may arise between each APRU or where it is set on the scale. The 
accuracy of these measurements must be within 0.5 grams. 
 
3.6.3 Referenced Documents  
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System Requirements Document  
 
Critical Design Review 
 
3.6.4 Required Test Equipment 
 
Description   Model   
Computer   Undecided  
Delta Development Scale  Ohaus R71M ranger 7000 compact bench 

scale with an accuracy of 0.01 grams  
Arduino UNO   Rev 3  
Load Cells  Digikey TAL220  
Metal Plates  24”x36” Cold Rolled Steel Solid Sheet Metal  
Known masses   Metal masses ranging from 5 to 60 grams  

 
3.6.5 Table of Tests  
 

Test #  Test  Requirement  
1  Known Mass  Accurate Load Cell 

Measurement 
 
3.6.6 Step-by-Step Procedure  
 

1. Wire the load cell scale to the Arduino UNO.  
1. The load cells should be connected in parallel according to the notes section. This 

will ensure an average reading across the 4 load cells and result in more accurate 
repeatable weightings.  

 
2. Place a known mass on the load cell scale.  

 
1. This can be any mass, but it must be measured by a calibrated scale(i.e. the scale used 

at Delta).  
 
3. Record the mass read on the load cell scale.   

1. This value will be read in resistive units  
 
4. Take recorded value and input into calibration code.   

 
5. Run the calibration code provided on load cell assembly. (We will follow the instructions 

posted on how to conduct this via notes.)  
 

6. Record the mass reading again.  
 

7. Check for accuracy of the reading, specifically within 0.5 grams.  
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1. If the accuracy is within 0.5 grams, then continue calibrating the load cells until the 
accuracy is within 0.1 grams.  

 
8. Repeat this process five times for the same mass, placing it on a different area of the scale 

each time. 
 

1. Since the load cells are placed in a parallel configuration, the values should be within 
0.1 grams, after averaging, according to the load cell specification sheet. 

 
9. Select a different mass and repeat steps 2-6. 

 
Note: The use of various sizes of masses ensures that there are different weight distributions 
across the load cell scale. 
 
3.6.7 Support Requirements 
 
Two team members will visit Delta Development Team’s facility, set up the required test 
equipment so that the known masses are applied on the load cells and then transferred to the 
delta development scale. One member will narrate the procedure and overlook the process while 
the other member performs each step. Once each step has been completed from this acceptance 
test procedure, both team members will make conclusions based on the gathered data. 
 
3.7.1 Variable Weight Test 
 
3.7.2 Introduction  
 
This test is designed to verify the accuracy of the load cells as a measure of the refrigerant 
delivered into the APRU. It will confirm that the system is within 0.5 gram accuracy for various 
weight distributions and that this design is a viable option for the project. The weight will vary as 
the refrigerant is delivered and this test will confirm that an accurate mass can be measured 
throughout the delivery. 
 
3.7.3 Referenced Documents  
 
System Requirements Document   
 
Critical Design Review 
 
3.7.4 Required Test Equipment 
 
Description  Model Number  
Water or other liquid  n/a  
Fillable Container  n/a  
Load cells   Digikey TAL220  
Metal Plates  24”x36” Cold Rolled Steel Solid Sheet Metal  
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Delta Development Scale  Ohaus R71M ranger 7000 compact bench 
scale with an accuracy of 0.01 g  

Arduino UNO  REV 3  
Computer  undecided  

  
3.7.5 Table of Tests  
 
Test #  Test  Requirement  

2  Fillable Container  Accurate Load Cell 
Measurement  

 
3.7.6 Step-by-Step Procedure  
 

1. Wire the load cell scale to the Arduino UNO   
 

1. In the same fashion as the constant weight test, where the load cells are connected in 
parallel with one another to ensure an average value of weight at any point on the 
scale.  

 
2. Place the container on the scale   

 
3. Zero the scale to accurately measure the weights of each mass.  

 
4. Once the scale is zeroed, the Arduino UNO will read this value as either HIGH or LOW. 

If the value is HIGH, the calibration code is reset and the scale will zero.   
 

5. Connect the tubing of the container holding the liquid to the flow source.  
 

6. Setup the excel data capture to store the data produced by the load cell at a certain time.  
 

7. Dispense the liquid (water or other substance) into the container at a constant rate and 
record the data.  

 
Two factors to consider with this step:  
 

1. This step will cause fluctuations in the mass readings due to flow rate, hence the flow 
rate must remain constant to ensure that our data is gathered in a consistent manner. 
On each occasion this step is repeated, the process of dispensing the liquid shall 
remain unchanged, keeping track of its parameters such as height and angle of 
dispersion and its source.  

 
8. Stop dispensing the liquid after 3 seconds.    

 
1. Data should be recorded every 10ns that will be stored in an excel spreadsheet.  
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9. Perform uncertainty analysis to see the actual fluctuations in the measurements using 
equations from CDR I.   

 
10. Check that this meets the ±0.5g requirement.  

 
11. Repeat steps 2-9 five times for the same container while placing it on different areas of 

the scale each time.   
 

12. Obtain a different container and repeat steps 2-9.   
   
Note: The purpose of redoing this procedure test with a different container will either confirm or 
deny the assumption that the volumetric flow rate will affect the values of mass collected. 
 
3.7.7 Support Requirements 
 
Two team members will visit Delta Development Team’s facility, use set up the required test 
equipment so that the known masses are applied on the load cells and then transferred to the 
delta development scale. One member will narrate the procedure and overlook the process while 
the other member performs each step. Once each step has been completed from the procedure, 
both team members will make conclusions from the gathered data. 
 
3.8.1 Order of Operations Test  
 
3.8.2 Introduction  
This test will verify that the delivery process is followed in the correct order throughout the 
automation to prevent equipment failure or other issues. All valves, sensors, and equipment will 
be checked to ensure that they are functioning at the correct time in the order of operations. This 
will be done with a series of check points within a flow diagram that have to be passed 
chronologically; the process diagram is shown below: 
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3.8.3 Referenced Documents  
 
System Requirements Document   
 
Critical Design Review  
 
Verification Table Document   
 
3.8.4 Required Test Equipment 
 
Description   Model   
Process Checklist  See above  
Software Code  N/A  
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Arduino UNO   Rev 3  
Solenoid Valves  RSSM-3-110VAC  
Relay Board  B01ARS8OVQ   
System Components (4.1)  N/A 

 
3.8.5 Table of Tests  
 

Test #  Test  Requirement  
3  System Software   Order of Operations Followed 

 
3.8.6 Step-by-Step Procedure  
 

1. Connect all valves and sensors to the system.   
 

1. Check that polarities match our notes so as not to ruin a pressure sensor or solenoid 
valve with back voltage.  

 
2. Ensure that the Arduino UNO and the associated code is ready so that the software runs 

correctly.  
 

1. Check that the code compiles before programming the Arduino boards. 
  

2. Check that the LabVIEW integration is working as intended, showing accurate 
readings of the remaining refrigerant inside the recovery tank, R-134A tank (source 
of refrigerant) and the amount administered to the APRU. 

 
3. Follow the flow chart shown and go through the system. 

 
1. Do not skip over any parts as each task is crucial for the system to function properly. 

   
4. At each verification point asking for a "yes", verify that the software is behaving 

correctly.   
 

5. If an answer of "yes" is not given, fix the component and restart the process.   
 

6. Once the end of the flow chart is reached, all components should be functioning at the 
correct times in the order of operations.  

 
7. Double check for accuracy and decide whether it meets the required value for the mass of 

refrigerant. 
 
3.8.7 Support Requirements  
This will involve all the team members divided into separate tasks, where two team members 
will be responsible for tracking the code or program, two team members will be responsible for 
hardware se-up and two team members will be responsible for the data collection process. The 
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flow chart will prove to be useful, while tracking the operation of each part such as the solenoid 
valves, major processes, and overall functionality of the system. A checklist will be used in order 
to check the validity of each step and where adjustments need to be made. 
 
3.9.1 Hardware/Software compatibility test 
 
3.9.2 Introduction  
This motivation for this test it to ensure that the system hardware and software can communicate 
with no interference, are compatible with the overall system and that the software requirement is 
met.  
 
3.9.3 Referenced Documents  
 
System Requirements Document  
 
Critical Design Review 
 
3.9.4 Required Equipment  
 
Description   Model   
Software Code  N/A  
Arduino UNO   Rev 3  
Load Cells  Digikey TAL220  
Metal Plates  24”x36” Cold Rolled Steel Solid Sheet Metal  
Computer  undecided  

 
3.9.5 Table of Tests  
 

Test #  Test  Requirement  
4  System hardware and 

software  
Communication between 
software and hardware is 

successful. 
 
3.9.6 Step-by-step Procedure  
 

1. Setup the Arduino UNO boards along with the load cell configuration.   
 

2. Launch Arduino UNO’s software package.  
 

3. Run the calibration code so that the Arduino boards are programmed.  
 

4. Run a command to make sure the load cells give off an accurate reading of a known 
mass. Repeat this step if the error is more than 0.5 grams.  
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 3.9.7 Support Requirements  
 
One team member shall be responsible for compiling and executing the code, while the other 
team member shall narrate the steps in the procedure. Both teammates shall make a conclusion 
on whether hardware is compatible with software. 
 

4.0 Models/Analysis  
 
For our team to determine the accuracy of the refrigerant going in, we must conduct models for 
system uncertainty. To accomplish this, we must consider all load cells, solenoid valves and their 
individual errors. We split this into multiple sections: uncertainty analysis, software modeling, 
automation, data comprehension and data variation adaptability. The first section will consider 
how data will be collected for calibration of load cells and the delivery of refrigerant and will 
produce standard deviations of the data that we gather. The next section will explain how our 
load cells will be used to determine refrigerant quantities and how our software will be modelled 
during a recharge process. The last two sections speak to what a user should except as results 
with desired inputs, and some limitations set on the system to ensure functionality and safety. 

  
4.1 Uncertainty Analysis  
 
Our first task is to establish calibration for the load cells, we will achieve this by using a known 
mass to perform multiple data collections from the load cells. With the data collected, we have 
all the necessary parameters to determine how close we are to the mass’s true value from the 
load cells by computing the standard deviation. The formula used can be found below. 

   
Figure 4.1 Standard Deviation Calculation 

 
This will determine the quantity of the data points outside of our margin and will decided if our 
system is good enough to work the way we intend it to. If not, we can adjust our software or load 
cells to minimize those deviations. In our case, we did make some changes, including increasing 
the sampling rate, designing, and creating a more stable base conducted of eighth inch thick 
aluminum, and damping the loadcell plates for more stability and less noise. After calibrating the 
load cells, we need to determine their accuracy during the refrigerant recharge process. This 
again will be achieved through a collection of multiple runs of the recharge process itself. By 
collecting data from multiple recharge processes, we will be able to determine an equation for 
mass as a function of time. In addition, time of the refrigerant process, sample size, and desired 
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mass are known quantities, we can determine mass with a confidence interval that considers 
errors that may arise from the load cells. The equations used for this analysis can be seen below.  

 
Figure 4.2 Statistical Analysis for Accuracy 

 
  

4.2 Software and Modelling  
 
To retrieve mass data, we will be using a simple yet effective approach, our scale is equipped 
with four load cells that will acquire data in the form of changes in mass to be used for further 
analyzation. The load cells will consider the mass of the APRU pre-recharge for the system to be 
able to tare. The weight of the APRU is modelled as a point load and load cells as reaction 
forces, after the system is tared and the APRU has gone through a recharge process, a sum of 
forces in the vertical direction is done at each load cell that will allow us to then analyze the 
acquired data. Another important aspect of our system is how the software will be modeled, 
meaning we need to lay out how our software and hardware will interact. Our process begins 
with the user interacting in LabView’s main screen, where the user can access data from past 
recharges or execute a recharge process. If the user selects to view data, the user simply selects 
past recordings where it is then displayed and reverted to the main menu. A recharge process 
however is much more involved. The software must prepare all necessary hardware to execute a 
successful recharge and prepare programs for data collection. After a recharge process, the 
software must analyze, record, and then display the results of the recharge process, in 
conjunction, a recovery process is also then started to remove all refrigerant not needed to be put 
back into the appropriate refrigerant tanks.   
 
4.3 Automation and Data Comprehension Analysis 
 
The automation and data comprehension analysis simply emphasizes on the fact that the only 
interaction the user should have is through the LabView interface, and from the interface should 
be able to control the refrigerant recharge station, the Arduino components, and data analysis. 
So, from the LabView interface, the user will input the amount of refrigerant desired and the 
system must recharge the APRU with the desired refrigerant amount, produce data statistical 
analysis, and give the user a hands-free recharge process. We have also had to input some 
precautionary measures to our system to prevent malfunction and errors from occurring. The 
system must be adaptive in error detection such as when the user tries to use excess amount of 
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refrigerant than possible it can warn the user that this is an invalid selection. Also, the system 
must prompt the user to properly mount the APRU onto the scale and prevent any mishaps that 
may occur during the recharge process. Here is a photo of the LabVIEW GUI system block 
diagram. 

 
Figure 4.3 LabVIEW GUI System Block Diagram 

5.0 Acceptance Test Results 
 
The system requirement verification matrix is seen below. The tests using the vacuum and the 
eliminator both passed as seen in the previous videos. Using the Arduino, relay, and pressure 
transducer we can control when each component turns on and for how long they should be 
running. The monitoring of the recovery tank and the uncertainty analysis tests failed because, 
although we are confident all the code and software needed for these tests are working properly, 
the scales for the Recovery tank and Refrigerant tanks weren’t within the required accuracy. For 
one of the scales, this is due to a faulty load cell and the other we believe is due to the metal 
around the scale being too tight and holding some of the weight from the load cells. Despite this, 
however, the APRU scale has been successful during our testing and can show that the design 
works but minor mechanical issues prevented the success of the other scales. 

Moving further down the table, the scalability of the design has also proven to be a success but 
was no longer required due to budget constraints. All aspects of our design can be directly 
replicated.  

The pressure transducer used in the system was tested and can successfully read a vacuum of 50 
microns in the system that will trigger the vacuum to shut off. This is done by the transducer 
giving off a voltage to the Arduino that is converted to a pressure value in order to analyze the 
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current vacuum of the system. Lastly, all ports connecting to the hardware and the manifold have 
been finalized.  

The automation of the system, as could be seen by the code we showed previously, has been a 
success. We were successfully able to have the Arduino control the solenoid values and shut 
them off when the APRU has been filled. The data from each of the scales will also be sent to 
LabView where the user can see how full each part of the system is.  

Finally, for the last verification requirement, the system is proven to be able to fit on a 6’x6’ 
table because that is where it currently presides. 

System Requirements Method  
  

Limit/Reference  Measured/Ref 
Value 

Pass/Fail 

4.1.1 Compatibility: 
System compatible with 
refrigeration unit 

- - -  - 

a. Use of the JB 
Industries 
Eliminator DV-6E 

 

I Vacuum to 50 
microns, 100% 

vacuum 

Vacuum to 50 
microns, 100% 

vacuum 
 

Pass 

b. Use of the Appion 
G5 Twin to 
recover refrigerant 

 

I 100% recovery, 
LabView analysis 

100% recovery, 
LabView analysis 

 

Pass 
 

4.1.2 Refrigerant 
Accuracy: Refrigerant 
accuracy of ±0.10 grams 

- - -  - 

a. Recovery tank 
mass monitored 
with scale for 80% 
capacity limit 

 

T Automation and 
Data 

Comprehension 
Analysis, 
± 0.10g 

 

Automation and 
Data 

Comprehension 
Analysis, 
± 0.10g 

 

Fail 
 

b. APRU mass 
monitored via 
scale (4 10kg load 
cells) 

 

T Automation and 
Data 

Comprehension 
Analysis, 
± 0.10g 

 

Automation and 
Data 

Comprehension 
Analysis, 
± 0.10g 

 

Pass 
 

c. Uncertainty 
analysis to verify 
the accuracy of 

A Statistical Model, 
within 95%, ~40-

45g of total 
Refrigerant 

Statistical Model, 
within 95%, ~40-

45g of total 
Refrigerant 

Fail 
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refrigerant charge 
(±0.10 - 0.50g) 

 

  
 

4.1.4 Adaptability: 
Upscaling system to 
allow for 5-10 units 

- - -  - 

a. Automation of the 
charging process 
for multiple 
products operated 
by a single user 

 

D Arduino, 2 units, 
User integration 

Arduino, 2 units, 
User integration 

 

Pass 
 

4.1.5 Operational 
Pressure: Ensure a 
complete vacuum 

- - -  - 

a. Vacuum to 50 
microns using 
pressure gauge. 

 

I Vacuum to 50 
microns, 100% 

vacuum 

Vacuum to 50 
microns, 100% 

vacuum 
 

Pass 
 

4.1.6 Connection Ports: 
Intake ports compatible 
between the system and 
refrigeration unit 

- - -  - 

a. Connectors with 
¼” intake port 

 

I ¼” Intake ports 
used 

¼” Intake ports 
used 

 

Pass 
 

4.1.7 Automation: 
System processes 
automated with minimal 
user inputs required 

- - -  - 

a. Arduino signals 
system to 
continue/stop 
refrigerant flow. 

 

T Statistical Model Statistical Model Pass 
 

b. Digital control of 
solenoid valves 
and read sensor 
outputs. 

A Statistical Model 
 

Statistical Model 
 

Pass 
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4.1.8 LabView: Data 
processing & GUI 

- - -  - 

a. Integration of 
LabView based 
system for data 
recording. 

 

A/T Excel Data Sheet Excel Data Sheet 
 

Pass 
 

4.1.9 Size: Fit among a 
6’ x 6’ shelf 

- - -  - 

a. SolidWorks 
drawings 
demonstration of 
the final space 
allocated.    

 

D 6’ x 6’ shelf, 
100% 

6’ x 6’ shelf, 
100% 

 

Pass 
 

 
5.1 ATP 1 Results 
 
In order to characterize the capabilities of the load cell-based scale, the ATP tests referenced in 
section 4, “Acceptance Test Procedure”, were conducted. The goal of ATP 1 aimed to 
accomplish two objectives: to quantify the accuracy of the scales by measuring a constant mass 
and to determine how to best optimize the precision achieved by the scale. 
 
As a brief refresher, each scale was divided into 5 quadrants: comprised of the center and the 
remaining four corners. The scale was then promptly calibrated using a known mass using the 
calibration code provided by Arduino. Afterwards, the appropriate codes found in Appendix A 
were uploaded to the master and slave Arduinos respectively, beginning the test. The known 
mass is then measured several times, acquiring data for each of the subdivisions of the scale. 
The results of the test were as shown in Figure 6.1: 
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Figure 5.1: Shows the weight distribution as experienced by the load cell scale due to the 

positioning of the object. 
 

The object’s known mass - a phone, previously measured to weigh 222.8g using a commercially-
available scale – was measured to be at best 220.52g using our own scale. This has a percent 
error of approximately 1%; ultimately this result did not meet the precision outlined under the 
system requirements. Nevertheless, the data demonstrated that the scale experiences fluctuation 
between the mass values recorded depending on positioning. For this specific test, the object was 
calibrated in the bottom right quadrant of the scale. As such, from observing the results in Figure 
6.1 it is easy to ascertain that the reading of the scale continually gets worse the farther the object 
is placed from the calibration reading took place.   
 
Consequently, it is heavily recommended that for optimal results, the user calibrates the scale 
using the same mass as what is going to be measured and place the object during calibration as to 
replicate the positioning that the object will measured at. 

 
5.2 ATP 2 Results 
 
In order to gauge, the response time of the scale and solenoid valves, ATP 2 was conducted. This 
involved dispensing a liquid into a container, recording the mass until the liquid’s weight 
stabilized. A theoretical solenoid valve was opened using a button before the test began, 
notifying the user of its closure after reading the specified target weight of 40.0g. 
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Figure 5.2 Displays the results from ATP 2.  Data points across three trials from scale 1 are 

plotted, including the mass at which the solenoid valve closed during recharge.  
 
In terms of the closing the solenoid valve, it was able to do so at an average mass of 41.05g 
across three trials. The sampling rate used for the Hx711 (Load cell amplifier) was 10 
samples/sec at the time of the data was gathered. The Hx711’s sampling time has since then been 
increased to 80 samples/sec. While we have not conducted trials with the new sampling time, we 
suspect it’ll improve these results since the scale will register the target mass faster. 

 

 
Figure 5.3 A closer look at the final weight registered from the data of Figure 6.2 (Constant 

mass portion). Shows the variation of mass recorded across 3 trials.    
 

As a final means of verification, we once again checked for the final mass registered by the 
scale. This time the total mass of the liquid was 225.20g. Although close, the final mass 
registered was that of 223.96g, calling back to the results found in ATP 1.  
 
5.3 ATP 3 Results 
 



   
 

  37 
 

This acceptance test procedure, incorporated elements of the programming used across all ATP 
tests and condensed it into a singular Master and Slave code. In theory, this test should work if 
implemented. Unfortunately, due to time constraints we were unable to complete this acceptance 
test. On the upside, we did manage to develop the final master and slave Arduino codes that were 
to be used in this test. Please refer to the Appendix A whereupon the code can be found. 
 
5.4 ATP 4 Results 
 
The final ATP served to check for proper communication between the system hardware and 
software. At its core, the team used a relay board to power on/off the solenoid valves, vacuum, 
and eliminator. The test was verified by demonstration and ultimately passed. 
 

6.0 Final Budget 
 
A total procurement breakdown can be seen outlining the item, quantity, date of delivery, and 
overall cost. Based on the available $4000 budget given for this project, the team has remained 
comfortably within the margins. Many of the high-cost items such as the vacuum, refrigerant 
recover unit, and APRU were donated for design purposes by the sponsors. Therefore, the 
components as seen purchased by the team were solely routed in the automation of the system as 
was defined by the project requirements. There were several low-cost items for the project. The 
most expensive items purchased were the aluminum plates because it was critical, we used 
material that was sturdy enough, in order to get accurate load cell readings. 

Item Purchased Quantity Delivery 
Date/Expected 

Date 

Cost Cost + 
Shipping/Taxes 

Arduinos 5 1/28/2021 115 124.9 
Wire Kit 1 1/28/2021 14.99 16.28 
Load Cell 15 1/30/2021 127.5 147.12 

Solenoid Valves 8 1/29/2021 207.6 224.87 
Metal Plates 4 2/3/2021 83.92 91.22 

Pressure Transducer 2 1/30/2021 216 271.6 
Arduino Casing 1 1/29/2021 40.74 44.08 

Mechanical Manifold 1 2/10/2021 140.16 166.9 
Relay Board 1 2/9/2021 10.88 11.84 

Bread Board Kit 1 2/9/2021 11.49 12.48 
Design Day Polos 6 3/4/2021 290.66 290.66 
1/8" Aluminum 

Plates 
3 3/20/2021 340.71 389.82 

Bolts, Screws, etc. 150 3/19/2021 14.87 27.16 
Welding Rods and 

Paint Thinner 
1 3/19/2021 78.47 78.47 

Manifold Hose Set 1 3/10/2021 59.28 74.33 
Brass Adaptors 2 3/18/2021 19.04 27.21 
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Terminal Block Set 
and 3 Prong Power 

Cord 

2 3/7/2021 28.13 28.13 

High-Pressure Brass 
Pipe Fitting 

1 3/24/2021 1.58 1.58 

Quick Release Valve 1 4/10/2021 79.9 79.9 
1/4" Copper Piping 1 4/10/2021 18.99 18.99 
3D Printer Filament 1 4/10/2021 31.99 31.99 

Housing Dupont 
Connector Kit 

1 4/15/2021 12.99 14.11 

Universal AC/DC 
Switching Adaptor 

Power Supply 

1 4/15/2021 16.97 18.43 

Manifold Connectors 
and Reducers 

43 4/19/2021 119.92 119.92 

Extension Cord 3 4/19/2021 18.09 19.11 
Premium Double 

Sided Tape 
1 4/19/2021 9.97 10.59 

   Total 2341.69 
 

7.0 Lessons Learned 
 
Over the course of this project and the assistance of our mentor and sponsors, our team has 
learned countless lessons relating to the functionality of Delta Development Team’s APRU, 
design implementation and the changes that occurred to it, the software packages involved and 
their usage. Furthermore, our team has indirectly learned about a few aspects of project 
management such as scope management, risk analysis, scheduling and communication.  
 
The APRU designed by our sponsor is comprised of some of the following components: a 
housing unit for medical supplies such as vaccines and blood samples, an expansion valve, 
condenser, compressor, pressure sensor and single connector. Refrigerant is dispensed within a 
charging hose connected from one outlet of the manifold system directly to the single connector 
of the APRU.  
 
Our initial design involved a cylindrical shaped tube with one inlet and outlet, a motor attached 
to the wheel and a link pinned at the center. The aim of this design was to dispense incoming 
refrigerant into the APRU, once the motor was operated. Our team was compelled to make a 
change with this design as the velocity of the motor could not be controlled unless the voltage 
supply of the motor was variable. Therefore, the flow rate of the refrigerant would vastly affect 
the mass readings of the refrigerant collected. As accuracy was an important part of the 
verification requirements, we opted towards the use of load cells, attached to separate scales.  
 
Initially, base and weight plates were designed to certain dimensions, with placeholders for the 
load cells. Our team would have preferred to procure the plates through CNC machining, 
however, the cost of procurement for one base and weight plate would cost just under $2500. 
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This would cause our project to surpass the allocated budget, hence the use of steel sheet metal. 
After cutting the steel plates and assembling the scale design with the load cells, the load cells 
were not reading accurate data from the calibration process. Due to the thickness of the steel 
plates which was 1/32 of an inch, the contact was inadequate with the load cells as the plates 
were not perfectly horizontal. To counter this issue, we procured aluminum sheet metal with a 
thickness of 1/8th of an inch.  
 
In addition to a change in the initial system design, there was a change in the manifold 
configuration. This change was influenced by an error in the dial gauge readings, where an 
inaccurate reading of nitrogen gas would be given off. The current manifold is a 3.875x1.25 in.  
block with 4 outlets and 2 inlets as opposed to the 4-way AC diagnostic manifold gauge set. One 
inlet has a pressure transducer connected while the four outlets connect to solenoid valves that in 
turn connect to: the APRU, recovery tank, refrigerant R-134A tank and eliminator. The relay 
board contains multiple operating channels which connect to each solenoid valve, providing 
additional power to them, making them operate at a faster time. The pressure transducer outputs 
a voltage range of 0 to 5 V, that is linear to the operating pressure ratings. Using the voltage and 
pressure ranges, a relationship can be obtained that can be used to find the pressure readings 
output from Arduino UNO, in units of psi. In order to obtain the desired 50 microns figure, a 
conversion factor must be utilized.  
 
Both Arduino UNO’s software and hardware packages have been a major component of our 
system. Some members of our team have made themselves familiar with the use of coding 
language and various functionalities of the software. As for the data acquisition device itself, we 
had to ensure that the operating ranges of all system components were relevant and compatible 
with Arduino UNO. Furthermore, motivating the communication Arduino UNO and LabView 
was no easy feat. The design of the Graphical User Interface and its corresponding block 
diagram was an important learning tool, not only since it verified and passed some of the 
requirements, but LabView has proven to be useful for operating and navigating user-friendly 
systems. 
 
Lastly, our team has relied on the use of Gantt charts, milestones and SMART goals. These set of 
resources have allowed us to properly plan and organize the stepping stones of our project. While 
talking through team meetings, our team has learned to strive towards: start objectives earlier, 
communicate with outside help when necessary, effectively communicate between ourselves and 
actively engage in problem solving. Our sponsors, Tim Gust and Robert Futch, as well as our 
mentor, Doug May, have been instrumental with our learning experience throughout the course 
of both semesters of our engineering capstone. 
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8.0 Appendix A 
Appendix A encompasses the software design documentation, including the Arduino codes used 
for each ATP test. 
 

Slave Arduino Code – ATP 1 & 3 
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Master Arduino Code- ATP1 
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Master Arduino Code – ATP 3 
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Load Cell Schematic 
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10.0 Appendix C 
 

ATP Data Sheets 
 

3.1.1 Acceptance Test Data Sheet   
Referenced ATP Paragraph Number: 1.1 
Analysis Referenced (for verification by T/A): Data collection of mass readings, within a 
population size for uncertainty analysis to verify accuracy of load cell scale. 
Name of Test: Constant Weight Test –ATP 1.1 
Unit Under Test (UUT): Load cells, metal plates, Arduino UNO, computer, software: Excel 
and Arduino  
 
Name: Load Cell Scale  
 
Part Number: n/a  
 
Serial Number: n/a 
Results (Pass / Fail): Fail 
 

Date of Test: March 16, 2021 

Recording of Test 
Measurement:  
Mass Recorded from 
scale: 33 – 111.40g 
Actual Mass: 102.4g 
 

Requirement (SRD, 
with Tolerances):  
Load cell accuracy 
±0.05%  
  
 

Test Equipment 
Error:  
Predicted error less 
than 0.5 grams 
 

Adjusted Test 
Limit:  
Max load cell scale 
error 0.5 grams 

Computations, (Include Analyses Results, if any):

Values Ranged from 33 - 111.40g, varying wildly across the 
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scale. The scale was registering an non-existent force 
surpassing the actual value of 102.4g in the top left. Closest 
result was from the center from which it was calibrated at. 
Regardless, it appears as though the right side of the scale is 
unresponsive to the load applied to the scales. 
 

 
3.2.1 Acceptance Test Data Sheet   

Referenced ATP Paragraph Number: 2.1 
Analysis Referenced (for verification by T/A): Linear regression analysis to verify mass 
readings and establish a curve fit. 
Name of Test: Variable Weight Test – ATP 2.1 
Unit Under Test (UUT): Load cells, metal plates, Arduino UNO, computer and software: 
Excel and Arduino  
Name: Load Cell Scale  
Part Number: n/a  
Serial Number: n/a 
Results (Pass / Fail): Fail 
 

Date of Test: March 16, 2021 
 

Recording of Test 
Measurement:  
Avg mass: 108.09g 
True Mass: 240.6g 
 
 

Requirement (SRD, 
with Tolerances):  
 Load cell accuracy 
±0.05%  
   
 

Test Equipment 
Error:  
 Predicted error less 
than 0.5 grams. 

Adjusted Test 
Limit:  
 Max load cell scale 
error 0.5 grams. 

Computations, (Include Analyses Results, if any): 
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Time(s) vs Mass(g) 
 

Solenoid Valve closed at 42.1700g. Expected closure was at 40g. 
Unable to reach the system requirement of ±0.5g. Registered 

final mass was extremely low for two of the trials. True value 
closer to trial 1 (red @ 240.6g) 

 
 

 
3.3.1 Acceptance Test Data Sheet   

Referenced ATP Paragraph Number: 3.1 
Analysis Referenced (for verification by T/A): Order of operations confirmation. 
Name of Test: Order of Operations Test – ATP 3.1 
Unit Under Test (UUT): Load cells, metal plates, Arduino UNO, computer, system 
components (4.1), software: Arduino, LabView and Excel.  
Name: Refrigerant Charging System  
Part Number: n/a  
Serial Number: n/a 
Results (Pass / Fail): Inconclusive - Fail Date of Test: N/A 
Recording of Test 
Measurement:  
  
Ability to move 
throughout the order 
of operations 
 

Requirement (SRD, 
with Tolerances):  
  
Predicted refrigerant 
delivery error less 
than 0.5 grams  
  
   
 
 

Test Equipment 
Error:  
  
Load cell accuracy 
±0.05%  
  
Data processing 
<1ms  
  
Solenoid Valve 
processing time 
<1sec 
 

Adjusted Test 
Limit:  
  
Max load cell scale 
error 0.5 grams  
  
Max solenoid valve 
processing time 1sec  
  
Max Data Processing 
time 1ms  
 
 

Computations, (Include Analyses Results, if any): N/A. Lack of time to perform test. 
 

3.4.1 Acceptance Test Data Sheet 
Referenced ATP Paragraph Number: 4.1 
Analysis Referenced (for verification by T/A):  Confirm hardware and software 
compatibility.  
Name of Test: Software/Hardware compatibility test – ATP 4 
Unit Under Test (UUT): Load cells, metal plates, Arduino UNO, computer and software  
Name: Refrigerant Charging System  
Part Number: n/a  
Serial Number: n/a 
Results (Pass / Fail): Pass Date of Test: 
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Recording of Test 
Measurement:  
Vacuum, Eliminator, 
and Solenoid Valves 
were being powered 
on and off at their 
appropriate times. 

Requirement (SRD, 
with Tolerances):  
  
Arduino UNO’s 
software is 
compatible with the  
system hardware.  
  
   
 
 

Test Equipment 
Error:  
  
Load cell accuracy 
±0.05%  
  
Data processing 
<1ms 
 

Adjusted Test 
Limit:  
  
Max load cell scale 
error 0.5 grams 
 

Computations, (Include Analyses Results, if any):  N/A. Verified through Demonstration 
 

Annotated Data Sheets 
 

3.1.1 Acceptance Test Data Sheet   
Referenced ATP Paragraph Number: 1.1 
Analysis Referenced (for verification by T/A): Data collection of mass readings, within a 
population size for uncertainty analysis to verify accuracy of load cell scale. 
Name of Test: Constant Weight Test ATP-1.2 
Unit Under Test (UUT): Load cells, metal plates, Arduino UNO, computer, software: Excel 
and Arduino  
 
Name: Load Cell Scale  
 
Part Number: n/a  
 
Serial Number: n/a 
Results (Pass / Fail): Fail 
 

Date of Test: March 27, 2021 

Recording of Test 
Measurement:  
Mass Recorded from 
scale: 875 – 909.9g 
Actual Mass: 929.2g 
 

Requirement (SRD, 
with Tolerances):  
Load cell accuracy 
±0.05%  
  
 

Test Equipment 
Error:  
Predicted error less 
than 0.5 grams 

Adjusted Test 
Limit:  
Max load cell scale 
error 0.5 grams 

Computations, (Include Analyses Results, if any): 
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As with the first iteration of ATP 1, the results varied wildly. 
However, this time around, the values obtained were unable to even 
achieve the known mass’s actual weight.  
 

3.2.1 Acceptance Test Data Sheet   
Referenced ATP Paragraph Number: 2.1 
Analysis Referenced (for verification by T/A): Linear regression analysis to verify mass 
readings and establish a curve fit. 
Name of Test: Variable Weight Test ATP – 2.2 
Unit Under Test (UUT): Load cells, metal plates, Arduino UNO, computer and software: 
Excel and Arduino  
Name: Load Cell Scale  
Part Number: n/a  
Serial Number: n/a 
Results (Pass / Fail): Fail 
 

Date of Test: March 27, 2021 
 

Recording of Test 
Measurement:  
Avg mass: 236.45g 
True Mass: 240.6g 

Requirement (SRD, 
with Tolerances):  
 Load cell accuracy 
±0.05%  
   
 

Test Equipment 
Error:  
 Predicted error less 
than 0.5 grams. 

Adjusted Test 
Limit:  
 Max load cell scale 
error 0.5 grams. 

Computations, (Include Analyses Results, if any): 
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Time(s) vs Mass(g) 

Solenoid Valve closed at 41.033g. Target closure was of 40.0g. 
Unable to reach the system requirement of ±0.5g. 

 
 

3.1.1 Acceptance Test Data Sheet   
Referenced ATP Paragraph Number: 1.1 
Analysis Referenced (for verification by T/A): Data collection of mass readings, within a 
population size for uncertainty analysis to verify accuracy of load cell scale. 
Name of Test: Constant Weight Test ATP – 1.3 
Unit Under Test (UUT): Load cells, metal plates, Arduino UNO, computer, software: Excel 
and Arduino  
 
Name: Load Cell Scale  
 
Part Number: n/a  
 
Serial Number: n/a 
Results (Pass / Fail): Conditional Pass 
 

Date of Test: April 17, 2021 

Recording of Test 
Measurement:  

Requirement (SRD, 
with Tolerances):  

Test Equipment 
Error:  

Adjusted Test 
Limit:  
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Mass Recorded from 
scale: 207.8 - 220.53g 
Actual Mass: 222.8g 
 

Load cell accuracy 
±0.05%  
  
 

Predicted error less 
than 0.5 grams 

Max load cell scale 
error 0.5 grams 

Computations, (Include Analyses Results, if any): 

Compared to prior ATP 1 tests, scale stabilized better. For lack of 
time, this will be permissible in order to continue testing. Further 
usage of scale will be optimized by calibrating with the same object 
being measured and positioning the object in the same region as the 

place wherein calibration took place. 
 

 
 

3.2.1 Acceptance Test Data Sheet   
Referenced ATP Paragraph Number: 2.1 
Analysis Referenced (for verification by T/A): Linear regression analysis to verify mass 
readings and establish a curve fit. 
Name of Test: Variable Weight Test ATP - 2.3 
Unit Under Test (UUT): Load cells, metal plates, Arduino UNO, computer and software: 
Excel and Arduino  
Name: Load Cell Scale  
Part Number: n/a  
Serial Number: n/a 
Results (Pass / Fail): Conditional Pass 
 

Date of Test: April 17, 2021 
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Recording of Test 
Measurement:  
Measured error of 
delivered mass 
recordings:  
 

Requirement (SRD, 
with Tolerances):  
 Load cell accuracy 
±0.05%  
   
 

Test Equipment 
Error:  
 Predicted error less 
than 0.5 grams. 

Adjusted Test 
Limit:  
 Max load cell scale 
error 0.5 grams. 

Computations, (Include Analyses Results, if any): 

 

 
 
 
Solenoid Valve closed at 41.0567g, target closure was 40.0. For lack of 
time, this will be permissible in order to continue testing. Issue will 
be remedied by increasing the sampling time of our Hx711 from 
10samples/sec to 80samples/sec. 
 



   
 

  64 
 

11.0 Appendix D  
User Manual 

Preparation: 
1. Calibrate all scales individually with the object they are supposed to weigh. If scale 1 is 

measuring the APRU calibrate it with the APRU.  Making sure to grab the calibration 
factor after finishing the calibration code. 

1.  Open the slave Arduino code. Change the device number for each scale and paste the 
calibration factor obtained from the calibration code.( For scale 1 use DEVICE ID 1, for 
scale 2 use DEVICE ID 2, and for scale 3 use DEVICE ID 3). Upload to each scale. 

2. Modify the Master code if desired. 
• The variable “upper_lim” is how the code determines when the APRU 

valve is going to close so change that here if you please (At the moment 
its at 40g in the Arduino code as well as LabVIEW. Changing the value in 
LabVIEW will do nothing code wise so make sure to do it in the Arduino 
code. LabVIEW is currently purely for aesthetics and data collection so 
you would have to modify it there too if you want to see it light up but it 
will function as normal without any modifications regardless). 

Operation: 
3. Open LabVIEW and set the baud rate to match the Master Arduino baud rate(115200) by 

default LabVIEW will have pre-selected 9600. Select the port at which the master 
Arduino is connected to. 

• Note: Both LabVIEW and Arduino utilize the serial monitor. As such, 
if Arduino’s serial monitor is open when trying to run LabVIEW, the 
serial monitor will appear as busy and refuse to run.  

4. Run the code from LabVIEW. 
6.   Once the system reached the full vacuum, it will be awaiting the user input from the buttons.  
  *** IMPORTANT PLEASE READ THE FOLLOWING ***** 

®    Before you press the buttons… 
•  If you want to tare the system, only the APRU and the Recovery 

Tank should be on their scales. No R134A tank on scale before 
taring! Pressing the tare button will tare the APRU, RECOVERY 
AND R134A scale. Only after taring, are you allowed to place the 
R134A on the scale. 

• Press the other button (not tare button, defined as 
BOUNCE_START) in order to continue the rest of the process 
once you’re ready to proceed. 

• Note: After pressing the start button, you cannot tare the system 
again. 

• Make sure to place the APRU/Tanks in the same region that the 
calibration occurred as to ensure better readings. 

7. The system will now move onto the elimination process. Press the Start button again once you 
want to finish the entire process (the eliminator will stop). 
8. Hit the stop button on LabView and save the data onto excel file.  
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