HardwareX 12 (2022) e00375

Contents lists available at ScienceDirect W/

HardwareX

journal homepage: www.elsevier.com/locate/ohx

t.)

Check for
updates

Design of an open source ultra low cost insulin pump

Matthew Payne *, Francis Pooke, Harrison Fulton, Hamish Shaw, Tom Coulson,
Dr Jennifer Knopp, Lui Holder-Pearson, Jake Campbell, ]. Geoffrey Chase

Department of Mechanical Engineering, University of Canterbury, Christchurch, New Zealand

ARTICLE INFO ABSTRACT

Article history: In this report we present a design for an open source low cost insulin pump. The pump has
been designed to provide an alternative to commercially available pumps costing upwards
of US$6500, making them inaccessible to many. The hardware described in this article can
Keywords: be produced for a materials cost of US$89.85. Compared to other devices on the market, the
iPSUIiH'PUm_P design presented has the obvious advantage of being low cost, but is also highly customis-
Bioengineering able as it is run using open source software. The device is housed in a case of size 85 mm x
I(\)/lpezrilcsatl)trec\fice 55 mm x 25 mm making it small enough to fit in a pocket, and equivalent to other devices
Electrical engineering on the market. The device is designed to work with insulin cartridges currently available on
Mechanical engineering the market. Power is provided through the use of AAA batteries, and the pump is able to be
Low-cost recharged through a USB mini port. The accuracy of the pump has been tested and com-
pared to data obtained from an in-warranty commercial insulin pump model using an
identical testing methodology, with the ultra-low-cost pump performing similarly to the
commercial model. The system can be readily extended to be controlled from external
bluetooth or wired mobile devices using their built in security, offloading computation

from the device and onto a phone.
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Nomenclature

Abbreviation

Abbreviation Definition

ADC Analog to Digital Converter
CGM Continuous Glucose Monitoring
FDA Food and Drug Administration
GPIO General Purpose Input Output
GST Goods and Services Tax

IC Integrated Circuit

IDE Integrated Development Environment
JTAG Joint Test Action Group

LED Light Emitting Diode

MCU Micro-Controller Unit

Ni-CD  Nickel Cadmium

Ni-MH  Nickel Metal-Hydride

NZ New Zealand

PCB Printed Circuit Board

RTC Real-Time-Clock

SPI Serial Peripheral Interface

SPR Steps Per Revolution

SWD Single Wire Debug

1. Hardware in context

Diabetes is a condition currently affecting 463 million people worldwide, and predicted to rise to 700 million by 2045 [1].
Diabetes is split into two groups, Type 1 and Type 2. Type 1 diabetes is characterised by the body’s inability to produce insu-
lin and comprise 5% to 10% of the total. Type 2 diabetes is characterised by the patient’s body either not producing enough
insulin and the patient’s cells becoming resistant to insulin [2]. Type 1 diabetes requires exogenous insulin to be adminis-
tered to control blood glucose levels. While Type 2 diabetes can initially be controlled by diet and exercise, increasing num-
bers are progressing to needing partial or full exogenous insulin support, rising from 7% to 15% of those affected by 2030 [3].

In particular, in some countries 50% to 75% of those with Type 2 diabetes use at least basal background insulin. [4,5].
There is thus rapid growth in insulin demand and use, with shortages forecast [3]. Even though insulin can be injected, there
will be an increasing need for insulin pumps, the gold standard for out-patient insulin delivery and control.

The best and most convenient way to deliver insulin is using a wearable insulin pump. Insulin pumps release small doses
of insulin to keep blood glucose levels steady throughout the day thus reducing complications and cost while increasing
quality of life. The better glycemic control associated with insulin pumps reduces the chance of becoming hypoglycaemic
(blood glucose becoming too low) or suffering keto-acidosis (caused by blood glucose becoming too high) [6].

Although insulin pumps offer the best control, their high cost makes them unaffordable to many. In the US the cost of an
insulin pump is around US$6500 and the pump has a life expectancy of only 3-4 years. In addition, the annual cost of con-
sumables is between US$2000 and US$3000 [7]. In addition, in the USA, access to pumps can be limited by cost and insurance
coverage [8].

Even in countries such as New Zealand (NZ), which has a government subsidised health system, insulin pump users may
need to fund their own pumps and consumables. PHARMAC (the organization responsible for deciding which treatments will
be publicly funded in NZ) currently funds a limited number of pumps per year, and users must meet strict criteria to qualify.
This outcome is a function of budget limitations leading to care rationing. Furthermore, access to insulin pump funding can
also be removed should glycaemic control deteriorate from the criteria required for pump access [9]. If a pump is not publicly
funded users are required to pay up to US$6000 for the insulin pump itself along with US$900/year for consumables [10,11].
Currently When compared to the NZ median household income of US$52000 this cost represents too high a cost for many
families, and people must make a choice as to if they can afford a better quality of care for their diabetes.

There is thus a need for a very low cost alternative, to increase equity of access to these devices. These issues are equally
well demonstrated in initiatives like OpenAPS, an open artificial pancreas solution [12]. Similar issues of economic inability
to obtain access to gold standard devices and care persist, where this pump starts towards meeting those needs. Regarding
the use and cost of insulin pumps one could note: “Insulin infusion pumps are probably the most marginal, but also the most
effective and the most expensive routine method of insulin therapy” [13].

In addition, the high cost of pumps limits their economic utility for moderately controlled patients. This loss of economic
efficacy essentially vanishes if pumps are halved in cost [14]. Whilst it can be difficult to estimate a retail price including full
scale manufacturing and development costs for a new product, this value is often approximated at 3-5x the BOM cost
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(resulting in a potential retail price of US$269.55 - US$449.25 for this device). Therefore, the pump design presented offers
potential reductions in cost between 14-25x, increasing economic efficiency as well as increasing the quality and equity of
access to care. There is thus a growing need for much lower cost insulin pumps offering similar utility as current products.

2. Hardware description

A MCU (Micro-Controller Unit) controlled portable insulin pump has been designed and successfully tested to accurately
deliver insulin automatically. The insulin pump is designed to be easily produced using simple equipment and can be built
from commonly available low cost components. A system diagram is given in Fig. 1. Users can control the quantity and fre-
quency of insulin delivery. The device is battery powered, and so is portable.

2.1. Motor

Insulin is required to be delivered in very small quantities. A single unit of U100 insulin is 0.01 ml, and a typical pump
user may administer 100 units throughout a day (1 ml). A motor with a high resolution was chosen to allow these very small
amounts of insulin to be delivered with accuracy. The motor chosen was a 20:1 stepper motor sourced from China
(GA12BY15-M455 DC 5 V, Convienience Machines, Shenzhen, China). The motor can be supplied with a 50:1, 100:1 or
298:1 gearbox already attached giving output resolutions between 1000 and 5960 Steps Per Revolution (SPR).

The motor is required to be resilient enough to continue to function for multiple years, while maintaining accuracy, to
match the performance of currently available pumps. Motors were tested for accuracy, and stress tested for the equivalent
of up to 800 days of usage. Following stress testing, the motors were retested for accuracy. The second accuracy tests were to
confirm extensive usage did not significantly affect motor accuracy.
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Fig. 1. High level system diagram for insulin pump hardware.
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2.2. Integrated Circuits

MCU [15] An ATSAMD21G18A MCU was chosen for the device due to its multiple Serial Peripheral Interface (SPI) bus con-
nections, Analog-Digital Conversion (ADC) hardware, 38 General Purpose Input-Output (GPIO pins), and on-board Flash
memory.

Flash Memory [16] A 128 MB flash memory is included in the design to record data whenever insulin is delivered. The
memory is sufficient to record one year of insulin deliveries (date, time and quantity).

Real Time Clock [17] The Real Time Clock (RTC) is used to maintain the correct time, as the MCU is set to sleep mode after
administering insulin to save energy. The clock is powered by a 70 mF capacitor so can maintain time for short periods
between battery changes. The clock has an inbuilt alarm tied to the reset of the MCU, so when a user defined time is reached
the MCU is reset, and the insulin delivery process begins.

LED Array The Light Emitting Diode (LED) array provides a low energy solution to give the user feedback regarding the
delivery rates currently programmed into the device.

Motor Driver [18] The motor driver controls the stepper motor direction, and activation of the two phases of the stepper
motor. Control signals are sent from the MCU.

User Input User input is provided from three buttons. The buttons are tied to external interrupts on the MCU and so are
able to wake the device at anytime, to respond to user requirements. The foundation design presented is able to be extended
to external control via wired or blue-tooth connectivity to a range of mobile and personal computing devices which contain
built in communications and security protocols. Breakout pins and a second SPI bus has been left for this purpose. Alternative
uses for the device include:

o Exact measurement of liquid substances. For example, determining the quantity of one substance added to another dur-
ing a titration.

e Programmable automated delivery of liquid substances or medicine. For example, delivery of drugs to patients where oral
administration is non-viable.

3. Design files

Design files for both hardware and software are provided in Table 1. Software has been made available at github.com/
UCBioengineering in the open_source_insulin_pump repository, while software and hardware files are available from https://
data.mendeley.com/datasets/xb4tykn5gd/1.

4. Bill of materials

A full bill of materials can be found at https://data.mendeley.com/datasets/xb4tykn5gd/1. The total cost provided is inclusive
of NZ GST of 15%, and prices were converted at an exchange rate of NZ$1 = US$0.71. All costs given in this document are
correct as of March 23rd 2021 for the New Zealand region. Cost of 3D printing has been estimated based on the current price
of printer filament and was performed using a US$349 3D printer (PRUSA MINI, Czechoslovakia). Printed Circuit Boards (PCB)
were ordered in batches of 10 and the average price for a single PCB unit is given in the table. Designators are referenced to
the Altium schematic available at https://data.mendeley.com/datasets/xb4tykn5gd/1. The total cost for the bill of materials is US
$89.85.

5. Build instructions

There are three stages required to complete the build of the device. The first stage requires the PCB to be assembled. The
PCB uses only SMT (Surface Mount Technology) components so requires the use of a pick and place machine for assembly.

Table 1

Location of design files for hardware and software documentation in project.
Filename Software Open Source Web-link

License

Battery and Charge Management 2.0.SchDoc Altium CC-BY-4.0 https://data.mendeley.com/datasets/xb4tykn5gd/1
Eink.SchDoc Altium CC-BY-4.0 https://data.mendeley.com/datasets/xb4tykn5gd/1
Flash Memory.SchDoc Altium CC-BY-4.0 https://data.mendeley.com/datasets/xb4tykn5gd/1
MCU.SchDoc Altium CC-BY-4.0 https://data.mendeley.com/datasets/xb4tykn5gd/1
Motor Driver.SchDoc Altium CC-BY-4.0 https://data.mendeley.com/datasets/xb4tykn5gd/1
Peripherals.SchDoc Altium CC-BY-4.0 https://data.mendeley.com/datasets/xb4tykn5gd/1
RTC.SchDoc Altium CC-BY-4.0 https://data.mendeley.com/datasets/xb4tykn5gd/1
PCB Layer Files Altium CC-BY-4.0 https://data.mendeley.com/datasets/xb4tykn5gd/1
CAM Files Altium CC-BY-4.0 https://data.mendeley.com/datasets/xb4tykn5gd/1
PCB Layout Files Altium CC-BY-4.0 https://data.mendeley.com/datasets/xb4tykn5gd/1
Software Microchip CC-BY-4.0 https://data.mendeley.com/datasets/xb4tykn5gd/1
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The second stage requires loading the code onto the MCU. A ten pin header is provided for connection to a debugger/pro-
grammer for this purpose. The software has been written in Atmel Studio, a free embedded C Integrated Development Envi-
ronment (IDE). An Atmel ICE debugger/programmer is recommended for ease of use, but any compatible programmer/
debugger can upload code to the device. The final stage is to 3D print the case for the device, and connect external compo-
nents to the board.

5.1. PCB Build and Component Choice

The PCB assembly requires components to be placed on both sides of the board. It is recommended to place the compo-
nents on the back of the PCB first as most of the parts are small passive components. These small components are unlikely to
fall off when the board is turned upside down and reheated to set the topside components thus it is recommended to com-
plete the back of the board first. The ferrite bead, inductors and larger decoupling capacitors should not be placed on the back
initially, due to their large size meaning they are likely fall off when the board is reheated.

When assembling the top side of the PCB, care should be taken when placing diodes and bulk decoupling capacitors to
ensure correct polarity. All integrated circuits have some form of marker on the chip to denote pin one, which should be lined
up with the marking on the PCB to ensure correct orientation.

Motor and LED connections are soldered directly to the board. Motor wires should be connected left to right in the order
green, yellow, red, black, when viewing at the board from the top. If required, the 5 mm LEDs should be connected as shown
in Fig. 2.

Once both sides of the PCB have been completed all through hole connections should be added. The larger inductors and
capacitors which were not able to be placed previously should now be hand soldered to the PCB. There is an option to add
header pins to the board. However, it is recommended to solder wires directly, so the board fits more snugly in the case. The
only exception to this choice is a ten pin header required for programming, which should be added.

5.2. Board Programming

The board can be programmed with any debugger/profiler device. However, for ease of use, an Atmel Ice is recommended.
Connect the octopus cable to the 10 pin header! per page 22 in the Atmel Ice datasheet [19)].

Atmel provide all the firmware files required for programming the board from their website, Atmel Start. Provided in the
Git repository is a file named InsulinPump.atstart. Navigate to the web page https://start.atmel.com/, and click on Load project
from file, located at the bottom left of the page. The file contains all pin connection data for the MCU, and allows Atmel Start
to generate firmware files for all required peripherals. Once the project is loaded click Export Project at the top of the screen
and choose support for Atmel Studio and Microchip Studio. Double click on the downloaded file to open it in Microchip Stu-
dio. The .h amd .c code files from Mendeley Data should be included in the folder created by Microchip Studio, which has the
name that was given to the project when the software was first opened. (The correct folder will already contain files with the
names atmel_start, driver_init and main.c). When done correctly added files will be viewable in the solution explorer on the
right hand side of Microchip Studio. To program the board, the code should be built using the “hammer” icon and can then be
loaded to the device using the green “play” icon.

Care must be taken when uploading code multiple times to the device, as the Atmel Ice rewrites all flash memory pages of
the MCU when uploading code. Therefore, retrieving data values from the non volatile memory can result in unexpected
behaviour. The best option when reloading code to the MCU is to connect the positive side of the 70mF capacitor (C26)
to ground to discharge it. C26 acts as a temporary power supply to the RTC when batteries are disconnected, and discharging
the capacitor cuts power to the device resulting in all internal data being reset. The MCU checks a general purpose register in
the clock to determine if the device has been power cycled so draining the capacitor as stated will result in predictable per-
formance when reloading code.

5.3. Mechanical Assembly

5.3.1. Plunger Sub-assembly

Fig. 3 shows how the motor and plunger should be assembled before use. A square M4 nut should be inserted in the slot in
the plunger, and in the centre and ends of the plunger. Once the square M4 nuts are in place, the threaded shaft of the plun-
ger can be screwed through both nuts, allowing the plunger to travel along the motor shaft as it turns. A small amount of
lubricant can be placed on the shaft to allow smoother travel. The plunger should be wound back to the motor to allow
the parts to slot into the case, as detailed in Section 5.3.2.

5.3.2. Pump assembly
Fig. 4 shows the steps to assemble the device. Bracketed numbers throughout this paragraph refer to the numbered steps
in Fig. 4. The plunger and motor sub assembly (1) should be inserted into the channel (2) in the case, ensuring the 'wings’ fit

! Note, the board is designed to be programmed through the JTAG SWD interface only, thus only five of the 10 pins are used
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Fig. 2. Wiring diagram for LED array.

—Q

Fig. 3. Build instructions for Plunger Sub-assembly.

Fig. 4. Build instructions for Ultra-low-cost insulin pump.

into the slots provided. The body of the motor should be placed into its slot at the opposite end of the case (3). When placing
the motor into the case ensure the gearbox sits inside the housing built into the case (4). The PCB should be placed inside the
top of the case (5). The battery holder can be placed in the slot inside the case (6). A standard MiniMed 180U Reservoir
insulin cartridge and Silhouette infusion set (Medtronic, Northridge, California, USA) can be screwed directly into the case
(7). Final assemblies of the device are shown in Figure 5.
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y (5) :

Fig. 5. Internal components fitted into case (a) and final design with closed case and commercial insulin cartridge and infusion set fitted (b).

6. Operation instructions
6.1. Device Setup and Usage

The device is powered by two AAA batteries, to be placed in the battery compartment provided in the design. A standard
size insulin cartridge should be loaded into the device and the baffle turned until it rests against the back of the cartridge,
readying the device for use. Before the software is loaded onto the device the user must set the current time and date by
modifying values in the C function rtc_set_current_time(). This task is achieved by setting values into the function call in
the module rtc.c as follows:

e Year entered as number of years passed since 2000
e Month entered as a value between 1 and 12

e Day entered as a value between 1 and 31

e Hour entered in 24 h format

e Minute entered as a value between 1 and 60

e Seconds entered as a value between 1 and 60

For example, the date and time 16/10/2020, 9:08 pm, would be entered into the device by using rtc_get_current_time(20, 10,
16, 21, 8, 0).

The frequency at which the pump should wake up and deliver insulin can also be customised by the user, by writing rel-
evant values to the RTC using functions provided in the Git repository. When changing alarm values a user must write all
relevant registers in the RTC. Default functions are provided to allow insulin delivery once per minute, or once per hour. Code
has been commented extensively and so modifications should be easy to make in conjunction with Integrated Circuit (IC)
data-sheets, links to which are given in the references section.

The background rate of insulin delivery can be changed using buttons one to increase the rate and button two to decrease
the rate. Pressing button three allows a user to change between basal and bolus rates of insulin. The device has four LEDs, so
can display rates up to four units however the software will record insulin rates up to 255 units per hour.

Some parameters for pump control can only be modified by altering values in the source code meaning the pump cur-
rently requires knowledge of the C programming language for a deeper level of user customisation.

6.2. Health and Safety Considerations

It is likely uncovered needles will be used in conjunction with the device. Users should be careful not to harm themselves
or others when handling the device, and dispose of used needles appropriately. The device is designed to operate from a 3 V
supply. Use of a voltage outside of the recommended level may cause the device to behave unexpectedly or cause irreparable
damage to circuitry. If using disposable batteries an alkaline variety is recommended. If using rechargeable batteries only Ni-
MH and Ni-Cd chemistry batteries are compatible with the device.

The insulin pump presented in this paper would be rated as a class Il medical device by the FDA, as it does not provide
options for integration with a Continuous Glucose Monitor (CGM) [20]. The design is provided as a foundation or platform
design. It thus provides fundamental capability to build upon. However, despite initial testing it is not a certified or regulated
medical device.
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7. Validation and Characterization
7.1. Test Procedures

Insulin pump accuracy is validated using a micro-gravimetric method, as outlined in IEC60601-2-24, the unit standard
for infusion pump testing [21]. Data is collected by setting the insulin pump to deliver Class IIl water into a beaker, which
is placed on a microscale (Mettler Toledo XP105 DeltaRange, Columbus, Ohio, USA) with a readability of 0.01mg, or 5 decimal
places. The weight of the displaced fluid is measured and used to calculate the dose size delivered by the pump.

The data collection method outlined in IEC60601-2-24 was followed closely through testing with two modifications
made to improve the accuracy of the results. Firstly, a small layer of oil was floated on top of the water in the beaker to pre-
vent evaporation from the beaker during testing. Secondly, water was placed in a vacuum chamber to degas it before use and
prevent air bubbles forming in the insulin cartridge and infusion set line. Both modifications stated have been used in other
literature [22,23] and shown to be effective.

As per the unit standard, brand new cartridges and infusion sets were used for each test. Testing results were obtained for
the Ultra-low-cost pump and an in warranty Medtronic 640G (Medtronic, Northridge, California, USA).

7.2. Basal Rate Accuracy

Basal rate accuracy for the ultra-low cost and commercial pumps was tested over a 72 h period using a basal rate of 1 IU/
h. The unit standard specifies the pump should be run at a “typical rate” when testing. Therefore, 1 IU/h was chosen as a
basal rate at which an insulin may be used, and also because literature exists presenting data at this basal rate, allowing
for a point of comparison [22]. A testing period of 72 h was used for two reasons: Firstly, this was the testing period used
in other literature and replication of the method used allows for better comparison of results. Secondly, it is generally rec-
ommended that patients change infusion sets every 2-3 days [24], and so assessing accuracy over a 72 h testing period better
imitates the way those with diabetes use their insulin pumps. All testing was conducted assuming an insulin concentration
of U100. Data was processed by splitting the testing period into 72 1-h windows and calculating how many individual win-
dows presented an accuracy within 5%, 10% and 15%. Box and whisker plots of results are presented in Figure 6 and hourly
accuracy data in Table 2.

7.3. Bolus Accuracy

Bolus testing is conducted by delivering 25 boluses successively, and weighing each one. The weight of each bolus is
recorded and the maximum positive and negative errors are calculated as a percentage of the target. Boluses of 0.1 IU,
1 IU and 5 IU were tested. All testing was conducted assuming an insulin concentration of U100. Table 3 and Table 4 show

these results presented as per IEC60601-2-24 for the Ultra-low-cost insulin pump and commercial insulin pump
respectively.

10.0
7.5

5.0 2ssscoces

0.0

Percentage error

=5.0

-10.0 =
Commercial Pump Ultra-Low-Cost Pump

Fig. 6. Box and whisker plot showing different error parameters for the Commercial Pump and Ultra-low-cost insulin pump. Median error is denoted by an
orange line, mean by a green triangle, first and third quartile by a black box and 95% range by the whiskers. The red dashed lines indicate 5% error.
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g?)lr)l:;ilzed table of basal results, displaying the number of accuracy windows the low cost pump and commercial pump were able to meet during a 72 h test.
Insulin Pump Individual doses within
+15% +10% +5%
Commercial Pump 93.8% 93.8% 85.7%
Ultra-low-cost pump 98.6% 98.6% 84.7%
Table 3

Compiled table of bolus results, displaying mean delivery volume and maximum positive and negative error at each tested bolus size for the Ultra-low-cost
insulin pump.

Bolus Size
0.11U 11U 51U
Mean delivery 0.0987 IU 1.0182 U 5.1176 IU
% deviation of mean from set rate 1.33% 1.82% 2.35%
Max positive error as % of set rate 14.0% 5.50% 4.02%
Max negative error as % of set rate 21% 1.60% 1.18%

Table 4
Compiled table of bolus results, displaying mean delivery volume and maximum positive and negative error at each tested bolus size for the commercial insulin
pump.

Bolus Size
0.11U 11U 51U
Mean delivery 0.0939U 0.9818U 4.9796U
% deviation of mean from set rate 6.08% 1.82% 0.41%
Max positive error as % of set rate 39.0% 4.30% 1.58%
Max negative error as % of set rate 41.0% 11.9% 2.22%

7.4. Assessment of Validation

Collection of data was conducted using a micro-gravimetric method as per IEC60601-2-24, with some testing parameters
modified to increase accuracy of results. The results obtained for the commercial pump were similar to those presented by
Ziegler et al. [25], with data for 5%, 10% and 15% accuracy windows being within +2% of the previous literature. Such a result
provides validation for the testing methodology used and allows comparison of the results obtained from the Ultra-low-cost
pump with greater confidence.

Basal testing shows both pumps performed to a comparable degree of accuracy, with the mean dose size and range of
both pumps being similar. However, the commercial pump exhibited a lesser spread between the first and third quartile sug-
gesting greater consistency between doses than the Ultra-low-cost pump. Table 2 shows the accuracy for individual 1-h win-
dows during the testing period, with the commercial pump showing greater accuracy in the +5% range and the ultra-low-
cost pump showing better accuracy in the £10% and +15% ranges. However, under real usage conditions both pumps are
likely to perform similarly with the small differences in their dosing unlikely to be clinically relevant [26].

When examining bolus accuracy, Table 3 and Table 4 both show larger dose sizes are delivered with a higher accuracy and
this result is consistent with that presented in other literature [25,23,27]. Additionally the range between the maximum and
minimum error values for both pumps decreases as the requested bolus size increases. These results suggest the pump has a
slight tendency to over deliver, but the absolute error does not increase linearly with dose size, becoming a smaller percent-
age of the total as the dose size increases. Overall, the commercial pump showed a tendency to under-deliver, whilst the
Ultra-low-cost pump showed a tendency to over-deliver.

An extension to the validation of the Ultra-low-cost insulin pump would be to repeat the accuracy testing with a wider
range of commercially available insulin pumps, or multiple models of the same commercial insulin pump. This would pro-
vide a larger data set for comparison and negate any potential effects of manufacturing differences causing atypical results
for any one device. Additionally it should be noted the Ultra-low-cost pump was calibrated using the same scale and
methodology used for accuracy testing, which may have helped the pump achieve the results presented in this document.
Finally, the Ultra-low-cost insulin pump does not provide many of the features present in the commercial pump, such as
occlusion detection and CGM compatibility. It is possible that if extra hardware or software was added to the prototype
device to match the feature set of the commercial pump, the accuracy of the device may be affected.

The Ultra-low-cost pump was also not tested for performance after use in real world conditions. Insulin pumps are worn
externally throughout the day and as a result are subject to wear and tear. Insulin pumps may be knocked against doors,
dropped, and subject to water damage as a result of everyday use. The Ultra-low-cost insulin pump was not subjected to
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any such factors, and it is unknown how the pump would perform if this was the case. In contrast, the commercial pump
used for comparison underwent drop testing from a height of ~1 meter onto concrete, as well as altitude, humidity and elec-
trostatic discharge testing [28]. It is possible additions to the Ultra-low-cost pump to match the robustness of the commer-
cial pump may affect accuracy of the device also.

8. Conclusion

This paper has presented a design for a low-cost, open source insulin pump. Testing of the pump has shown a high overall
level of accuracy. When compared to a commercially available pump, test results have shown the per dose accuracy is com-
parable. Future research would benefit from comparing the Ultra-low-cost pump to a wider range of commercial pumps, to
provide more points of reference for the device. Additionally, the design put forward can be produced using easily obtainable
parts and materials. A full set of code files have also been provided for use with the low cost pump design. Finally, only basic
pump control is offered as part of the design. Future designs would benefit from the ability to connect a phone or a computer
to allow users to modify pump parameters through a simple interface, rather than requiring users to modify the source code.
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