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Abstract
Current Techniques of diagnostics use expensive laboratory equipment. These costs are levied
upon the patient. Medical costs have increased to astronomical numbers and have crippled the
accessibility to healthcare technology. Simplified miniaturized laboratory processes are
considered ‘lab on a chip’ medical diagnostics devices. In recent years, microfluidic projects
have proved highly effective in introducing traditional engineering students (electrical,
mechanical, and industrial) to clinical diagnostics and the emerging field of point-of- care (POC)
tests. This senior design project consisted of students within biomedical, electrical, and mechanical
engineering. As these projects can be ambitious and students may not have familiarity with certain
aspects of this technology, good management is needed to streamline activities and keep the effort
focused and on schedule. The project is leveraged towards engineering student skills in CAD,
prototyping, image processing, instrumentation, and control. Students had to utilize manufacturing
methods and techniques to create a medical device after investigating the market. This was a
capstone project that was evaluated for three consecutive terms. The students had no prior
experience within diagnostics but learned a great deal of information from extensive investigation.
The goal was to produce a working prototype upon completion of the final term with results on
methods of manufacturing the device. They were in direct contact with industry manufactures to
determine marketability. This project received first place within the university’s engineering
competition.
Overview
Medical diagnostics require labor intensive techniques that are completed within a laboratory
environment. Equipment required for laboratory diagnostic testing can be very expensive as costs
are conveyed to the patient. The burdening costs are due to high market prices, power consumption,
and maintenance for quality and assurance of medical testing. Batch testing is often performed to
reduce machine consumption and increase longevity of medical equipment. Although this method
is beneficial to laboratory facilities, patients must wait longer for results. The extended time is due
to the summation of processes that occur before the results are returned. The need for simplified
devices is evident as healthcare costs have risen astronomically. Such costs have limited the
accessibility to healthcare and has placed social stigmas toward visiting medical facilities.
Research and development within pharmaceutical industries has increased to manufacture medical
devices to improve patient care.
Introduction
Human Immunodeficiency Virus (HIV) has become a major world problem, infecting over 78
million people, 37 million of which currently live with the virus. Almost 70 % (26 million) of
infected people live in the resource-limited settings in Sub-Saharan Africa [1]. HIV attacks and
destroys CD4 cells, responsible for timely activation of the body’s immune system. Untreated
virus causes acquired immunodeficiency syndrome (AIDS) and premature death. HIV is

considered incurable, but it can be treated by suppressing the number of viral RNA in the blood
with drugs. People with a low number of viral RNA (viral load) live longer and healthier lives, and
are less likely to transmit HIV to others [2]. Antiretroviral therapy (ART), combinations of one or
two drugs selected from among 37 different drugs, proves an effective way to suppress the viral
load in blood to undetectable levels (<100 RNA/mm3) [3]. However, due to constant mutation of
the virus leading to drug resistance, effectiveness of ART needs to be periodically monitored to
determine if the treatment needs to be modified [4]. Viral load test is a recognized gold standard
in resource-rich countries. World Health Organization (WHO) recommends HIV infected people
in resource-limited countries get viral load tests 6 months after initiation of ART and then at least
once a year for staging and treatment efficacy [5]. Due to large demand and lack of laboratory
facilities, complex specimen collection, testing procedures, and high testing costs, laboratory viral
load tests are not feasible in some areas [6]. Thus, point-of-care (POC) devices are the most
appropriate approach for early in-field diagnosis and treatment monitoring of the disease in the
developing world.
There has been considerable previous work on highly accurate POC viral load tests as
alternatives for lab-based tests. Microfluidic devices get special interest due to reduced sample
size (1nL-1mL), faster testing time (< 1 hour), and decreased risk of cross-contamination. The
initial equipment range in cost from $500 to $25,000, which makes them unaffordable for people
in resource-constraint areas [7].
WHO defines ART treatment failure when viral loads rebound to > 1000 copies/mL, and
Department of Health and Human Services and AIDS Clinical Trials Group defines treatment
failure at viral load > 200 copies/ml [8]. Currently, there are no fully developed POC tests on the
market to perform viral load measurement which comply and fully satisfy WHO recommendations
for the third world countries. However, there are a lot of upcoming technologies with different
platforms of HIV viral load measurement such as ELISA based tests (ExaVirTM Load), reverse
transcription polymerase chain reaction (RT-PCR) technology (LiatTM Analyzer) and PCR
(GeneXpert System), nucleic acid amplification technology (TruelabTM Real Time micro PCR
system, Wave 80 EOSCAPE HIVTM System), nanoplasmonic detection on self-assembled gold
nanoparticles, and p24 pathogen detection[7]. These assay systems offer promising technologies,
but they are either in the development stage, require laboratory conditions and trained personnel,
or very expensive. Therefore, a rapid, inexpensive, simple and accurate point of care viral load test
is needed. Manufacturing processes of such point-of-care medical devices become important as
prototyping and mass distribution are accountable for product integrity. Students designed and
fabricated a medical device.
POC medical devices allow students to analyze the market to determine suitable devices to design
and manufacture. Microfluidic devices integrated with electronics offer low-cost and component
availability for rapid prototyping. Common core equipment within engineering school facilities
offering electrical, biomedical, and mechanical concentrations should be sufficient for
microfluidic device fabrication.
Student Learning Objectives
The group consisted of four multidisciplinary technology students. Students were individually
required to devote 10 hours a week and present progress reports. They were given informational
lectures on patents, ISOs, and marketing from experts. The students were evaluated for three
consecutive terms. The student objectives were to identify a problem, perform literature and
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market research, formulate a solution, create alternative designs, and propose the best design based
on an assessment of stakeholder needs. The students then submitted reports and gave a 20-minute
presentation to faculty and industrial experts (Figure1).

F IGURE 1. P ROJECT GANTT CHART

Design and Development Plan
To insure quality control in the design process students used a waterfall design process with an
application of such design controls as verification, validation, and review of the process [5]. Design
process consists of identifying user needs (Figure 1), translating these needs into product
requirements, design process, design outputs, verification of the initial product requirements,
modification of the design process and outputs if necessary, and final device manufacturing.
Design Plan:







Identification of users and their requirements, needs, and wants: observation, surveys, and
data collection from potential users (clinical professionals such as nurses, physicians,
trained clinical professionals at point of care and other clinical or non-clinical settings, and
people infected with HIV virus).
Identification of medical device requirements based on specific user requirements:
effectiveness, equal to laboratory test accuracy, short testing time, fast results, least
invasive testing method are the most frequent user requirements.
Preliminary medical device design specifications and engineering requirements: simple to
operate with minimum training, portability, effectiveness and accuracy, light weight,
transparency of the material, similar to laboratory chemical reagents, safety of operation,
least invasiveness.
Tested and reviewed design of the device: testing of each step of the process, testing of
individual components for function verification, testing for hazards, risks, and failures
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Final product development - design output: medical device with improved characteristics,
verified performance and initial requirements. To insure compliance with various medical
device regulatory standards HIV-VL was designed following medical device regulation
documents, international standards, and guidance and recommendations documents. The
list of such regulations used in design and design process management is provided below
with the specificity and applicability of each standard and requirement.

F IGURE 2. S URVEY OF S TAKEHOLDER FOR P RODUCT

Technical Description
Students assessed the market to determine the product to
be produced with a survey (Figure 2). LabVIEW and
CAD modeling was used to design alternative
microfluidic chips with different material properties
(Figure 3). This information was then used to predict
manufacturing costs. The final product was a prototype
of a finger-actuated microfluidic chip with integrated
plasma separator for HIV viral load monitoring using
SLA 3D printing and a CO2 laser cutter. A polysulfone
membrane was cut using a plotter. The membrane was
placed in the channel for plasma separation from a whole
blood sample. The resultant enables the user, depending FIGURE 3. CAD MODEL OF MICROFLUIDIC CHIPS
on the reagent, to view the concentration of the virus with fluorescence. The chip design, which
integrates plasma extraction and RNA (or DNA) isolation and purification, is compatible with all
the common nucleic acid amplification testing methods (PCR, LAMP, BART, and related
techniques), and therefore should have wide applicability to HIV testing. With small modifications
during the manufacturing process, POC diagnostics chip can be readily adapted to other diagnostic
applications including testing for malaria, TB, Zika virus, influenza, and Ebola virus. The design
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was implemented to be simple, reliable, low cost, easy to manufacture and operate, with minimum
training and required equipment.
Detailed Requirements for Medical Device:
The students used information from ISO lectures to investigate requirements for manufacturing
medical devices. Point-of-Care testing for the international standard follows ISO 22870:2006 for
Point-of-Care devices. The device will need the following requirements:
 The device cannot react with human blood as a reaction can alter and ultimately affect
results.
 The device must remain sterile during packaging and after packaging.
 The device will be used once and must then properly disposed for incineration.
 The device must be durable to ensure the blood sample does not cause cross contamination
during testing.
 Quality control during manufacturing must be kept through image processing for quality
assurance.
 Dry reagent storage will be kept within the Point-of-Care device and must not be reactive
to the device material.
 Lysing agent storage must be sealed properly and must avoid high temperatures.
 Membranes must remain intact and avoid a position of damage.
 Blood reservoir must remain hydrophobic.
Microfluidic chip must be translucent to detect and track fluid flow. The testing phase requires a
translucent area to detect viral concentration. In order to maintain accuracy of detection,
translucence of the material must be 70-100%. The material must be able to withstand various
temperature differences: 10 – 90 . The HIV-VL chip must remain small and compact to allow
easy transport after manufactured to location of use.
Standards and Recommendations Used in Design Process
To insure compliance with various medical device regulatory standards our microfluidic chip was
designed following medical device regulation documents, international standards, and guidance
and recommendations documents. The list of such regulations used in design and design process
management is provided below with the specificity and applicability of each standard and
requirement.
ISO 9000: 2005 (E) - Quality management standards, such as self- assessment and continual
improvement [9]. The standards provide guidance to ensure that products and services consistently
meet customer’s requirements, and that quality is consistently improved. Self-assessment and
continual improvement during design and manufacturing process of microfluidic chip is required
to maintain quality control. [4]
ISO 9001:2015 - Quality management system and its processes [10].
The standards provide guidance on processes for continual improvement of the system and the
assurance of conformity to customer and applicable regulatory requirements.
ISO 22870:2006 - Point-of-care testing requirements [11].
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The standard provides specific requirements for quality and competence applicable to point-ofcare testing (POCT). The requirements of ISO 22870:2006 apply when POCT is carried out in
hospital, clinic and by a healthcare organization providing ambulatory care.
ISO 13485:2003 - Control of records, control of monitoring and measuring devices, work
environment and customer related processes [12].
Standard provides management quality control practices and requirements for working
environment set-up, appropriate testing, measurement, monitoring of the manufacturing process,
requirements for sterility of medical devices.
ISO 10993-1:2009- Biological evaluation of medical devices [14].
Standard provides regulations on identification and quantification of degradation products from
polymeric medical devices, general categorization of medical devices by duration and nature of
body contact.
ISO 14971:2007 - Risk management processes [13].
Standard provides information how to foresee, design and mitigate for potential risks and
hazardous situations, risk analysis, evaluation and control in premarket and post market stages of
the medical device.[13].

Manufacturability: Design Detail and Specifications Used to Determine Manufacturing
Costs
 Plasma membrane – The diameter of
the membrane is 12mm;
 Fiberglass Viral Membrane – The
diameter of the membrane is 7mm;
 Fluid actuation is applied through
syringe;
 Compression occurs after chemical
lysis has mixed with the plasma;
 Chemical Lysing chamber contains a
F IGURE 4. F INAL P RODUCT (FDM &SLA)
volume ranging from 20 - 50µl of fluid;
 The dimensions of the HIV-VL extraction chip are 60x30x7.5mm respectively;
 The plasma membrane contains column supports to allow easy plasma flow between
channels to prevent clogging;
 The supports and channels are 0.5x0.5mm respectively;
 The bellow’s maximum capacity is 1.5ml;
 The volume through the device’s channels is < 150 ml (exactly 157.96
The chip was created in Solidworks. The reservoir was spray-coated with Rust-Oleum to render it
hydrophobic, which prevents unwanted adhesion of blood. A channel was created parallel to the
extraction channel to insert a needle and fill the reservoir to simulate an implemented clam shell
5

type polysulfone plasma filter, which has been successfully demonstrated as a stand-alone
component. The sealant chosen for mass testing was a UV polymer resin. For mass production,
the design can be manufactured by injection molding and partial assembly, which includes addition
of membranes and reagents. Currently, there are a large number of companies specializing in
microfluidic fabrication, packaging, prototyping, and bonding, e.g. UFluidix, MicroLIQUID,
Albright Technologies, Axxicon, Chiral Photonics, which can easily produce our microfluidic chip
according to provided designs and specifications [14]. Students performed a Failure Mode Effect
Analysis (FMEA) and the As Low as Reasonably Practicable (ALARP) scores for risk shown in
Figures 5 and 6. All hazards were able to be mitigated to acceptable levels through a combination
of design controls and warning labels/instructions demonstrated as risk management strategies in
Figure 7.

Figure 5 FMEA ALARP Hazard Score
Failure Mode
Neede breaks in patient

Effects of Failure
Blood vessel blockage, intervention,
infection

Casue of Failure
Patient/ Clinician moves chip during
sampling process

Rupture

Contaminated blood is released

Chip improperly handled, dropped,
broken open

Sample size incorrect

Wrong treatment given to patient

Sampling process proceeds for too long/
short a period, sample actuated device
compressed for too short a period

Occurance Severity
2

1

4
Chips incorrectly attached Blood no longer sealed inside micro‐
fluidics

ALARP Score Design Controls
6

4

Materials and chip stress
tested to withstand dropping
4 and is mishandling forces

3

Chips incorrectly attached and process
continues
1

Sturdy Design of needle

3

3

12

Bellows designed to only take
certain amount of blood from
sample chamber

Chips designed to not
continue process until they
3 are connected properly

Figure 6. Failure Mode Effects Analysis
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Figure 7. Risk Management Strategy

The price was calculated with an assumption that all materials would be purchased, and
manufacturing of the device would be done in the U.S. The initial investment was estimated to be
$250,000 dollars with a $20,000 change in the net working capital. The total includes the cost for
manufacturing materials and reagents, initial research and development, drafting, prototype
manufacturing and testing, overhead cost, legal fees, any other unpredicted costs, and the
production and distribution of the first 20,000 units. The breakdown of direct and indirect costs
associated with prototype manufacturing and distribution is provided in Table , Table , and Error!
Reference source not found. in the Appendix. Predicted profits were demonstrated in Table A-3.
Further estimates of the project are indicated in Table for 500,000 units. Expenses and profits are
calculated for 500,000 sales, with a conservative 8% increase in yearly sales and 5 % increase for
yearly spending. The IRR of the project increases from 13% to 67%. The estimates of all budgets
can vary during the stages of the product design. The students contacted manufacturers directly
for accurate costs with the given specifications.
Conclusion
In conclusion, a prototype chip was produced using a CO2 Universal Systems Laser cutter and
an SLA 3D printer. The students were given a survey after completion of the project. 75% of the
group has never had prior experience with a medical related project. One student provided
feedback stated by the following:
“I certainly did not think of medical devices on such small scale before
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I worked on this project. Medical devices that were previously discussed
in classes mostly meant large and small hospital equipment. I never
thought of simple point-of- care or home tests even though they are
available over the counter in any pharmacy. This project expanded my
personal understanding of medical device engineering and how important
small devices can be”
The students’ feedback scored 90% for the significance of designing and manufacturing medical
devices. Faculty and the industrial advisory board gave near exceptional scores after evaluations.
The project was successful as it continued to the university’s engineering competition and won 4
of 5 awards. It showed the significance of incorporating manufacturing and simplified medical
devices to save consumer costs to improve accessibility to healthcare. The students received an
overall score of 98% on their report and presentation. The students successfully completed their
goal of creating a medical device to improve the quality of human life with the use of available
rapid prototyping equipment and were successfully able to test the device.
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Appendix A:

Table A-1. Direct and indirect costs for prototype manufacturing

Table A-2. Summary of starting capital distribution for
manufacturing of 10,000 units (includes direct and
indirect costs)
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Table A-3. Cash flows for manufacturing of 10,000 microchips sold at $10/microchip

Table A-4. Forecast cash flows for manufacturing of 500,000 microchips
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