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ABSTRACT OF THE DISSERTATION 

 

Integration of Bioassays on Microfluidic Platforms and Analysis of Detection Performance 

 

By 

 

Maria Elisabeth Bauer 

 

Doctor of Philosophy in Mechanical and Aerospace Engineering 

 

University of California, Irvine, 2019 

 

Professor Marc J. Madou, Chair 

 

      Life-saving treatment starts with proper diagnosis. This thesis therefore discusses two 

central aspects: detection methods and integration of fluidic steps onto fully automated 

diagnostic platforms. To investigate performance of different common commercial detection 

methods with regard to detection characteristics, such as limit of detection (LOD), 

sensitivity, and dynamic range (DR), horseradish peroxidase (HRP) was chosen as label and 

detection was conducted via absorbance, chemiluminescence, and amperometry. While 

these performance parameters vary for different substrates and depend on specific 

procedure for each technique, the importance of choosing the proper detection method for 
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a given application is conspicuous. Integration of a colorimetric, HRP-based enzyme-linked 

immunosorbent assay (ELISA) for detection of malaria is demonstrated on a rapid 

prototyped platform (3D printed microfluidic structure) and electrochemical detection is 

integrated on a compact disc (CD) microfluidic device. The latter is most commonly 

produced via injection molding and thus compatible with mass manufacturing. While CD 

microfluidics excels in simplicity of pumping principle based on centrifugal force from a 

single motor and elegance of instrumentation-free, passive valving based on changing 

capillary forces at cross-section changes (burst valves), this type of valving often shows 

unreliable. Burst valves are therefore analytically modelled and experimentally analyzed 

and evaluated. While instrumentation-free principle incites their application, control of 

burst pressure underlies effects of surface imperfections and dimensional control is critical. 

While pumping on CD microfluidic platforms inherently enables fluid motion towards the 

outer perimeter of the disc, reversed flow is demonstrated on material jetted CD-inserts. 

Integration of electrochemical detection on the CD, allows for signal amplification via 

enhanced mass transport. The effect of flow onto electrochemical measurements is 

investigated in cyclic voltammetry experiments on Interdigitated Electrode Arrays (IDAs) on 

the CD. While flow generally increases mass transport to the electrode surface, redox 

amplification suffers. Nevertheless, dual mode cyclic voltammetry during flow results in 

lowest LOD. 
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1. Introduction – Point of Care Diagnostics 

There is much need and a growing market (expected to reach $22.8 billion by 20251) for 

improved Point of Care (POC) diagnostics. It spans from so called Extreme Point of Care 

(EPOC) medicine as for example in the case of rural areas of the developing world without 

access to laboratory diagnostics2, to emergency medicine, e.g. portable systems for first 

responders to initiate fast diagnosis on the spot3. Especially in the case of emergency 

medicine, a condition might still be in an early phase, thus requiring a diagnostic with very 

low LOD/very high sensitivity for the specific biomarkers. An example for POC diagnosis of 

biomarkers, benefitting from detection at very early stages, is the detection of Troponin T 

and I (found in heart muscle fibers) as marker for cardiac arrest45. While coronary heart 

disease and stroke lead the list of causes of deaths across countries of all income classes, 

infectious diseases such as human immunodeficiency virus (HIV)/acquired 

immunodeficiency syndrome (AIDS), tuberculosis and malaria are still amongst the top ten 

causes of deaths in countries of low income, while being a much smaller burden in the 

developed world6. In either scenario proper and early diagnosis is essential for effective and 

targeted treatment. The ideal diagnostic approach will depend on specific requirements (e.g. 

expected biomarker concentration, concentration range, acceptable time to result, error, and 

cost). 

The motivation of this research is to contribute to improving diagnostics and making them 

available to a broader audience, while leveraging advances in manufacturing and 

microfabrication. This thesis therefore evolves around two central aspects, biomarker 
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detection methods and integration of complete bioassays onto fully automated platforms.  

Principles and solutions in the fields of microfluidics are investigated, with focus on but not 

limited to CD microfluidics and means of detection. Especially highlighted is the use of 

electrochemical diagnostics and a comparison to more commonly used optical detection. 

Furthermore, prototyping techniques such as 3D printing and manufacturing methods such 

as injection molding and their impact on the function of these microfluidic devices are 

discussed. Finally, integration and benefits from integration of electrochemical sensing on 

CD microfluidic platforms are demonstrated.  
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2. Comparison of Methods for Detection of HRP  

2.1.  Need for (improved) Diagnosis in View of Drug Resistance 

To allow for proper treatment of a vast number of health conditions, prior diagnosis is 

indispensable. Targeted treatment is especially crucial with regard to the rapidly increasing 

drug resistance of various pathogens. Of the 10.4 million infections with tuberculosis in 

2016, 600,000 were caused by drug resistant bacteria7. Mortality rates for multi-drug-

resistant and extensively drug-resistant tuberculosis are 40% and 60% respectively, 

contributing to a total of 1.7 million tuberculosis fatalities in 20167,8. In the case of malaria, 

drug resistance against chloroquine treatment developed and spread within a decade after 

market introduction of the drug, eventually leading to practically all malaria causing 

parasites being resistant9,10. Replacing chloroquine treatment with artemisinin-based 

combination therapies (ACTs) against malaria, contributed largely to the decreasing global 

malaria mortality by 30% between 2010 and 201511. However, around 2007 the new 

treatment of ACTs began to provoke drug resistant mutations of Plasmodium falciparum (the 

parasite, responsible for the most severe infections and highest number of fatalities), which 

is especially worrisome as no viable alternative treatment is yet available11. Besides drug-

related considerations, including the rapidly decaying effect of the drug12,13, more targeted 

treatment has enormous potential14. Especially in areas of high prevalence of a specific disease, 

treatment is commonly commenced without prior diagnosis of the pathogen and solely based on 

symptoms15. Besides the high prevalence of malaria in endemic areas, fear of the high mortality 

due to malaria, especially in young children, fuels overtreatment15. A similar scenario exists in the 

case of tuberculosis in high-incidence countries, where access to proper diagnostics such as sputum 
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smear microscopy is oftentimes poor, leaving symptom-based treatment as the only option. 

Moreover, many other infections commonly found in the same geographic areas show 

similar symptoms (e.g. pneumonia shows similar symptoms to malaria and can be deadly15). 

Thus, symptom-based treatment does not only lead to increased drug resistance but may 

also thwart patients from receiving targeted and possibly life-saving treatment for the actual 

cause of their symptoms.  

The gold standard for diagnostics for infectious diseases like malaria or tuberculosis are 

immunoassays such as enzyme-linked immunosorbent assays (ELISA)16,17. These tests have 

not only high specificity and sensitivity16,17, but also allow for fast diagnosis within hours, 

compared to days, as is the case for diagnosis based on pathogen cultures18. Furthermore, 

preparing costly cultures, which require well equipped laboratories with controlled 

environmental conditions, is not an option in resource-limited areas which are especially 

burdened by these diseases18. To increase affordability and make ELISA testing of infectious 

diseases suitable for low-resource settings, integration of ELISA technology into POC 

devices, which follow the ASSURED (affordable, sensitive, specific, user-friendly, rapid and 

robust, equipment-free, deliverable to end-users) criteria as defined by the World Health 

Organization (WHO), is needed to provide proper and timely diagnosis19–21. While dipstick 

tests are highly desirable for POC settings due to their simplicity, low cost and ease-of-use21, 

they cannot always provide the sensitivity and quantifiability that is needed22. Common 

dipstick tests employ visual evaluation of a color change based on a chemical reaction, while 

other handheld and/or portable devices allow for quantifiable detection based on chemical 

reactions causing a change in absorbance measurement, fluorescent, luminescent, or 
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electrochemical signal. Such information allows for high sensitivity, low LOD and a 

quantitative result which is independent from human interpretation.  

For the design of a highly sensitive and specific assay with the desired LOD, sensitivity and 

DR, we start by evaluating the detectability of the label with the desired detection system. 

Only with the label confirmed at the expected concentration range, additional assay steps 

including its attachment to antibodies should be investigated to tailor a diagnostic procedure 

to the needed precision and detection window of the assay. We therefore present a 

comparison of the signals obtained from different optical and electrochemical detection 

methods with commercial systems for the most commonly used plant-based enzyme HRP23.  

The advantage of utilizing HRP as the label for this comparison is that it can be detected 

optically as well as electrochemically, thus allowing for a comparison of detection 

performance of the different techniques for the same label. While the substrates and 

experimental procedures affect properties of the detection methods, we evaluate the 

detection method performance based on commonly available commercial platforms. 

As the detection method alone does not suffice for diagnosing a disease in POC situations, 

automated detection of malaria, labelled with HRP is demonstrated on a 3D printed platform 

and on a CD microfluidic platform. These platforms are described in Section 3 and Section 6 

respectively.  

2.2. Background on HRP Detection 

Many common optical (e.g. absorbance24, chemiluminescence25) as well as electrochemical26 

immunoassays use the plant-based enzyme HRP to obtain a signal. While direct 

electrochemical detection of HRP has been demonstrated with different electrodes and 
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methods27–29 the most commonly used method uses the chromogen 3,3′,5,5′-

Tetramethylbenzidine (TMB) which is oxidized by HRP/hydrogen peroxide30 to TMB+ from 

a clear to a blue state and hence, cannot only be detected electrochemically, but also through 

absorbance measurements at a wavelength of 370 and 652nm. A further oxidation 

state, TMB2+ is stable under acidic conditions (pH<1), thus adding an acid (e.g. H2SO4) to 

TMB+  yields, besides the emission of an electron, a color change from any developed blue 

(TMB+) to yellow (TMB2+), with an absorbance peak at 450nm31,32. Yet another detection 

method applicable to HRP quantification is chemiluminescence, which is based on the HRP-

catalyzed oxidation of luminol by hydrogen peroxide under emission of light. An enhancer is 

oftentimes used to increase the intensity and duration of light emission33. Nelson34 et al. 

compare the LOD for detection of HRP and evaluate respective DR for different methods. 

While the LODs for absorbance and chemiluminescence are similar at 3-6pg/mL and 1-

3pg/mL respectively, DR varies widely depending on the substrate used. Fanjul-Bolado23 et 

al analyze the LOD for amperometric detection of HRP with a result of 0.88pg/mL. While the 

LOD is a deciding criterion for assays that need to be able to detect very low concentrations, 

the DR may be just as important to consider in order to avoid the need for prescreening and 

sample dilution which could significantly increase detection complexity and time to result.  

2.3. Materials and Methods for Detection of HRP 

Three different methods of detection HRP were compared: absorbance, chemiluminescence, 

and amperometry. HRP solutions of 30 different concentrations were obtained through 

serial dilution with deionized (DI) water from a 0.05mg/mL starting solution prepared from 

lyophilized HRP powder (Santa Cruz, Inc. Dallas, TX, USA) in DI water. The solutions were 
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either used immediately or stored frozen for further use after a single freeze thaw cycle. 

Furthermore, the pH level was checked before usage and found to be approximately 5 for all 

solutions. All optical readings were processed via SoftMax Pro 6 Software (Molecular 

Devices,LLC, San Jose, CA, USA) and all tests in this paper were repeated 3 times to obtain 

average measurements and standard deviations. 

2.3.1. Absorbance Measurements 

For absorbance measurements, 20µL of HRP solutions of different concentrations were 

pipetted in triplets into the wells of a clear 96 well plate. 80µL of TMB substrate solution 

(Thermo Fisher Scientific, Waltham, MA, USA) were added and the solutions were allowed 

to incubate for 15 minutes in the dark. Stop solution (1N sulfuric acid, IBL-International, 

Corp., Hamburg, Germany) was added to all wells to stop the reaction. Absorbance 

measurements were then conducted on a VersaMax ELISA Microplate Reader (Molecular 

Devices,LLC, San Jose, CA, USA) by reading absorbance measurements of TMB2+  (yellow) at 

a wavelength of 450nm.  

2.3.2. Chemiluminescence Measurements 

For the chemiluminescence measurements 20µL of the HRP solutions were pipetted in 

triplets into white opaque 96 well plates and 80µL of Luminol-and-Enhancer Solution as well 

as 80µL of Hydrogen Peroxide Solution (both from Super Signal West Femto kit, Thermo 

Fisher Scientific, Waltham, MA, USA) were added to each well. Luminescence readings were 

started after 5 minutes of incubation at room temperature and conducted on a Gemini XPS 

Microplate Reader (Molecular Devices,LLC, San Jose, CA, USA).  
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2.3.3. Amperometric Measurements 

A portable Bluetooth enabled bipotentiostat (uStat400, Metrohm Dropsens, Asturias, Spain) 

was used for amperometric measurements as this allowed for the integration of 

electrochemical read-out while spinning the CD platform on a custom-built CD Microfluidics 

spin-stand (demonstrated in Section 6) 35. Measurements were furthermore conducted using 

commercially available screen-printed carbon electrodes (DRP-110, Metrohm Dropsens, 

Asturias, Spain). 20µL of each HRP concentration level were incubated with 80µL of TMB 

substrate solution for 15 minutes in the dark before applying approximately 75μL of the 

resulting solution to the sensing surface of the electrodes. Amperometric measurements 

were then conducted by stepping the potential from 0 to -0.2V and measuring the current 

response over 60s. The current signal at 60s was plotted versus the solution concentration. 

Noise in on disc results was filtered using Fast Fourier Transformation (FFT) filtering (Origin 

2018b, Originlab Corp., USA). Basics of amperometric detection are described in Section 5. 

2.3.4.  Calculation of LOD, Sensitivity, DR 

The following equations, which are based on the guideline EP17 published by the Clinical 

and Laboratory Standards Institute (CLSI)36, were used to calculate the LOD, limit of blank 

(LOB) and coefficient of variance (CV). Sensitivity was obtained as the slope of the calibration 

curve in the linear range and the DR as the range in which changing the concentrations yields 

a measurable change in signal (the linear dynamic range is the range in which the signal 

increases linearly with concentration). The DR covers the concentration window between 

lower and upper limit of quantification (LOQ), where in this work lower LOQ (LLOQ) and 

upper LOQ (ULOQ) are defined to afford a CV ≤ 20%. 
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𝐿𝑂𝐷 = 𝐿𝑂𝐵 + 1.645 (𝑆𝐷𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) (1) 

𝐿𝑂𝐵 = 𝑚𝑒𝑎𝑛(𝑏𝑙𝑎𝑛𝑘) + 1.645 (𝑆𝐷𝑏𝑙𝑎𝑛𝑘) (2) 

𝐶𝑉 =
𝑆𝐷

𝐴𝑣𝑒𝑟𝑎𝑔𝑒
 

(3) 

With SD the standard deviation of measurements. 

2.4.  Results of HRP Detection – Absorbance, Chemiluminescence, 

Amperometry 

Figure 1 shows the resulting calibration curves for chemiluminescence, amperometry and 

absorbance respectively. Table 1 shows a comparison of detection characteristics for the 

evaluated methods. While error bars were added in Figure 1 to show standard deviations, 

these are hardly visible in the scheme of the shown concentration range. Comparing the 

shape of the curves, it can be seen that chemiluminescence shows a rather constant 

sensitivity throughout the DR while amperometry shows two regions with different 

sensitivities. Sensitivities obtained are based on the respective measurement units: 

Absorbance Units (AU), Luminescence Units (LU) and micro Amperes (μA) and cannot be 

compared directly. They are presented in Table 1 as point of comparison for other 

researchers using the same technique.  
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Table 1: Performance characteristics of evaluated detection methods 

Method LOD 

[mg/mL] 

Sensitivity LOB 

[mg/mL] 

DR Average 

CV in DR 

LLOQ (for 

20% CV) 

Absorbance 2.13E-7 4.21E5 

mg/(mL*AU) 

9.75E-8 1-2 orders of 

magnitude 

4.8% LOD 

Chemi-

luminescence 

2.81E-8 1.17E7 

mg/(mL*LU) 

2.32E-8 About 4 orders 

of magnitude 

5.0% LOD 

Amperometry 1.50E-6 2.49E4 

mg/(mL*uA) 

1.12E-6 Not reached in 

tests, at least 5 

orders of 

magnitude 

3.1% LOD 

 

When comparing the performance of the evaluated HRP detection methods it is evident that 

within the given set of commercial solutions, the chosen procedures and substrates, 

chemiluminescence allowed for lowest detection limit (chemiluminescence: 28.1pg/mL, 

absorbance: 213pg/mL, amperometry: 1.5ng/mL), while only requiring 5min incubation as 

opposed to 15min for amperometry and absorbance. This combination of properties is most 

desirable when a very sensitive POC diagnostic is needed with fast results within minutes. 

However, precise optical components and a very dark environment may be difficult to 

implement in a portable and low-cost device.  
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Figure 1: Calibration Curves for absorbance, chemiluminescence and amperometric 

detection of HRP 
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While absorbance and chemiluminescence did not allow for quantification of HRP 

concentrations above 30ng/mL and 350ng/mL respectively, amperometry quantified even 

the highest tested concentration of 0.05mg/mL and therefore yielded the widest DR. This 

will especially be useful for applications where a large range of pathogen-concentrations is 

expected, as it allows for the diagnosis of samples from patients with a wide concentration 

distribution on a single detection device. Other methods with more limited DR may require 

prescreening and dilution in order to allow for detection of all patient samples, thus not only 

increasing complexity and cost of the POC diagnosis but also increasing turnaround time due 

to additional process steps. For all three methods, the CV was averaged throughout the 

respective DR and found to be well below 20% for all concentrations within the DR. 

Therefore, LLOQ with a requirement of less than 20% CV is at the LOD for all detection 

methods. The average obtained CVs for absorbance, chemiluminescence, and amperometry 

measurements were comparable at 4.8%, 5.0% and 3.1% respectively. 
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3. Prototyping of a Diagnostic Platform and Demonstration via Malaria 

Immunoassay 

3.1. Background 

3.1.1. Lab-on-Chip Platforms  

Lab-on-chip (LOC) platforms containing fluidic networks of microchannels are often utilized 

for POC testing. These LOC platforms are highly portable, while integrating all necessary 

reagents to substitute a set of bulky and expensive laboratory equipment37. This 

miniaturization further leads to cost-reduction of tests by eliminating the need for 

laboratory settings and trained personnel, as well as by reduction in reagent consumption38. 

Haeberle and Zengerle 39 characterize microfluidic platforms (LOC devices) into capillary-

driven systems (RDTs), “microfluidic large-scale integration” systems, electrokinetic 

platforms, centrifugal microfluidics, and “free scalable non-contact dispensing” devices. The 

main functions integrated on these platforms are: pumping and valving, mixing, separation, 

reagent storage and sample preparation40. A 2013 market review of LOC applications 

showed blood glucose analysis, electrolytes analysis, HIV diagnostics and determination of 

cardiac markers as some of the main applications of LOC systems by leading companies such 

as Abbott, Alere, Arkray, Bayer, LifeScan, Menarini Diagnostics, Roche and Siemens40. 

Diagnostic tests that run on microfluidic devices range from immunoassays (based on 

immune responses to an antigen of a particular pathogen) to molecular diagnostics 

(detecting and oftentimes amplifying deoxyribose nucleic acid (DNA) or ribose nucleic acid 

(RNA))41. While both diagnostics have been implemented on microfluidic devices, 
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implementation of molecular diagnostics is generally more challenging due to more complex 

assay steps. For example, the use of polymerase chain reaction (PCR) for amplification of 

nucleic acids requires elaborate sample preparation and complex thermal cycling41. The 

following section will review some microfluidic devices for POC. 

3.1.2. Lab-on-Chip Devices for POC based on Molecular Detection 

and Immunoassays 

Liao et al.42 implemented POC testing for herpes simplex virus (HSV-2) on a portable 

molecular diagnostic device. The so-called “smart cup” combines capillary fluidics and 

isothermal amplification to carry out a quantitative fluorescent loop-mediated isothermal 

amplification (LAMP) assay. The design uses the smartphone flashlight to excite the 

fluorescent dye and the smartphone camera for quantitative readout. Although the heating 

technique and the readout are very economic (Mg–Fe pouches are only $0.15), the design 

uses a custom-made microfluidic chip consisting of Qiagen silica membrane as entry port, 

and solvent-bonded, milled polymethyl methacrylate (PMMA) layers containing the 

microfluidic structures as described in Liu et al. 42,43. 

In another publication by the same group44, two custom-made, layered microfluidic chips 

were used for plasma separation and detection of nucleic acids via reverse-transcriptase 

LAMP. The plasma separation chip consisted of machined PMMA, plasma-separation 

membranes, and double-sided and single-sided adhesives. Another microfluidic chip was 

used for nucleic acid extraction and amplification42–44. The sample-to-answer testing would 

include loading the sample into the first chip, transfer of the plasma to the second chip as 

well as manual placing of the second chip onto a heating platform44. Besides a number of 
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manual steps in running this assay, the fabrication sequence to produce these platforms is 

rather involved.  

Microfluidic chips produced via injection molding can present a faster fabrication route and 

could also be a relatively affordable option for production of large numbers of fluidic chips. 

This fabrication option for enzyme-linked immunosorbent assay (ELISA) LOCs is discussed 

by Chin et al.45. Injection-molded LOCs were used to run hundreds of samples in Rwanda to 

detect HIV and syphilis simultaneously from 1μL of whole blood. While injection molding 

typically is used to produce features above 100μm in size, tight control of process 

parameters allowed for reduction of feature sizes to 1μm45. The materials used to form the 

microfluidic chips are polystyrene and cyclic olefin copolymer. Cost and time per chip of 

$0.10 and 40s, respectively45, render chip fabrication via injection molding a low-cost and 

high-throughput manufacturing technique. While highly desirable if large quantities of 

identical parts are produced, injection molding is not an appropriate fabrication approach 

for research setting, prototyping, or production of a limited number of parts, due to high cost 

of molds. 

3.1.3.  3D Printing for LOC Devices 

Most LOC devices in research and product development are based on microfabrication 

methods using materials such as glass, plastic or polydimethylsiloxane (PDMS)46. While 

these fabrication methods require access to highly specialized and expensive 

microfabrication tools, as well as fabrication of a master for replica molding47,48, recent 

developments in 3D printing, such as emergence of a wider range of materials and 
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inexpensive printers, open new possibilities for rapid fabrication of affordable highly 

customizable LOC platforms47,49–51.  

For example, a POC device that implements LAMP for genomic detection of Escherichia Coli 

and Staphylococcus Aureus was fabricated with 3D-printing technology by Stedtfeld et al.52. 

The overall structure of the device was manufactured using stereolithography (3D printing 

based on curing liquid photosensitive resin by UV light48), while a channel network on the 

microfluidic chip was obtained using rubber-assisted hot embossing of polyester film with a 

3D-printed mold. The polyester film was then assembled with a hydrophobic membrane and 

closed off with patterned adhesive52. The developed device is operated through an iPod 

Touch, which is also utilized for data analysis and Wi-Fi connectivity. A sample is loaded 

manually using a pipettor, while hydrophobic membranes and manual taping of vents after 

fill maintain fluid in the channels and prevent contamination52. 

Material jetting is another 3D-printing technology, and was used by Erkal et al.53 to create a 

microfluidic device which holds electrodes for electrochemical detection of dopamine and 

nitric oxide. Another 3D-printed fluidic device demonstrated by the same group was used to 

measure the presence of adenosine triphosphate (ATP) while observing oxygen stimulus 

concentration in the sample53. Both devices were fabricated on an Objet Connex 350 multi-

material printer. 

Stereolithography and material jetting are well suited for designs requiring leakage-free 

bonding between adjacent layers, but these technologies are significantly more expensive 

than alternative 3D technologies such as fused deposition modeling (FDM)47. Prices for low-

end FDM printers recently dropped from $14,000 to $300 due to expiration of patents, and 



17 

 

are expected to decrease further as a large community of hobbyists has evolved around 3D 

printing, making hardware open source and sharing designs and ideas online54.  

The principle of FDM is based on layered deposition of liquefied material and is illustrated 

in Figure 2. Thermoplastic filaments are stored on spools and extruded through heated 

nozzles, where the plastic is liquified upon reaching the glass transition temperature. The 

molten material is then deposited onto the base, where it cools down and solidifies. To 

deposit a new layer atop of solidified material, the build platform holding the base is lowered. 

The height of one layer is defined by the lowering distance of the build platform between 

successive layers, and is as low as 100µm55–57.  

To save material and time, parts are typically not printed solid but filled with a hexagonal 

honeycomb structure (this so-called infill differs in the various systems and can be of 

different geometric pattern). The surface of printed parts consists of the denser shell of 

material. These shells consist of typically one to four layers (the number can be chosen by 

the user) of extruded material and give the part its shape while sealing the hollow infill. 
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Figure 2: a) Flashforge Original Creator, the fused deposition modeling (FDM) system used 

for building devices in this work. b) Principle of material extrusion: Thermoplastic filament 

is heated while extruded through a nozzle onto the build plate. It re-solidifies as it cools 

down, and after the build plate is lowered, the next layer is deposited, thus forming the 

desired geometry. 
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Waheed et al.49 recently analyzed advantages and disadvantages of different FDM systems 

utilized for the fabrication of microfluidic devices, and found that these systems are simple 

to use and able to fabricate affordable microfluidic systems. However, FDM-printed parts 

present a staircase effect deriving from the layered fabrication method. The extent of this 

effect is impacted by the layer height, negatively affects the surface texture, and limits the 

resolution of printed parts. The average deviation for features printed in the X and Y 

directions was reported to be 60.8 and 71.5µm, respectively49. 

Among the nine FDM systems analyzed in Waheed et al.49 was also the MakerBot Replicator 

2X (MakerBot Industries, LLC, New York, NY, USA), which was demonstrated by Kadimisetty 

et al.58 to be capable of manufacturing a low-cost ELISA platform for the electro-

chemiluminescent detection of cancer proteins. The channel height of this fluidic chip was 

200µm, which corresponds to the layer height of the MakerBot Replicator 2X58. To actuate 

liquids, Kadimisetty et al.58 rely on gravity by manually tilting the device. 

Another device that uses 3D printing for device manufacturing, as well as a smartphone for 

readout, is described by Berg et al.59. The smartphone is not only used to read out the 

colorimetric ELISA (supported by a lens in the printed device) from a 96-well plate, but also 

allows for a custom mobile application with an interactive user interface. To allow for 

improved data processing, a server was used in conjunction with the fluidic device and a 

smartphone. Generally, smartphones are increasingly used in POC devices42,52,59,60 to replace 

bulky and expensive optical instruments while benefitting from portable dimensions, built-

in light source, and integration of multiple functions such as imaging, image processing, and 

providing a user interface via touchscreen, as well as Bluetooth and Wi-Fi connectivity. 
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Wireless connectivity is especially important for POC applications as it enables remote 

analysis of data and real-time feedback from specialists in central hospitals to patients in 

remote areas52. 

While all microfluidic devices use some type of external force propelling liquid through 

channels, Iwai et al. implemented a human-powered pumping system, allowing for resource-

free (no electricity or external components) actuation of fluids through channels. In this 

design, a human finger pushes down onto an air-filled pressure chamber exerting increased 

pressure onto fluids in connected microfluidic channels. As the finger releases the dome on 

the pressure chamber, membrane-type fluidic diodes close, preventing backflow. Cantilever-

based diodes are integrated to allow for multiple refills of the channels from fluid inlets. An 

injection-molding process was developed for low-cost mass production, however, it required 

increasing channel dimensions from 100 to 300µm, and introducing the need for oxygen 

plasma and thermal treatment for the bonding of layers61. While the finger-powered 

microfluidic device does not need external power sources, it is difficult to automate when a 

sequence of fluidic steps is required. 

To allow for simple prototyping of POC diagnostics, a low-cost 3D printing approach was 

developed and demonstrated to fully automate process steps for a malaria assay. 

3.2. Materials and Methods  

3.2.1. Components and Operation Principle 

The produced automated bioassay platform consists of the 3D-printed fluidic cartridge and 

a reusable frame holding the electronic components. In the course of this study, three 

generations of prototypes were fabricated. All 3D-printed parts were designed using 
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SolidWorks (Versions 2014/2015 through 2016/2017, Dassault Systems Corp., Vélizy-

Villacoublay, France), exported as STL files and converted into g-code using MakerWare 3.4 

(MakerBot Industries, New York, NY, USA). All parts were printed using a Flashforge Original 

Creator (FlashForge Corp., Jinhua, China) with 1.75mm ABS filament (MatterHackers, Inc., 

Lake Forest, CA, USA).  

To create flexible domes, 3D-printed molds (printed on Flashforge Original Creator with 

1.75mm ABS filament) were filled with Mold Star 30 elastomer (Smooth-On, Inc.). The print 

settings that were utilized in the printing of dome molds, electronics case and actuation gears 

are standard print settings: travelling speed: 90 mm/s, extrusion speed: 60 mm/s, heating 

platform temperature: 115 °C, extrusion temperature: 240 °C,, number of shells: 2, layer 

thickness: 0.2 mm. The molds consisted of bottom and top halves with a 2mm wide gap for 

the elastomer to form the dome. The molded domes were allowed to cure overnight.  

Reagents were injected into storage chambers with a syringe needle piercing through the 

elastomeric domes before the use of the device. Utilization of a gauge-21 needle allowed the 

elastic domes to self-seal after injection of the reagents. 

First Prototype: 

The first, smallest prototype (with a footprint of 75 × 50mm), shown in Figure 3, contained 

four reagent-storage chambers and enclosed channels leading to an open detection/reaction 

well. Silicone domes were sealed to the cartridge with Sil-Poxy Silicone Adhesive (Smooth-

On, Inc., Macungie, PA, USA). The servomotors (TowerPro SG90 Micro Servos, Shenzhen Hao 

Qi Core Technology Co., Ltd., Guangdong, China and HS-5645MG Digital High Torque Servo 

Motor, HITEC RCD USA Inc., Poway, USA) were controlled by a smartphone or laptop (via 
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Arduino board) and plastic arms attached to servomotors pushed on silicone domes to expel 

the reagents from the storage chambers into the detection/reaction well (micro-

servomotors are available for less than $562). 

 

Figure 3: First design moving fluid through enclosed channels by servomotor actuation 

controlled from a smartphone audio jack (footprint 75 × 50mm). 

In order to demonstrate the developed device with a bioassay with manufacturer 

recommended volumes, the cartridge had to be scaled up (e.g. total of 3.6mL washing buffer; 

for comparison, the storage reservoirs of the first prototype held about 70µL of washing 

buffer).  

Second Prototype: 

Figure 4 shows the second prototype with a footprint of 124mm × 104mm.  
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Figure 4: Second design powered by portable battery and controlled via smartphone. The 

design implements fluid actuation, lighting, incubation (heating and temperature control). 

a) Major dimensions of prototype in mm. b) Printed cartridge with colored water. c) 

Reusable frame holding electronics. d) Fully assembled device with electronics connected 

to portable battery and audio outlet of smartphone. 
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Besides increased reagent volumes, this platform integrated microheaters and a 

temperature sensor for incubation, as well as LEDs underneath the detection wells for 

improved illumination for higher fidelity during readout. Fluid propulsion followed the same 

principle of servomotors pushing flexible silicone domes atop of reagent-storage chambers. 

The second prototype included seven detection/reaction wells that had integrated antigen-

coated test wells obtained from the break-apart well plate contained in ELISA bioassay kit 

(IBL International GmbH, Hamburg, Germany). All channels from the storage chambers lead 

to the distribution chambers (a series of interconnected shallow reservoirs), which were 

designed to allow for equal allocation of the reagents to all detection wells (see Figure 4a). 

Exiting the detection wells, fluid flows through the embedded exit channel into the waste 

chamber (see Figure 4b). 

Some of the deficiencies of this second prototype included internal leakage, occurrence of 

cross-contamination between neighboring detection wells, and limited controllability of 

pumped volumes.  

Third Prototype: 

To address issues of the second prototype, the following changes were implemented in a 

third prototype, shown in Figure 5 (with footprint similar to second prototype):  

• the microfluidic network of channels was redesigned to allow for improved gravity 

aided fluid actuation, thus avoiding cross-contamination risk,  

• Plasti Dip coating (brushed on and cured overnight; Plasti Dip Int., Minneapolis, MN, 

USA) was used for exposed channels and chambers to eliminate leakages, 

• replacement of rotary by linear movement to push on domes through 3D printed 

gears (see Figure 5b). 
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For qualitative readout and to evaluate successful solving of the issues observed in the 

second prototype, incubation at room temperature was found sufficient to allow a clearly 

distinguishable result of positive and negative controls even without the use of LED 

lights.  

 

Figure 5: a) Top view of the third prototype incorporating a 3D-printed set of racks, gears 

and waste syringes (two waste syringes are stacked one atop the other). b) Side view of the 

third prototype (gears, motors and syringes are removed to facilitate the clear view of the 

fluidic platform). 

For ease of fabrication of the third prototype, a bottom plate (serving as the frame for 

servomotors), as well as lids for the wells (to hold tubes in place), were laser-cut from cast 

acrylic sheets (McMaster-Carr Supply Co., Elmhurst, IL, USA) using an 80W Speedy 360 

Trotec Engraver (Trotec Laser GmbH, Lyss, Switzerland).  
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3.2.2. Control and Electronics 

While the prototypes varied in their electronics components, the main elements are as 

follows: 

Control and Automation: 

Electronics were controlled via an Arduino Uno (OSOYOO Mini USB Nano V3.0 

ATMEGA328P, Pintree Electronics Ltd., Richmond, Canada) connected to a smartphone 

(Lumia 521, Nokia, Espoo, Finland) or laptop (Toshiba Satellite Pro, Toshiba, Tokyo, Japan) 

and powered either from the laptop or by a rechargeable 5V battery (EPCTEK® 5200 mAh 

Power Bank Portable Charger, EPCTEK Technology Co. Limited, Hong Kong, China). 

Automation of the bioassay platform was furthermore implemented via a music file (.wav) 

that contained sounds of different frequencies and duration (an example is given in Bauer et 

al.63). Arduino microcontrollers were programmed using Visual Studio in C++ (see the 

program in Supplementary Material63) to translate music input into specific electrical signals 

to control electronic components such as servomotors, LEDs etc. Various frequency ranges 

controlled different devices. For example, a frequency between 1100 and 1400Hz actuated 

servomotor 1, while a frequency between 4100 and 4400Hz changed the position of 

servomotor 4, allowing for the control of multiple components by a single music file. 

Advantage of this approach is that the platform is adaptable to different procedures (e.g., for 

different bioassays), because the Arduino serves as a translator rather than holding a single 

program for the platform. Additionally, storage and distribution of the programs is as easy 

as storing or sending a song, and devices to control the platform range from MP3/CD players 

to smartphones to laptops. Different websites allow to generate the sequence of sinusoidal 
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signals utilized for activation of the different functions (e.g., www.wavetones.com and 

www.onlinetonegenerator.com). These can then be downloaded as .wav files.  

Fluid actuation: 

• Four TowerPro SG90 Micro Servos servomotors (with 90° rotation range) were 

used to push the silicone domes on top of the reagent-storage chambers. 

• Two 10mL syringes (see Figure 5a)) with racks and gears connected to plungers and 

a servomotor (HS-5645MG Digital High Torque Servo Motor with continuous 

rotation) allowed to provide the necessary suction to empty out reagents from the 

detection well through tubes after each washing step. 

Heating: 

Three wire resistors (5W, 1Ω, each 25mm) for incubation at 37°C, positioned under the 

detection wells, and a temperature sensor in close proximity to the detection wells for 

temperature control (no active cooling was implemented). 

Readout: 

Besides visual evaluation of the color change, readout via smartphone camera and 

processing with the Color Catcher phone app was demonstrated. The Color Catcher 

application exported the color in the image as RGB values. Such data can be read out directly 

from the phone or sent out for analysis via the phone network, Bluetooth or Wi-Fi (for 

example to a hospital laboratory). To support reproducible readout with a smartphone 

camera, LEDs were positioned under the detection wells and the color was imaged without 

any other light sources to ensure consistent lighting (see Figure 6). 

http://www.onlinetonegenerator.com/
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Figure 6: LED backlighting for readout; empty cartridge. 

3.2.3. ELISA Steps and Implementation 

The malaria bioassay implemented in this study is based on antigen–antibody reactions 

occurring in the test tubes inside the detection wells. The steps are illustrated in Figure 7 

and include the attachment of primary antibody (present in infected blood due to an immune 

reaction to malaria pathogen) to antigen immobilized on the bottom of the test wells, 

attachment of a secondary antibody (contained in malaria conjugate) to the primary 

antibody, color change enabled by the enzymes (HRP) attached to the secondary antibody 

after addition of TMB substrate, and stopping the color-change reaction with addition of the 

stop solution. To avoid false results due to unbound antibodies, multiple washing steps are 

performed. 
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Figure 7: Schematic malaria ELISA steps. Test wells contained in the malaria kit are 

precoated with specific antigens. Primary antibodies (present in infected blood due to a 

patient’s immune reaction to malaria pathogens) bind to antigens. Secondary antibodies 

(contained in malaria conjugate) are employed for optical detection as they are conjugated 

to the enzyme, effecting the color change of the solution after TMB substrate is added. The 

presence or absence of the color change of the solution in the detection wells is evaluated 

after the stop solution is added. 

Prior to the start of the automated bioassay protocol, precoated wells are broken from the 

96-break-apart strips (part of the assay kit) and inserted into the cavities of the printed 

platform. Subsequently, the positive and negative controls, supplied as part of the kit and 

representing patients’ samples, are pipetted into these wells. After incubation of the controls 

in the wells (see Table 2 for details of each step), the automated protocol is started. 

Automation includes pre-determined sequence of servomotors pushing on flexible domes 

atop four reagent-storage chambers containing the four reagents (bottom to top in Figure 

5a): washing solution, malaria conjugate, TMB substrate and stop solution. When the arm of 

a servomotor presses on the dome, a liquid reagent is expelled from the reagent storage 

below the dome to go into the distribution chamber. About 0.20mL of a reagent is left in the 

reagent chamber after it is fully compressed. 
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Reagents are sequentially propelled through the channels into the distribution chamber and 

flow from there into the detection wells. To empty the wells after washing steps, the 

continuous servomotor mounted on the side of the reusable case (see the bottom of the 

Figure 5a) pulls the plunger out of the syringes and hence empties the wells through the 

tubes attached to the syringes. After application of the stop solution (also loaded into one of 

the domed chambers), the color of the positive control solution changes from blue to yellow. 

Table 2 summarizes the steps performed on the 3D-printed automated platform 

(recommended steps including readout on ELISA reader are listed in Bauer et al. 63 Appendix 

Table A4). 

Table 2: ELISA steps implemented on the 3D-printed automated bioassay platform. 

Step Activity 

1 Manual dispensing of 100µL controls (2 positive, 2 negative, 2 cut-offs, 1 blank) into 

the wells 

2 Incubation for 1h at 37°C  

3 Washing the wells with approx. 5 × 300µL, 5s soak-time each and overflow to the 

waste/emptying of the wells after each washing step via automated syringe 

4 Dispensing of approx. 300uL malaria conjugate into the wells 

5 Incubating the wells at room temperature for 30min 

6 Washing the wells with approx. 5 × 300µL, 5s soak-time each and overflow to the 

waste (prototype 2)/emptying of the wells after each washing step via automated 

syringe (prototype 3) 

7 Dispensing of approx. 100µL TMB substrate solution in all wells 
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8 Incubating for exactly 15min at room temperature, in the dark 

9 Dispensing of approx. 100µL stop solution in all wells 

10 Readout of the qualitative result by eye, usage of the smartphone application Color 

Catcher to record the RGB color codes 

 

3.3. Results & Discussion 

3.3.1. Optimization of FDM Print Settings 

Due to imperfect fusing of the adjacent layers, microfluidic devices printed via fused 

deposition modeling can frequently be subject to leakage64. Figure 8 shows a printed part 

(second prototype), where stained sections indicate the presence of leakage after dyed water 

was passed through the device.  

 

Figure 8: Printed part with leakages showing red. Dyed water marks the hexagonal infill 

structures filled with water through leakages from chambers and enclosed channels into 

the part. 
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To fabricate leakage-free fluidic cartridges, different print settings were tested and analyzed 

for their contribution to maintaining the designed device and channel geometry while 

avoiding leakages. Table 3 summarizes the influence of various print settings on the quality 

of the test piece. While it is known that a high infill can be beneficial in order to decrease 

leakage 64, this option was not considered, as it leads to significant increase in print time and 

fabrication cost. For testing of the effect of different print settings on leakage and geometric 

accuracy, the following parameters were kept constant throughout all tests: heating platform 

temperature: 115°C, number of shells (walls surrounding the infill): 4, and travelling speed: 

90mm/s. Varied settings were: layer height (0.1mm to 0.2mm), extrusion speed (60mm/s 

and 80mm/s) as well as extrusion temperature (230°C, 240°C, 243°C (any higher 

temperature led to bubbles in extruded material through overheating)). The optimal print 

setting was found to be a combination of 240°C extrusion temperature, an extrusion speed 

of 60mm/s, and a layer height of 0.16mm.  

Table 3: Optimization of print settings for the Flashforge Original Creator using 1.75mm 

acrylonitrile butadiene styrene (ABS) filament. Geometry is qualitatively categorized into 

three types: large deformations (--), small deformations (-), negligible deformations (+). 

Test 1 2 3 4 5 6 7 8 9 10 

Extrusion temperature (°C) 240 240 240 240 240 243 240 240 230 240 

Extrusion speed (mm/s) 60 60 60 80 80 60 60 80 60 60 

Layer height (mm) 0.12 0.14 0.16 0.1 0.2 0.1 0.1 0.1 0.2 0.18 

Leakage No No No No Yes No No No Yes Yes 

Geometry -- - + - + -- -- -- -- + 
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Figure 9 top demonstrates the examples of test cubes with and without leakage after 

submerging in dyed water. To minimize distortion of embedded fluidic channels as well as 

to avoid the need to have supporting pillars inside channels, an elliptical cross-section able 

to support the channel roof was selected. The rhombus (diamond shape) is another channel 

geometry that is self-supporting64. The geometry of the test cubes is provided in Figure 9 

bottom. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Top: Test cubes with leakage after submerging in dyed water. Bottom: Major 

dimensions of test cubes in mm. Channel C is inclined 75° with respect to the side of the 

cube. Channels have elliptical cross sections (major axis (mm) × minor axis (mm)): A, C: 3 × 

1.5, B: 2 × 1, D: 4 × 2. 



34 

 

3.3.2. Postprocessing for Leakage Reduction 

Additionally to improving of print settings, different post-treatments were tested and 

evaluated to further minimize leakages. Effectiveness for leakage reduction of the following 

treatments was tested: exposing the structure to solvent (acetone), coating the structure 

with a rubber coating (Performix Plasti Dip Multi-Purpose Rubber Coating, Plasti Dip Int.), 

and dipping the device into heated paraffin wax. Acetone treatment involved dipping the 

fluidic cartridge into acetone and soaking it for several seconds. Acetone dissolves the ABS, 

and the dissolved material resolidifies as the acetone evaporates. This process typically 

allows the dissolved material to fill small trenches between fibers, sealing the gaps. However, 

the process did not produce consistent results and alternative treatments were selected. 

Wax was found to be an effective technique to reduce leakage of 3D-printed fluidic parts. In 

this method, the fluidic device is dipped into the bath with wax (Paraffin Wax, Laboratory 

Grade, Carolina Biological Supply Co., Burlington, NC, USA), heated to 80°C for a few seconds, 

and before the wax did solidifies, compressed air is blown through the fluidic channels to 

empty out excess wax.  

To evaluate the effects of different surface treatments, the following 3D-printed parts were 

characterized: as-printed ABS surface, printed surface coated with Plasti Dip, printed surface 

coated with wax, and printed surfaces after acetone exposure. A confocal 3D laser scanning 

microscope (VK-250, Keyence Corp., Osaka, Japan) was used to characterize the surface 

roughness, and contact angle measurements (MCA-3, Kyowa Interface Ltd., Tokyo, Japan). 

Results are shown in Table 4. Average surface roughness (Ra) is 64.67µm for the untreated 
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surface, Plasti Dip coating, wax coating, and acetone exposure for 10 or 60s decreased this 

roughness to 29.76µm, 21.85µm, 9.85µm or 5.86µm, respectively.  

For each surface, four measurements of the stationary contact angle in different areas of the 

respective sample were taken. Overall, the wax coating showed the highest hydrophobicity 

with a contact angle of 102.27° compared to a contact angle of 80.24° for the untreated 

printed ABS surface. The standard deviation is the highest in the case of the untreated 

surface, which is likely due to the uneven topography of the part (different results in 

measurements in a trench versus elevated areas as well as depending on orientation of part). 

Acetone treatment and wax coating showed the lowest variation in contact angles when 

compared to untreated and Plasti Dip-coated parts. The volumes of the droplets used for 

contact angle measurements were in the range of 15.33µL to 20.56µL and are expected to 

not have significant impact on the measurements. Although the average contact angle after 

10s acetone treatment compared to the untreated part (81.78° versus 80.24°) is slightly 

higher, 60s soak in acetone decreases the contact angle drastically to 67.15°. Therefore, the 

initial increase can be assumed to be within the deviation (especially because for the 

untreated part, the standard deviation is 15.76°). 
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Table 4: Contact angle measurements of different surface treatments of FDM-printed ABS 

parts. 

Parameter Untreated 

ABS 

Acetone 

10s 

Acetone 

60s 

Coat of 

Wax 

Coat of 

Plasti 

Dip 

Mean contact angle [°] 80.24 81.78 67.15 102.27 72.32 

Standard deviation [°] 15.76 2.546 4.246 3.33 10.02 

Average droplet volume [µL] 17.41 22.54 15.33 20.56 17.64 

Average surface roughness [μm] 64.67 9.85 5.86 21.85 29.76 

3.3.3.  Colorimetric Malaria-ELISA Test Results 

Feasibility of a qualitative readout of the automated bioassay was demonstrated by 

obtaining a color readout for positive and negative controls. Figure 10 shows the automated 

device after application of the stop solution. The well with positive control is shown on the 

right and indicates a color change (yellow) while the negative control (left) shows no change 

in color. The tests were repeated several times by replacing the test wells, rinsing the 

microfluidic structure with water and soap, and switching the locations of positive and 

negative wells to verify repeatability of the experiment.  
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Figure 10: 3D-printed device with colorimetric malaria ELISA. a) Laser-cut lid to hold tubes 

for emptying of wells. b) Colorimetric results after application of stop solution. Left: 

negative control well, middle: blank well, right: positive control well. 

3.4. Conclusions 

In this section we introduced an approach for rapid prototyping of 3D-printed microfluidic 

platforms allowing for automation of immunoassays and enabling portable diagnostics 

specifically for research settings or a small number of parts. Advantage of printing the 

diagnostic cartridge on a low-cost material extrusion system (working principle see Figure 

2) is the fast turnaround time for different designs to implement different assay steps and 

reagent combinations while only utilizing a single tool. Major challenge in utilizing material 

extrusion for building of microfluidic devices showed to be leakage control. While a smooth 

surface topography was achieved through treatment with acetone, this did not solve 

inherent leakage between adjacent layers. Print settings were optimized to improve bonding 

between layers, but ultimately an outside coating on exposed channels helped to seal the 

print. Printed ABS surfaces with and without acetone treatment and with different coatings 
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were analyzed for their hydrophilicity and surface roughness to evaluate fluidic material 

characteristics. 

While the fluidic cartridges are generally disposable, the hardware that holds electronics and 

servomotors is reused and can control a variety of bioassays (e.g. differing in number and 

volume of reagents or in sequence of servomotor actuation and timing). To the best of our 

knowledge, this is the first diagnostic device, controlled via an audio port/audio file, 

presenting an alternative to loading a new program onto a controller board. To change fluid 

actuation sequence or timing simply a new “song” can be played. This approach enables ease 

of storage and distribution of an assay program. The demonstrated system furthermore 

integrates the ability to aspirate fluid from wells and thus allows for automation of complex 

multi-step bioassays including repeated usage of fluid stored in the same reservoir, washing, 

dilution, and flow reciprocation. While the developed devices were tested for colorimetric 

detection via smartphone or visual evaluation, electrochemical detection could easily be 

integrated by placing electrodes in a chamber preceding the detection well. This could 

furthermore allow to reduce reagent volumes, which, for optical detection, need to be 

sufficiently large to detect the color change in the detection well. 

In this work, liquid reagents were loaded into the printed devices prior to usage. 

Alternatively, reagent-storage options, such as dry storage as well as storage in glass 

capsules and pouches, can also be utilized for on-board reagent storage65,66. The arm 

movement of the servomotor during the initial actuation could break these pouches or 

capsules and allow for the reagents to be released. It is possible to pause fabrication to place 

vials or packages with the reagents into the storage chambers during the printing process.  
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Instead of being molded and sealed to the device, the flexible domes, could be printed in the 

same printing process as the microfluidic insert, since some FDM printers allow for multi-

material printing, including the use of flexible polylactic acid (PLA)67 and thermoplastic 

polyurethane (TPU)68.   
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4. CD Microfluidics 

Another platform used in the research environment but also in commercial applications is 

the microfluidic CD. This approach is increasingly used in the microfluidic community due to 

its elegant, simple and effective pumping principle69. Based on centrifugal pumping pressure 

supplied by a single spinning motor, liquid motion is often only controlled by channel 

geometry and diameter, or other non-contact valving methods, thus eliminating 

contamination-prone interfaces to the outside world, while allowing for a bubble-free flow 

(bubbles move to the center of the disc based on lower density), and integrating a complete 

diagnostic sample-to-answer system. Depending on spin speed of the motor, diameter, and 

orientation of a channel, a wide range of flow rates (5nL/s to 0.1mL/s) is feasible69 and a 

variety of bioassay steps including but not limited to metering70, passive71 and active72 

valving, blood plasma separation73, lysis74, mixing75, amplification76,77 and detection35,77 

have been integrated on the CD. Some microfluidic companies who base their diagnostic 

systems on CD technology are Abaxis, Nexus Dx, GenePOC, and Spinit. 

4.1. Burst Valves 

4.1.1. Introduction to Burst Valves on the CD 

Madou et al. (2006) point out the importance of ease of valving implementation when 

choosing a fluidic system. While traditional pumps most elegantly solve valving for both, 

liquid and vapor by utilizing two one-way valves, their scaling is not favorable for portable 

systems78. Generally, avoidance of external bulky instrumentation for liquid actuation and 

valving systems is essential for truly portable and disposable fluidic systems79,80. 
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Furthermore, as most disposable microfluidic systems are based on injection molding of 

thermoplastics, valving needs to be compatible with this manufacturing choice79.  

Valves can generally be classified into active and passive valves, with active valves requiring 

an external activation stimulus while passive valves solely rely on the interplay between 

surface tension, chemical composition and topography of a surface. Active valves therefore 

usually allow for higher control but drastically increase complexity of the instrumentation 

needed81. One simple and instrumentation-free approach for valving is the integration of 

cross-sectional changes into microfluidic channels, causing fluid to stop at a specific point 

due to an increase in capillary pressure. When the fluid is stopped at such a point, an increase 

of the external pumping pressure above the critical capillary pressure causes the fluid front 

to burst forward as the capillary barrier is overcome82. This type of valve is therefore called 

a burst valve.  

To implement burst valves into a new microfluidic platform or change a design, generally a 

series of prototypes is manufactured and tested to determine the burst pressure as a 

function of the detailed device geometry. These findings are then translated into an injection 

molded design and a costly mold is made. Because prototypes and products often differ in 

manufacturing technique and material, the balance of capillary forces and pumping pressure 

can be altered, potentially leading to differences in the performance of burst valves. As many 

bioassays require the sequential release of multiple reagents, a series of multiple burst 

valves at different break pressures is desired, thus adding complexity to the design. Precise 

prediction of changes in burst frequency when moving from prototyping to manufacturing 

and when changing material, can prevent valve failure and expensive iterations. The aim of 
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this work is to add to the existing models predicting burst pressure for different burst valve 

geometries82–88 and specifically to evaluate how the burst pressure depends on the 

manufacturing technique and the material of the microfluidic structure. Furthermore, 

general limitations of burst valves are discussed and suggestions for proper integration to 

achieve robust microfluidic designs are made. While CD microfluidic platforms are used to 

generate burst pressure in experiments in this work, results are applicable to various other 

pumping mechanisms.  

4.1.2. Burst Model 

In general, a valving point occurs in a microfluidic circuit at any location where there is a 

sudden increase in capillary pressure resisting forward fluid flow. In our geometry, a series 

of deeper chambers and shallower and narrower channels, there are two possible valving 

points per burst channel: the inlet and the outlet of the channel, thus leading to two possible 

burst behaviors of a valve. The first is based on liquid stopping at the channel inlet and then 

bursting through the channel into the subsequent chamber once the capillary pressure at the 

channel inlet is overcome. The second burst behavior is described by liquid stopping at the 

channel outlet and bursting forward once centrifugal pressure overcomes capillary holding 

forces at the channel outlet. In the latter case, liquid may or may not stop at the channel inlet 

prior to halting at the channel outlet. Because liquid must pass both locations (channel inlet 

and outlet) in order to reach the next chamber, the maximum burst frequency of both cases 

determines the burst behavior. However, taking surface imperfections into consideration 

there is yet a third scenario, which is described by fluid creeping into a channel along local 

favorable surface imperfections. Liquid may then stop at any point within the channel until 
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the centrifugal pressure is high enough to move the liquid through the channel, or it may 

advance with increasing velocity as the head height of the fluid (radial distance between 

advancing and receding fluid front) increases, thus contributing to higher centrifugal 

pressure as can be seen from Equation 4. Liquid momentum may contribute to overcoming 

capillary pressures at the channel outlet, is however not considered in the proposed 

calculation.  

Driving pressure can be obtained from: 

∆𝑃𝑑 =  
1

2
𝜌𝜔2(𝑟𝐴

2 − 𝑟𝑅
2) 

(4) 

Where ∆𝑃𝑑 is the driving (centrifugal) pressure on a fluid plug in a channel, 𝑟𝐴 is the distance 

from rotation center to advancing fluid front, and 𝑟𝑅 is the distance from rotation center to 

receding fluid front (𝑟𝐴 > 𝑟𝑅). 

Various analytical models for the prediction of burst valve pressure have been described 

previously82–89, all of which are based on the Young-Laplace equation and the change of total 

interfacial energies. Our model is a generalization of the calculation by Cho et al. (2007), in 

which we have accounted for the change in channel height as well as for a different contact 

angle for the material of the cover. The model is based on the pressure difference of 

advancing and receding fluid fronts, and derives the burst frequency, 𝜔𝑏 , from the 

equilibrium of capillary and centrifugal pressure. Equation 5 and Equation 6 show the 

proposed calculation for a burst event depending on liquid entering and exiting the channel 

respectively. It is assumed that fluid arrives parallel to the plane of cross-section change at 

the channel inlet, which leads to no change in the angle of the capillary force. Therefore, the 

cross-section change between channel and chamber is only considered in the advancing 
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contact angle when the burst event depends on overcoming capillary pressure at channel 

outlet. While Equation 5 and Equation 6 describe the theoretical burst cases of a part with 

homogeneous hydrophobicity, Equation 7 describes the scenario where liquid advances into 

the channel along surface imperfections. As liquid in this scenario may stop at any point 

within the channel the fluid front is assumed in the middle of the channel as an 

approximation of the average position of advancing liquid front. 

Burst frequency equations:  

Burst frequency is based on capillary pressure overcoming centrifugal pressure. While 

centrifugal pressure can be obtained from Equation 4, burst frequency is obtained 

from ∆Pd = ∆Pcapillary , with ∆Pcapillary depending on the burst scenario. 

Burst frequency dependent on liquid entering the channel (ideally homogeneous surface): 

𝜔𝑏 = √2𝜎
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(5) 

Burst frequency dependent on liquid exiting the channel (ideally homogeneous surface): 

𝜔𝑏 = √2𝜎
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(6) 

Burst frequency approximation with fluid front at channel middle (surface imperfections): 

𝜔𝑏 = √2𝜎
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(7) 

The advancing contact angle between liquid and air is 𝜃𝐴 and the advancing contact angle at 

a cross-section change is 𝜃𝐴
⋇ = min {𝜃𝐴 + 𝛽, 180˚}, where β is the expansion angle of the 
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channel opening. 𝜃𝐴
∗ is limited by the maximum attainable contact angle of a fluid, which is 

180˚.Therefore, large expansion angles or high advancing contact angles lead to the same 

burst frequency in Equation 6. Further variables are, 𝜃𝑅 , the receding contact angle in the 

burst geometry, 𝜓𝑅 and 𝜓𝐴, the receding and the advancing contact angle with the top 

adhesive, h the height of the channel, H the height of the chamber, w the width of the channel, 

and W the width of the chamber at the receding fluid front. w∗is the corrected channel width 

in the case of a gradual channel opening (see Figure 12b). A graphical representation of 

variables can be found in Figure 11.  

 

Figure 11: a) Channel layout on tested parts and widths of channels with nominal channel 

width in mm. Channel widths subscript relates to distance of the valve from the center with 

subscript i indicating a distance between center and channel inlet of 20mm, subscript m 

indicating a distance of 30mm and subscript o indicating a distance of 40mm; b) Variables 
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in burst frequency calculation; c) Schematic of burst scenarios with (left to right) burst 

dependent on liquid entering the channels, liquid creeping into the channel along 

imperfections, and burst dependent on liquid overcoming capillary holding forces at the 

channel outlet. 

4.1.3. Experimental Methods 

4.1.3.1. Fabrication of Channels 

To measure the predictability of burst valve behavior we produced burst valve geometries 

with different prototyping and manufacturing techniques (3D printing via material jetting 

on Objet260 Connex3, Stratasys, Ltd; CNC milling on Haas VF2, Haas Automation, Inc.; rapid 

injection molding (RIM) on AB-200 Plastic Injector, AB Plastic Injectors, Inc.). While CNC 

machined discs were fabricated in a disc layout with 6 test patterns per disc, molded and 

printed parts were made in the shape of wedges and attached to a holder for testing. The 

channel and chamber geometry of the valves on the CD wedges, is the same as on CNC and 

laser machined discs, as is the distance of all structures to the center of rotation. The 

geometry of the valve layout is shown in Figure 12a) and consists of 7 burst channels at 3 

different distances from the center, 20mm, 30mm and 40mm (indicated in the subscript of 

the channel widths in Figure 11a). Channel depth was kept constant at 100μm, while channel 

width varied. Chambers are 1mm deep. CNC machining of molds for injection molding 

resulted in 400μm radii at channel ends. To compare behavior directly and study the impact 

of radii at channel ends, half of the CNC machined discs were fabricated without radii as well 

as half with 400μm radii at channel ends. While actual channel widths were measured and 

averaged for each part for the calculation, depths were assumed at nominal value.  
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Given that the tested geometry only contains expansion angles of 90˚ at the channel outlet, 

the default value of β is 90˚. For parts with radii at the channel ends, β was based on the 

tangent to the channel curvature at the point of contact of the fluid front right before burst 

(see Figure 12b), as opposed to 90˚ cross section change in Figure 12a), measured on a CNC 

machined poly(methyl methacrylate) (PMMA) part). Based on the same figure, the channel 

width at the location of the cross-section change was adjusted to account for a gradual 

channel opening. Figure 12 furthermore shows measurements of the resulting expansion 

angle and burst channel width right before burst. Based on the measurements, the corrected 

width w∗ is 450μm wider than the channel width w and expansion angle β is 61.5˚. For 

simplicity, these values are assumed to be the same for all parts containing radii. For 

calculations and graphs, dimensions and contact angles were averaged for each part.   

 

Figure 12: Optical microscope images of channel . 25𝑚   in PMMA CNC milled disc with dyed 

1xPBS solution right before burst in parts with a) no radius at channel ends b) 400μm 

radius at channel ends; resulting expansion angles, β and width, 𝑤∗ 
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4.1.3.2. Molding of Burst Valve Geometry 

In order to fabricate quick and affordable molded parts, a mold consisting of 4 main elements 

(Ejector Plate 1 and 2, A half and B half see Figure 13) was fabricated. The mold was designed 

such that the molded part remains attached to the B half once the mold is separated. Hitting 

against the Ejector plate 2 with a hammer allows for the ejector pins to separate the part 

from the B half of the mold. Channel and chamber features were only placed on the A half of 

the mold, a design change (given the same contour as defined by the B half) can therefore be 

made by simply providing a new A half. Molding was done on an AB-200 Plastic Injector (AB 

Plastic Injectors, Inc, Saint-Laurent, Canada). This molding machine is a very simple to use 

tabletop device which can inject up to a volume of about 7g. Limitations were found when 

molding PMMA as compared to PC, MX711(not evaluated in burst valve experiments) and 

PP. Molding errors observed were short shots, sink marks, and flow lines. It is assumed that 

short shots and flow lines in PMMA parts were due to too slow injection speeds for this 

material, allowing the plastic to cool down prematurely and sink marks due to material 

shrinkage especially in areas of increased thickness. Premature cooling is furthermore likely 

as the mold is not heated and depending on duration of use will have varying temperature. 

Finally, short shots are likely due to low viscosity of PMMA in the mold and approaching of 

the maximum volume per shot (about 5.5g per shot).  
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Figure 13: Process for producing molded parts of this work: left to right – 3D Model of mold 

components, machining of physical mold, molding of plastic granules plastic injector, 

measurement and analysis of molded parts 

4.1.3.3. Measurement of Contact Angles 

For every part, six measurements for each, static, advancing and receding contact angle were 

taken, the results of which are shown in Table 5. Static contact angles were averaged using a 

2μl sessile drop measurement, while advancing and receding contact angles were obtained 

according to the method proposed by Korhonen et al.90. This consisted of using the needle-

in-sessile-drop method with larger fluid volumes of at least 60μl, and taking measurements 

right before the contact line increase in the case of advancing contact angle, and right before 

the contact line decrease in the case of receding contact angle90. While only advancing and 

receding contact angles are used for the calculation, static contact angle measurements were 

taken as a control. The adhesive used to close the channels (ARCare90445) was obtained 
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from Adhesives Research, Inc. All calculations consider the average measured contact angle 

of a part. 

Table 5: Contact angle measurements in degrees with 1x phosphate-buffered saline (PBS) 

solution (Drop Shape Analyzer DSA25, Kruess GmbH); Standard deviations in measurements 

are indicated in parenthesis 

Material - Manufacturing 

technique 

Static contact 

angle (Standard 

deviation) [˚] 

Advancing contact 

angle (Standard 

deviation) [˚] 

Receding 

contact angle 

(Standard 

deviation) [˚] 

Polycarbonate (PC) - CNC 

milling 

96 (1.4) 109 (0.9) 23 (1.2) 

PC - Rapid injection molding 89 (4.5) 96 (3.6) 23 (1.1) 

PMMA - CNC milling 75 (5.0) 85 (1.9) 17 (1.1) 

PMMA - Rapid injection 

molding 

78 (3.7) 87 (3.9) 23 (5.5) 

PP - Rapid injection molding 79 (1.5) 95 (1.4) 23 (3.1) 

VeroClear glossy - Material 

jetting 

85 (2.0) 95 (2.6) 32 (2.3) 

Adhesive 96 (3.5) 123 (3.2) 22 (2.1) 

4.1.3.4. Measurement of Burst Frequencies 

To determine burst frequency of the channels the parts were mounted onto a CD 

microfluidics spin stand with visualization system. The visualization system consisted of a 
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trigger, a strobe light and a high-speed camera as described elsewhere 35. A piece of reflective 

tape was adhered to the spinning platform to activate an optical trigger once per revolution. 

The highspeed camera was controlled by this trigger to take one image per revolution and a 

strobe light provided illumination of the setup to enable short exposure times. This 

visualization setup thence allowed for observation and recording of videos of the burst 

experiments. For burst experiments parts were first cleaned with soap, rinsed with 

deionized water and finally dried with air. Next, parts were assembled with the top adhesive, 

the latter containing fill holes in all chambers, and providing an additional vent hole at the 

bottom chamber, for injection molded and printed parts. CNC machined parts included vent 

and fill holes in the discs and were sealed with an adhesive without holes. Next 10μL of dyed 

PBS were loaded per chamber with liquid being placed towards the channel inlet (only 

chambers at the same distance from the center were tested at the same time to enable proper 

venting). Spin speed was then increased in 20 rounds per minute (RPM) steps with about 5s 

delay at each spin speed until burst of all tested valves. The spin speed at burst was recorded 

to be the burst frequency of the respective valve. Burst frequency results were averaged for 

each channel with a minimum of 6 experiments per channel (any experiments with 

undesired location of the fluid after loading, such as air between liquid and channel inlet, as 

well as experiments with premature leakage of fluid into the channel during loading were 

repeated). All tests were conducted with 1x phosphate-buffered saline (PBS) solution. 
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4.1.4.  Results and Discussion 

4.1.4.1. Comparison of Predicted and Experimental Burst 

Frequencies  

Figure 15 illustrates the calculations for channel . 75i of a rapid injection molded PMMA part. 

Capillary pressure is shown at the channel inlet (equal to the capillary pressure through the 

channel) and outlet (yellow and blue, dashed lines respectively) and centrifugal pressures 

are given for fluid front at channel inlet, middle of channel, and channel outlet (green dashed, 

red, and blue dashed curves respectively). The receding fluid front is assumed to be at a 

constant position due to the much smaller volume of the channel compared to the chamber. 

Intersects of centrifugal pressure curves and capillary pressure lines are marked by C.M., 

EXP, C.O., and C.I., indicating predicted burst frequency assuming liquid creeping into 

channel along imperfections, experimental result, result for burst pressure based on 

Equation 5, and Equation 6 respectively. While based on a part with ideal surface 

homogeneity the valve from Figure 15 would burst according Equation 5 (marked C.I. in 

Figure 15) at 15.4 rounds per second (RPS), the approximated scenario of liquid creeping 

into the channel along surface imperfections (titled C.M. in Figure 15) predicts the 

experimental burst frequency much closer with 11.3RPS predicted compared to 11.7RPS 

experimental burst frequency. This trend is similar across manufacturing methods and 

materials and leads to valves generally bursting at lower than predicted values when basing 

predictions on the maximum result of Equation 5 and Equation 6, while predicting slightly 

lower burst frequencies based on Equation 7. A similar observation was obtained by Cho et 
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al. (2007) who suggested the deviations to be due to surface imperfections. A comparison of 

predicted (blue, left columns) and experimental data (orange, right columns) for PMMA and 

polycarbonate (PC), each CNC milled and rapid injection molded parts and only considering 

ideal surfaces, is given in Figure 14.  

 

Figure 14: Maximum predicted burst frequency in RPS and respective experimental results 

for PMMA and PC parts, CNC milled and rapid injection molded 

The average deviation between thusly predicted and experimental burst pressure was 

20.0% for CNC milled (PC and PMMA with 400μm as well as with no radius at channel end) 

and 18.3% for rapid injection molded (PMMA, PC, Polypropylene (PP)). This deviation of 

predicted and experimental data is reduced to 7.1% and 10.4% for CNC milled and rapid 

injection molded parts respectively with predictions based on Equation 7. Figure 16 

compares predicted and experimental burst frequencies for calculations based on Equation 
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7. Predicted values are shown in blue (left column of each pair) and experimental data 

(orange, right column) includes error bars depicting standard deviations of experimental 

burst frequency measurements. Both prediction methods agree in their trend with the 

experimental data, suggesting lower burst frequencies for channels farther away from the 

center due to the higher centrifugal pressure. 

 

Figure 15: Pressures for fluid flow through channels in rapid injection molded PMMA part, 

channel . 75𝑖; C.M.: Burst pressure based on fluid front at channel middle according to 

Equation 4, EXP: Experimentally obtained, averaged burst pressure, C. I.: Burst pressure 

according to Equation 5, C.O.: Burst pressure according to Equation 6 
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Figure 16: Predicted burst frequency in RPS and experimental results for channels on 

PMMA and PC parts, CNC milled, and rapid injection molded. Predicted values are based on 

Equation 7 

4.1.4.2. Discussion of Factors influencing Burst Pressure 

Materials and manufacturing techniques: 

Figure 17 shows the average burst pressures for different parts, with error bars depicting 

the range of the burst pressures for the 7 different channels per part. Thus, 3D printed parts 

generally tend to burst at the lowest centrifugal pressure, while PP rapid injection molded 

parts burst at the highest pressures. The presence of radii at channel ends in PMMA CNC 

machined parts leads to a lower burst pressure as compared to the same parts without radii, 

while PC CNC machined parts with radii increase in burst pressure as compared to their radii 
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free counterparts. Injection molded PC and PMMA parts are shown to be well approximated 

by PC CNC machined prototyping parts without radii. 

From the size of the error bars in Figure 17 (indicating the change in burst pressure for 

channel widths varying between 0.1mm and 1mm, with channel height constant at 0.1mm), 

it can be concluded that channel dimensions have only a small effect on burst pressures when 

compared to the impact of material or manufacturing method. This is especially true as 

standard deviations for burst frequencies of the same channel on the same part ranged 

between 9.5% and 17.3%, which is sometimes higher than the expected burst frequency 

difference between channels of 0.1mm and 1mm width. For exact standard deviations see 

Table 6. 

Table 6: Standard Deviations of experimental burst frequencies within part groups 

 

  

Part Standard Deviation in RPS Standard Deviation in % 

PMMA CNC No Radius  0.98 9.53% 

PMMA CNC 400μm Radius 1.35 13.84% 

PC CNC No Radius 1.88 16.43% 

PC CNC 400μm Radius 1.57 12.92% 

PMMA RIM 1.90 17.25% 

PC RIM 2.01 11.61% 

PP RIM 1.49 17.34% 
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Figure 17: Average experimental burst pressure for tested parts with error bars 

representing the range of burst pressures for varying channel widths  

As prototyped microfluidics often involve an adhesive cover, its influence needs to be 

evaluated when moving to a single material injection molded design. Figure 18 shows the 

difference between burst frequency of a PMMA rapid injection molded part with adhesive 

cover and with a cover of the same plastic. The burst frequency decreases by about 27% in 

average due to the higher hydrophobicity of the adhesive as compared to rapid injection 

molded PMMA. 



58 

 

 

Figure 18: Example of PMMA rapid injection molded part: Influence of replacement of the 

adhesive cover with a PMMA rapid injection molded cover 

Channel Widths: 

High standard deviations as shown as error bars in Figure 16 and low impact of channel 

widths onto burst pressures, leave the burst valve at risk of malfunctioning by bursting at a 

too low or too high pressure. Inaccurate burst pressures need to especially be avoided in 

designs that combine multiple valves in series, which are opened at different points in time. 

The small difference in burst frequency between channels of varying width is due to the 

range of widths generally feasible with common manufacturing techniques for low cost 

disposable systems. According to our calculations, as well as data by Cho et al.82, burst 

pressure increases drastically in channels of width and height below 100μm. The graphs in 

Figure 19 show the predicted burst pressure for PC rapid injection molded parts with an 

adhesive cover. While only a single channel height was used in our experiments, predictions 
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suggest an even larger increase in burst pressure by reduction of height, than reduction in 

width. This is due to the higher contact angle of the top adhesive.  

 

Figure 19: a) Effect of decrease in widths for parts with constant channel depth of 0.1mm 

onto burst pressure. Calculation based on PC rapid injection molded part; b) Effect of 

decrease in channel height with constant channel widths of 0.1mm; Decrease in height has 

more effect due to hydrophobic top adhesive 

Due to the increase in burst pressure for smaller channel dimensions, larger differences in 

burst pressure can be achieved when combining multiple burst valves on the same platform. 

However, channel widths below 0.1mm are often hard to fabricate with standard 

manufacturing methods. One approach could be decreasing channel depths rather than 

widths. However, maintaining reproducible channel depth is also difficult when additional 

sealing steps such as ultrasonic welding, laser welding or thermal bonding follow. Small 

deviations from nominal dimensions are especially impactful as the burst pressure becomes 

increasingly sensitive to changes in widths or depths at smaller dimensions. Therefore, 

thorough dimensional control becomes inevitable. When considering deviations from 

nominal dimension in prototyped parts in this work (Table 8), it might be difficult to obtain 

channels of sufficient accuracy with the evaluated manufacturing means.  
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Table 8: Accuracy of Manufacturing. Nominal and actual dimensions for parts of different 

material and manufacturing technique, measurements taken via confocal microscope VK-

X200K, Keyence, Corp. 

 

Channel Nominal Width Measured Width 

    CNC 

PMMA 

CNC 

PC 

PMMA 

Laseretched 

RIM 

PP 

RIM 

PC 

RIM 

PMMA 

3DP 

VeroClear 

glossy 

. 𝟕𝟓𝒊 0.75 0.73 0.70 0.63 0.72 0.71 0.72 0.60 

. 𝟓𝟎𝒊 0.50 0.48 0.43 0.41 0.46 0.44 0.43 0.28 

𝟏. 𝟎𝟎𝒊 1.00 0.98 0.94 0.84 0.83 0.77 0.81 0.72 

. 𝟔𝟎𝒎 0.60 0.59 0.55 0.51 0.57 0.57 0.56 0.30 

. 𝟐𝟓𝒎 0.25 0.27 0.23 0.15 0.23 0.21 0.19 0.16 

. 𝟓𝟎𝒎 0.50 0.48 0.44 0.37 0.52 0.48 0.50 0.26 

. 𝟏𝟎𝒐 0.10 0.18 0.17 0.11 0.08 0.07 0.05 0.15 

  Nominal Depth Measured Depth 

    CNC 

PMMA 

CNC 

PC 

PMMA 

Laser-etched 

RIM 

PP 

RIM 

PC 

RIM 

PMMA 

3DP 

VeroClear 

glossy 

. 𝟕𝟓𝒊 0.10 0.12 0.12 0.08 0.09 0.09 0.11 0.12 

. 𝟓𝟎𝒊 0.10 0.12 0.12 0.07 0.10 0.10 0.10 0.12 

𝟏. 𝟎𝟎𝒊 0.10 0.12 0.12 0.09 0.10 0.09 0.10 0.11 

. 𝟔𝟎𝒎 0.10 0.12 0.11 0.09 0.09 0.10 0.08 0.12 

. 𝟐𝟓𝒎 0.10 0.10 0.11 0.05 0.10 0.12 0.09 0.08 

. 𝟓𝟎𝒎 0.10 0.12 0.11 0.07 0.10 0.10 0.08 0.12 

. 𝟏𝟎𝒐 0.10 0.11 0.11 0.03 0.10 0.10 0.10 0.06 
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Distance from Center of Rotation: 

An alternative to changing capillary burst pressures of burst valves by geometry, material, 

or surface topography, specifically for CD microfluidics, is varying centrifugal pressures by 

placing valves at different distances from the disc center. The effect of this can be seen in 

Figure 16 when comparing burst frequencies of channels closer and farther away from the 

center. For example channel . 50𝑚  is located at a distance of 30mm from the center as 

compared to . 50𝑖 at a distance of 20mm from the center, which increases average burst 

frequency by over 15% for . 50𝑖  as compared to . 50𝑚  (based on average of CNC machined 

and rapid injection molded parts). Channels in position of .10𝑜 generally require lowest 

rotational frequency but in our experiment were chosen to have the smallest width at 

0.1mm. 

Shape of Channel Cross-Section; 

As discussed by Zeng et al.85 and Glière and Delattre84 , channel shape does have considerable 

impact on burst frequency. When comparing CNC machined and rapid injection molded parts 

(see Figure 20) it can be seen that CNC machined parts have very steep channel sides while 

rapid injection molded parts have sloped channel sides. While our mold for rapid injection 

molding did have straight channel walls, the sloped shape is caused by the manufacturing 

technique itself and should be taken into account when developing reliable burst valves. 
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Figure 20: Surface Profile of channel E in a PMMA CNC machined and a PP rapid injection 

molded part measured with confocal microscope VK-X200K, Keyence, Corp.) 

Hydrophilicity:  

In our comparison, burst pressures were impacted by manufacturing technique as well as by 

material. Manufacturing technique affects burst pressure through differences in channel end 

geometries as in the case of rounded corners at channel ends and the shape of the channel 

cross-section, as well as through changes in contact angles (static, advancing and receding) 

through different surface topography and surface roughness. For example, CNC milled PC 

showed an advancing contact angle of 109˚ while rapid injection molded PC showed an 

advancing contact angle of 96˚. This is in agreement with Chen et al.83, who describe an 

increase in contact angle for hydrophobic (contact angle >90˚) materials for increasing 

surface roughness. In our tests CNC milled surfaces tended to follow the air-solid composite 

effect of the Cassie-Baxter state, which describes reduced surface wetting for surfaces with 

increased surface topography91, while rapid injection molded parts behaved according to the 
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Wenzel state in which the fluid is in contact with the entire surface and hence increases in 

hydrophilicity as roughness increases for surfaces with <90˚ contact angle. When a material 

is hydrophobic to start with (contact angle >90˚), hydrophobicity will be further enhanced 

in Cassie-Baxter as well as in Wenzel state92. 

Although the differences we measured between values of advancing and receding contact 

angles, thus the contact angle hysteresis, are quite high, they are not unreasonable in the 

light of existing published results. For instance, Busscher et al.93 measured a 40˚ hysteresis 

on a PMMA surface with low surface roughness (for DI water, the advancing contact angle 

was approximately 80˚and the receding contact angle approximately 40˚). Bormashenko et 

al.94 studied surfaces such as polyethylene, PP, polyethylene terephthalate (PET) and 

polysulfone, and observed contact angle hysteresis values as high as 53˚on polysulfone and 

44˚ on PET when using the needle-syringe method. 

4.1.5. Conclusion 

We demonstrated a prediction method for burst pressure of burst valves, which follows the 

trend obtained in experiments with channels of width between 0.1mm and 1mm. The 

calculation was based on a design with significant channel length (5mm) and channels at 

three different distances from the center. Since fluid has to pass both, channel inlet and 

channel outlet, the location which requires higher spin frequency was expected to determine 

the overall burst of a channel with ideally homogeneous hydrophobicity. However, the thusly 

predicted burst frequencies tended to be higher than the experimental values. A better 

agreement of calculation and experiment for prototyped parts was obtained when assuming 

a burst event occurring when the fluid front reaches the middle of the respective burst 
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channel. This behavior was observed in experiments and is assumed to be due to fluid 

prematurely advancing into the channel due to inhomogeneous hydrophobicity/surface 

imperfections. Generally increasing head height (as fluid advances into the channel which is 

much narrower and shallower than the chamber) leads to higher driving pressure thus 

aiding to liquid advancing at lower spin speeds. Liquid momentum may further contribute 

to liquid overcoming the holding forces at the channel outlet but was not specifically 

considered in the presented calculations. 

Furthermore, it was found that the material type and fabrication method had the biggest 

effect on the valve break pressure and frequency, with a factor of four difference in break 

pressure between the highest and lowest values. That means that prototyping before 

production of any part needs to use the same material and fabrication method, or that the 

offset between prototyping and production methods must be previously established. 

Otherwise, multiple design iterations will likely be required. 

Contrary to our expectations, the valve geometry had only a limited effect in the studied 

range, smaller than that of the material and fabrication method. The derived model indicates 

that this is due to the large dimensions of the tested channels. Only in the sub 100μm range 

is there a strong effect of channel dimensions, and most methods available for prototyping 

or manufacturing do not allow accurate dimensional control in this size range. 

Since changes in widths of channels above 100μm have only little influence on burst 

pressure, and because standard deviations in burst events are high, burst valves in 

commercial microfluidic systems which are based on common fabrication processes (usually 

only capable of reliably achieving dimensions >100μm) should be critically evaluated. It will 
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be very difficult to achieve large enough differences in burst frequency as needed to reliably 

actuate multiple burst valves in series. Using dimensions well below 100μm will cause large 

differences but will also increase the already high variability of the burst frequency if the 

dimensional control is not extremely accurate.  

Another solution for the implementation and precise control of multiple burst valves, in the 

case of CD microfluidic platforms, is positioning of burst valves at different distances from 

the center of the disc, thus varying the centrifugal pressure at the location of the valves, 

rather than changing the capillary burst pressure. 

Overall, much care should be applied when attempting to prototype a microfluidic burst 

valve design for further implementation into a mass manufactured product. Even if 

dimensions are identically transferred from prototype to injection molded part, surface 

topography and hydrophobicity can have major impact on burst pressures, as can 

manufacturing accuracy. The authors therefore recommend reducing the number of passive 

burst valves to a minimum or alternating them with siphons. Each burst valve should be 

designed for a large window of allowed burst pressure, to account for deviations from 

expected values. Alternative passive valves such as serial siphon valves or passive check 

valves together with a mix of active valving should be employed for robust fluidics in 

complex systems71,95. 

4.2. Laser Valve 

One active valve approach which does not require physical interfaces or additional materials 

(such as wax) in the fluidic system for actuation are laser valves. Laser valves are based on 

the principle of selective melting of a heat sensitive (e.g. thermoplastic) film separating 
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adjacent parts of a channel. In CD microfluidics this is easily achieved by integrating channels 

in a top and a bottom layer of the disc while separating them with a thin middle layer which 

once melted opens the valve.  

Laser valves on the CD have previously described by Garcia-Cordero et al96, who implement 

this optofluidic valve based on a clear film, thermoplastic working layer with black, printed 

dots. Channels are formed between this working layer and a top and bottom layer of the disc 

assembly. While all other disc components are clear, allowing for light from a laser to pass 

through, the dark areas absorb the largest amount of the light energy, thus leading to heating 

of the dark patch and, therefore, melting of the thermoplastic material in this area. Garcia-

Cordero et al.96 characterize the transmittance of cyclic olefin polymer (COP), PMMA, and PC 

for wavelengths over 400nm at approximately 90%, while printed, black spots absorbed 

about 99% of the light when applied in two layers of ink. 

Laser valve technology is integrated and demonstrated in Section 6. The principle is 

illustrated in Figure 21 and utilizes a black double-sided adhesive to connect upper and 

lower half of the microfluidic CD. Laser intensity is regulated through increase of current and 

spot size can be either controlled by a lens or through changing the distance between laser 

and black adhesive to increase or decrease the focus of the laser beam. The less focused the 

laser beam, the bigger the area that is heated and the lower the intensity per area. Thus, 

applied current and distance between the laser and the valve determine the time of exposure 

to melt a given substrate as well as the size of the opening. While not demonstrated in this 

work, the laser can be triggered electronically to turn on and off such that valves van be 

opened during spinning. This will require very short exposure times for precise positioning 
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of small holes. Alternatively, utilization of dark patches could allow for valve activation even 

without pulsing the laser. This is because the dark material absorbs most energy and heats 

up, while clear layers allow most of the energy to transmit and experience less heating.  

Besides avoidance of contamination through the abundance of physical interfaces, laser 

valves are easy to implement and to control. Unlike wax valves, laser valves are vapor and 

liquid tight, therefore allowing for on disc reagent storage of liquids (depending on plastics 

and storage times) and of lyophilized powder/pellets.  

Figure 21: Principle of laser valves, energy from a laser transmits clear layers and is 

absorbed by a black thin film, melting a hole in the latter and allowing fluid to pass. 

4.3. Fluid Reciprocation 

4.3.1. Introduction 

While CD microfluidic platforms inherently provide pumping pressure from the center to the 

rim based on the centrifugal force, the capability of reverting flow towards the center, and 

radial flow reciprocation are valuable additions in the microfluidic toolbox97–100. 

Reciprocating flow not only enhances mixing but also improves the lower LOD of 

biomarkers98. For example in the case of an assay utilizing a capture probe, repeated flow 
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over a functionalized sensor area can increase the amount of analyte captured in a given 

amount of time101 and therefore yield higher sensitivity, while lowering LOD. In 

electrochemical detection, flow provides signal enhancement through enhanced mass 

transport35,102. Furthermore, reverting and repeating flow is especially helpful when 

working with small sample volumes, where the volume would otherwise not suffice to 

provide continuous flow throughout the duration of the measurements103.  

Previous work has demonstrated an un-vented compression chamber, in which the trapped 

air is compressed as the liquid advances at increasing spin speeds. Subsequent decrease of 

the angular velocity allows the air to expand and thence pushes the liquid back towards the 

center. The effect is based on Boyle’s law which is given in Equation 8 for an ideal gas at 

constant temperature. 

𝑝1𝑉1 = 𝑝2𝑉2 (8) 

With 𝑝1 and 𝑉1 as the pressure and volume of an ideal gas at time 1, and 𝑝2 and 𝑉2 as the 

pressure and volume at time 2. The principle of flow reciprocation through compression and 

expansion of air was demonstrated by Noorozi et al.98 and the effect was amplified through 

addition of an elastic membrane atop of the air compression chamber99. Analytical modeling 

of the elastic membrane is discussed by Aeinevhand et al.99. The principle of an air 

compression chamber for liquid reciprocation on a microfluidic CD is illustrated in Figure 

22. Other related reciprocation principles include heating of the unvented air chamber to 

cause expansion of the enclosed air104 and the use of water electrolysis by an integrated 

electrode generating hydrogen and oxygen, thus increasing volume in a chamber and 

pumping the liquid back to the center105. 
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Figure 22: Basic principle of air compression chamber for (ideal) reciprocation of fluid on a 

microfluidic disc 

Pneumatic pumping with an elastic membrane increases the efficiency of the reciprocation99 

and allows the reciprocation to take place at lower spin speeds. As a consequence, less 

expensive motors can be used and the bonding between CD layers endures less stress. 

However, the assembly process of the microfluidic disc prototypes with elastic membranes 

is time consuming and the CD assembly process introduced by Aeinevhand et al. includes 

manual alignment and adhesion of 7 different layers99. 

Here we present an approach based on 3D printing (material jetting) to prototype 

reciprocation inserts for centrifugal microfluidics, which enables the introduction on the CD 

of these dual material structures in one single step. This approach enables faster prototyping 

of microfluidic structures for fluid reciprocation, while printed parts resemble over-molded, 

mass manufactured parts. Furthermore, we demonstrate the printed structures for 
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reciprocation-based mixing and characterize the surface of printed parts obtained by 

material jetting with regard to use in microfluidics. The mechanical characterization on 3D 

printed materials is described elsewhere106. 

4.3.2. Materials and Methods  

An Objet260 Connex3 (Stratasys Ltd., Rehovot, Israel) printer was used for fabrication of the 

microfluidic structures used in this work. This printer is based on material jetting of UV 

hardening resin, in which liquid photoactive polymer droplets are expelled from a printer 

head and sprayed onto a building platform. The deposited droplets are then cured with UV 

light. After the first layer of the structure is printed, the building platform is lowered, and a 

second layer is built on top of the first. This process continues until the entire structure is 

finished. Multiple printheads allow for multi-material prints and the use of droplets of 

different photoactive polymers allows for the creation of material gradients.  

Material jetting allows for two types of surface finishes on the top and side surfaces of a part, 

i.e. matte and glossy. The respective finish depends on the presence or absence of support 

material. Support material is sacrificial material with weaker bonds that can be mechanically 

(i.e. via a water jet) or chemically (dissolved by submerging the part in a solvent) removed. 

Print support is essential for parts that otherwise would be suspended and could not stay in 

place unless they are supported. If a surface is in contact with support material the surface 

will obtain a matte finish, while support material free surfaces result in a glossy finish. 

Materials used for parts in the scope of this work are VeroWhitePlus, VeroCyanPlus (both 

rigid and opaque), and TangoBlackPlus (rubber-like) (all materials obtained from Stratasys 

Ltd., Rehovot, Israel). Parts were first designed in SolidWorks 2016 (Dassault Systemes, 
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Vélizy-Villacoublay, France) and then exported as STL file to Objet Studio (Stratasys Ltd., 

Rehovot, Israel). Mixing efficiency was simulated using SolidWorks 2018 FloXpress 

(Dassault Systemes, Vélizy-Villacoublay, France). 

The sacrificial support material in enclosed microfluidic structures (channels) could not be 

entirely removed. Therefore, structures were printed that are open on one side, and were 

then sealed with a single sided adhesive (ARCare 90445, Adhesives Research, Glen Rock, PA, 

USA), and attached onto acrylic holders in order to be mounted on the CD and the testing 

spin stand. The liquid motion on the spinning platform was visualized through a combination 

of a trigger, strobe light and high-speed camera as described elsewhere35. To demonstrate 

mixing, fluid reciprocating CD inserts with a woven channel geometry were produced. 

Furthermore, for surface characterization, inserts with different surface finish (see Figure 

26) were printed with VeroWhitePlus. The nominative depths of all the channels is 1mm, 

while the width was varied between 0.1mm, 0.25mm, 0.5mm, 0.75mm and 1mm. After 

loading of 20μL dyed, deionized water in each loading chamber, burst events were observed 

while increasing spin speed in 10RPM steps. Each burst event was repeated 10 times and 

burst frequency averages and standard deviations were calculated. 

4.3.3. Results and Discussion 

Design of Dual Material Inserts 

To assign different materials to sections of the same print, two parts were designed in 

SolidWorks 2016 (one for each material) and an assembly was created. Respective materials 

were then assigned to the different parts of the assembly in Objet Studio (Stratasys Ltd., 

Rehovot, Israel). Because initial designs, without securing the rubber-like membrane in the 
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rigid part properly, led to delamination, the membrane was embedded in the rigid material 

as shown in the cross-sectional view of the assembly in Figure 23. The optimal thickness of 

the rubber-like membrane for maximum expansion while maintaining sufficient stability 

was found to be around 200μm. 

 
Figure 23: Embedded rubber-like membrane. Embedding the elastic membrane is 

necessary to avoid delamination. 

Variants of Reciprocation Inserts 

In Figure 24 we show the three different types of 3D printed reciprocation inserts fabricated 

in this work. In all designs, liquid is loaded into a fill chamber and released by increasing the 

centrifugal pressure over the burst pressure of the capillary burst valve. In Figure 24a the 

insert relies on an unvented air-chamber with a rubber-like membrane to push the fluid back 

to the center. Liquid reciprocation was demonstrated with this insert at spin speeds as low 

as 400RPM. In Figure 24b we show an insert with a straight-channel thus only utilizing 

elastic deformation of the rubber-like membrane for fluid reciprocation. The behavior of this 

membrane is further discussed in Figure 26. While this geometry does not allow to revert 

liquid back to its loading position, reciprocation allows for repeated flow over an area of 

interest close to the elastic membrane. In Figure 24c we present a mixing insert consisting 

of two loading chambers, a third collecting chamber that can be used for detection, and a 
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woven channel (see Figure 25) leading to a compression chamber with an elastic membrane 

and finally a siphon leading from the third chamber to a waste chamber. Homogeneous 

mixing was visually observed after 2-3 cycles of reciprocation. 

 
Figure 24: Three different reciprocation inserts are shown as mounted on the spin stand 

(the largest dimension of the inserts is between 4-6 cm): a) Reciprocation insert based on 

compression of air and elastic deformation of rubber-like membrane; b) Straight-channel 

reciprocation insert to decouple printed micro-balloon performance; c) Mixing insert 

allowing for mixing of two components and reciprocation of the mixture until expelled via a 

siphon to a waste chamber. 

 
Figure 25: Channel of the mixing insert (as shown in Figure 24c) orange marks show 

locations of increased liquid interchange between merging and separating channels; a) 
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Major dimensions of the mixing channel [in mm], b) Water flow path during reverted flow 

simulation at a 200µL/min flow rate, yellow marks show locations with less liquid 

interchange between merging channels (compare over-crossing of green lines) 

As shown in Figure 25, mixing was achieved through a 3D channel structure, separating and 

re-merging fluid elements, while changing direction in all three orthogonal directions. As 

observed from Figure 25b), the liquid velocity increases as the channel diameter decreases 

in positions where liquid streams are merged and change direction into z-direction. In 

locations between changes of direction of the channel-braid (marked orange) higher liquid 

exchange between the two streams is predicted by the simulation than in areas marked 

yellow (compare flow lines changing side). The physical 3D printed structure with glossy 

surface finish did not resolve suspended arcs (i.e. areas marked yellow and orange in Figure 

25b) sections in as contained in the CAD model. The printed features are open towards the 

top surface. 

Reproducibility of Reciprocation 

To evaluate the possible fatigue of the rubber-like material, a 300µL of dyed deionized water 

was loaded into the straight-channel reciprocation insert (see Figure 24b) with glossy 

surface finish and the insert was spun reciprocating between 700 and1000RPM. After 

cycling between these spin speeds for 10s each over 25 rounds, the fluid location was 

compared to its initial location at 200RPM. As can be seen from Figure 26c) the liquid 

position only changed marginally, demonstrating only minor fatigue of the membrane after 

26 rounds. When attempting to repeat this experiment with matte surface finish, the 
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adhesive delaminated due to insufficient bonding with the rougher surface during steps of 

high liquid pressure. 

Figure 26: Minimal fatigue of rubber-like material after 25 reciprocation cycles: a) Fluid 

position when spinning at 200RPM, 750RPM and 1000RPM respectively; b) Reciprocation 

repeated between 700RPM and 1000RPM over 25 cycles. Fluid position is indicated with 

red line; c) Fluid position at 200RPM before and after 25 cycles between 700 and 

1000RPM. Only minimal fatigue observed 

Surface Characterization 

To characterize the printed surfaces for microfluidic applications, 3D surface images were 

taken, and surface roughness was measured with a Keyence VK-X250 confocal microscope, 
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(Keyence Corp., Osaka, Japan). Furthermore, contact angles (DI water-air interface) were 

analyzed with a Kruess Drop Shape Analyzer DSA30 (KRÜSS GmbH, Hamburg, Germany). 

The 3D images of the surfaces are presented in Figure 27, and surface roughness, and contact 

angles are listed in Table 7.   

 
Figure 27: 3D images of surface topography of the printed surfaces, a) VeroWhitePlus, 

glossy, b) VeroWhitePlus, matte, c) TangoBlackPlus, glossy, d) TangoBlackPlus matte. 
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Table 7: Surface roughness and contact angles of printed materials. TangoBlackPlus matte 

was not measured as liquid spread out too quickly during measurements. 

Surface Average surface roughness 

Ra[μm] 

Average static contact 

angle [˚] 

VeroWhitePlus glossy 5.6 94.4 

VeroWhitePlus matte 3.3 105.3 

TangoBlackPlus glossy 1.2 97.5 

 

As can be seen from Table 7, surface contact with support material (i.e. matte surface finish) 

during the printing process not only affects the surface roughness but also contact angles. 

The static contact angle for matte as compared to glossy finish is more hydrophobic thus 

contributing to higher burst pressures for the same channel geometries (compare Figure 

28d)107. The effect of the support material on the surface topography of the part can be 

gleaned from Figure 27. While the 3D scan of the matte surface in Figure 27b) shows drop-

shaped material remaining as deposited by the printer head, glossy finish as shown in Figure 

27a) only shows material ridges and trenches along the print direction. To further 

characterize the microfluidic behavior of the printed parts, burst frequency measurements 

were taken on the parts shown in Figure 28. Naming of channels is shown in Figure 28b) and 

average burst frequencies and nominal widths are shown in Figure 28c) and 28d). Standard 

deviations (based on 10 tests each) are shown as error bars in Figure 28d). Channel E did 

not resolve in the glossy surface finish part due to limited print resolution. Besides 

promoting a matte surface finish, utilization of support material yields higher dimensional 

accuracy and allows for smaller feature size. When using support material, liquid resin 
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droplets expelled from the print head onto the outer layer(s) of the printed part, are held in 

position by support material in the adjacent layer. In parts with glossy surface these material 

droplets are able to spread and fill groves and pits before they are cured by UV light, thus 

affecting the resolution of features and affecting topography of the surface. 

 

Figure 28: Burst frequency testing of 3D printed inserts with glossy and matte surface 

finish. a) inserts with different surface finish in a laser-cut acrylic holder; b) Naming 

convention of channels with decreasing channel widths left to right; c) Average burst 

frequencies for channels A through E. Channel E did not resolve in glossy surface finish part 

due to limited resolution. d) Graph of burst frequency as a function of channel width. 

Blue/round symbols are burst frequencies of glossy and orange/triangular are burst 

frequencies for the matte part. Error bars represent standard deviation. Number of tests 

for each channel was 10 and volume of deionized, dyed water per channel was 20μL 
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Overall it can be seen from Figure 29 that a more hydrophobic surface finish (matte surface) 

leads to higher burst frequencies and that the burst frequency increases steeply at very small 

channel widths as described in the burst valve theory discussed in Bauer et al.107.  

4.3.4. Conclusions 

We have demonstrated reciprocation and mixing on a microfluidic CD using 3D printed dual 

material inserts. Mixing and reciprocation enable improved detection reaching a lower LOD 

in a shorter amount of time. Generally, utilization of an elastic membrane in combination 

with an unvented air chamber allows for reciprocation at lower spin speeds, while utilizing 

a fluid filled chamber with an elastic membrane allows for a simpler design and a reduced 

footprint. Mixing was achieved through reciprocating flow through a 3D woven channel, and 

simulation showed the locations of the highest mixing efficiency within the channel. 

While 3D printing is only appropriate for prototyping of CD inserts rather than mass 

manufacturing due to its sequential nature of producing parts, material jetting of a flexible 

and a rigid material can be used to model products before investing into a costly mold. 

Printed surfaces were fluidically evaluated as differences in surface properties need to be 

considered when utilizing a prototyping approach to correctly predict fluidic behavior of 

manufactured parts107. Surface finish of the printed parts not only impacts hydrophilicity 

and topography but also smallest possible dimensions with matte surface finish allowing for 

more accurate features while glossy surface finish yields higher hydrophilicity and better 

bonding with adhesives. 
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5. Electrochemistry on the CD 

5.1. Basics of Electrochemical Sensing 

5.1.1.  Amperometry 

Electrochemical detection as introduced in Section 2, relies on electron transfer between an 

analyte and an electrode surface. Generally, an electrochemical cell consists of 3 electrodes, 

namely working electrode, counter electrode, and reference electrode. The working 

electrode is the electrode of interest to analyze a charge transfer process. The counter or 

auxiliary electrode has a larger surface area than the working electrode as to not limit the 

charge transfer reaction and avoids any current from passing through the reference 

electrode, as this could change the potential of the latter. The reference electrode is ideal 

when its potential is well known and stable (nonpolarizable) and serves as potential 

reference for measurements. Potentials of reference electrodes are evaluated versus 

Standard Hydrogen Electrode (SHE) with assigned potential of 0V. 108 

In the case of amperometry the potential between working and reference electrode is 

stepped from zero to a positive or negative value and held constant throughout the 

measurement. The resulting current is measured as a function of time see Figure 29a). 

Initially a high current is observed as species in close proximity with the electrodes 

exchanges charges. Once these are consumed the current decreases to a steady state current 

with amplitude depending on mass transport kinetics. The Nernst Planck equation108,109 

describes the mass transfer to an electrode and is given in Equation 9 for one-dimensional 

mass transfer along the x-axis: 
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𝐽(𝑥) =  −𝐷
𝜕𝐶(𝑥)

𝜕𝑥
−

𝑧𝐹

𝑅𝑇
𝐷𝐶

𝜕𝛷(𝑥)

𝜕𝑥
+ 𝐶𝑣(𝑥) 

(9) 

Where J(𝑥) is the flux of species, x the distance from the electrode surface, D diffusion 

coefficient, F Faraday’s constant, R gas constant, T temperature, 𝜕𝐶(𝑥)/𝜕𝑥 the concentration 

gradient at distance x, 𝜕ϕ(𝑥)/𝜕𝑥 the potential gradient, z the charge of the species, C the bulk 

concentration of the species and v(x) a volume element velocity along x. The three terms on 

the right-hand side represent diffusion, migration, and convection respectively. 

The most basic form of an electrochemical cell relies on diffusion only, while migration is 

avoided through addition of a salt and no convection is induced (no stirring or flow)108. 

Depending on the electronegativity of the analyte and the applied potential, electrons can 

either be released or adsorbed by the electrode surface. Therefore, measured current can be 

positive or negative in nature. In all amperometry experiments in this thesis the potential is 

stepped to -0.2V thus leading to electrons flowing from the electrode (cathode) to the analyte 

(i.e. in this work TMB+ + e−
→ TMB; Ferricyanide[Fe(CN)6]3− + e−

→ Ferrocyanide 

[Fe(CN)6]4−) and inducing a current between working and counter electrode. Stirring of the 

solution or flow over the sensing surface of the electrode introduces convection, thus 

decreasing diffusion layer thickness and aids mass transport. Consequently, the current 

plateau increases (to more negative currents as shown in Figure 29a). 

5.1.2.  Cyclic Voltammetry 

While amperometry is based on applying a potential step between the electrodes, in cyclic 

voltammetry the potential is ramped up and down within a chosen range. As in amperometry 



82 

 

the resulting current is measured between working and counter electrode. A graphical 

illustration is shown in Figure 29b).  

 

Figure 29: a) Amperometry: applied potential step and resulting current profile, b) Cyclic 

voltammetry: applied potential sweep and resulting current profile (at slow scan rates) 

If the potential is increased quickly, a current peak can be observed (compare Figure 30, 

yellow curve). Throughout the increase in potential (forward scan) analyte at the electrode 

surface is consumed at increasing rate until charges are eventually depleted (peak). When 

no more analyte is available at the electrode surface to be reduced/oxidized, the current 

becomes mass transport limited as species has to be supplied from the bulk. Further increase 

of the potential leads to increase of the diffusion layer thickness and, therefore, constant 

current with amperage of the plateau depending on the mass transport rate. The same 
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principle occurs during reverse scan. The faster the potential is raised and lowered the 

higher the peak, as less time is allowed for mass transport to occur while more charges are 

consumed per time. This can also be seen from Equation 10, the Randles-Sevcik 

equation108,109: 

𝑖𝑝 = 𝑛𝐹𝐴𝐶0(
𝑛𝐹𝜐𝐷0

𝑅𝑇
)

1
2 

(10) 

With 𝑖𝑝 peak current, n number of electrons transferred, ν scan rate, A area of the electrode, 

𝐶0 bulk concentration of the analyte and 𝐷0 diffusion coefficient of the consumed analyte109. 

Figure 30 shows the cyclic voltammogram for TMB+(blue curve) and TMB2+ (yellow curve). 

The two peaks in TMB+ graph indicate two separate electron transfer reactions, while 

TMB2+ only shows one peak for a single electron transfer reaction.  

 

Figure 30: Cyclic Voltammogram of TMB, blue line shows two electron transfer (two peaks) 

of TMB+(TMB blue) while the yellow curve shows one electron transfer voltammogram 

after adding stop solution to TMB+, thus redox-cycling of TMB2+(TMB yellow) 
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5.1.3. Microelectrodes 

Advantage of electrochemical detection for microfluidics is ease of miniaturization. While 

optical detection methods require a minimum optical path length to provide sufficient 

performance110, electrochemical sensors are easily miniaturized via advanced 

micromanufacturing techniques111,112 and detection benefits from miniaturization108. 

This benefit is due to radial diffusion in electrodes with at least one dimension in the order 

of the diffusion layer thickness as opposed to planar diffusion when working with 

macroelectrodes (compare Figure 31 and Equation 11). The improved diffusion profile 

increases current density, allowing to reach steady state faster and enabling electrochemical 

kinetic measurements as well as highly accurate measurements in non-polar and resistive 

media111. Consequently, electrochemical detection is especially useful when working with 

very small fluid volumes. 

 

Figure 31: a) radial diffusion to a microelectrode, b) quasi planar diffusion to a 

macroelectrode, blue arrows indicate direction of diffusion, black lines areas of constant 

concentration. 
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𝑖 =
𝑛𝐹𝐴√𝐷0𝐶0

∗

√𝜋√𝑡
+

𝑛𝐹𝐴𝐷0𝐶0
∗

𝑟0
 

(11) 

Equation 11 describes the increase in current depending on relation of diffusion layer 

thickness 𝐷0 and smallest electrode dimension 𝑟0. In the case of a macroelectrode this 

relation is much smaller than 1 (electrode dimensions much larger than diffusion layer 

thickness) therefore the second term on the right-hand side is negligible and current only 

depends on the first term. If one electrode dimension is in the order of the diffusion layer 

thickness the second term contributes to the increase of current between analyte and 

electrode108. Because the diffusion layer only starts to grow once a potential is applied at the 

electrode, 𝐷0 is initially very small and grows throughout forward scan in cyclic voltammetry 

or time of constant potential in amperometry. Therefore, the second term is especially 

relevant late in the experiment during steady state condition108. 
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5.2. Effect of Flow on Electrochemical Signal 

5.2.1. Introduction - Detection on CD Microfluidic Platform 

Various detection methods have been employed on CD microfluidic platforms, usually based 

on optical, non-contact techniques, such as absorbance, fluorescence and 

chemiluminescence 113,114. However, due to the proportionality of absorbance to optical path 

length most commercial absorbance-based systems are based on rather thick optical cells 

(equal or larger than 10mm) and not suitable for miniaturization113. Fluorescence and 

luminescence-based systems afford very good LODs but at the cost of complexity and size of 

the instrumentation114. Generally, optical detection methods also require stopping of the disc 

for readout and often even transportation of the disc to a different read-out device113. 

Without the need for optical grade materials or peripheral equipment with high electrical 

power demands, electrochemical detection affords for smaller, portable and lower cost 

diagnostic devices 113,115.  

5.2.2. Background 

5.2.2.1. Current Methods for Interfacing Electrodes on a 

Microfluidic CD 

Similar to optical detection, electrochemical detection may require stopping of the disc for 

measurement in order to ensure electrical connectivity between the electrochemical sensors 

on the CD and a stationary instrument116,117. This spin-stop solution results in undesirable 

delays for time-sensitive experiments and cannot take advantage of the signal enhancement 

through flow. An electrochemical signal is indeed enhanced through increased mass 
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transport of analyte towards the electrode surface. When mitigating unwanted migration via 

increased ionic concentration in the solution, only convection aids the otherwise purely 

diffusion-based mass transport of analyte to the electrodes. Increasing flow and thus 

convection leads to higher current signal and therefore lowers LOD and increases 

sensitivity102. 

In order to take advantage of flow over the electrodes, avoid delays or altered signal 

readouts, measurements need to be taken while the disc is spinning. This has been realized 

before through the use of a so-called slip-ring setup, allowing stationary contact pads to 

conduct electricity to and from a set of rotating rings spinning along with the rotating CD102. 

However, the physical contact induces significant electrical noise while wearing out 

components and thus gradually changing conductivity and resistance. An alternative has 

been demonstrated using a mercury based rotating electrical connector, inducing lower 

amounts of noise in the measurements during spinning of the disc118. However, this 

connection method is made up of a bulky setup and relies on rather expensive and 

undesirable mercury as the conducting and connecting substance. Rather than establishing 

electrical contact with the sensors on the disc, recently efforts have been made to develop 

wireless power and data connections. The first prototypes employing this approach 

demonstrate that the elimination of the physical interface reduces the electrical noise and 

increases the life-time of the device119.  

In this work, we aim to add to the relatively few examples of indirect interfacing 

methodologies by presenting a setup that integrates the analysis instrument, a 

bipotentiostat (allowing for simultaneous sensing of two working electrodes), to the 
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spinning platform, powering it with a small battery and sending the obtained data via 

Bluetooth to a stationary desktop computer or mobile phone. Thus, rather than conducting 

the very low current signals to a stationary instrument, the obtained current signal is sent 

wirelessly as a binary code and is not affected by transmission errors and noise due to 

changing electrical contacts.  

5.2.2.2.  Redox Cycling Amplification using Interdigitated 

Microelectrode Arrays 

While most of the efforts made in the field of electrochemical detection on a microfluidic CD 

have relied on the use of microelectrodes in a 3 electrode setup with a working electrode, 

reference electrode, and a counter electrode- so called single mode102,116,117, here we use a 4 

electrode setup utilizing 2 working electrodes besides a reference and a counter electrode- 

called dual mode. The working electrodes consist of sets of interdigitated electrode digits to 

further enhance the performance of the electrochemical detection. This type of electrode 

configuration is called an Interdigitated Electrode Array (IDA). IDAs allow for redox 

amplification (RA) of a measured signal by the redox cycling of a species between the 

interdigitated digits, in which a redox species is transported multiple times between the two 

sets of working electrodes before diffusing out into the bulk of the test solution. This 

amplification results in higher currents for a given concentration of analyte and therefore is 

capable of lowering the LOD120. The material choices and manufacturing means for IDAs vary 

and severely impact electrode cost, which especially for disposable systems is a major 

consideration. 



89 

 

Generally, RA has been demonstrated to significantly enhance the current signal and to 

decrease the LOD through an increase in sensitivity. Odijik et al. , for example, demonstrated 

an RA of over 2000 using a parallel plate setup with ferrocyanide as the redox-couple and 

Dam et al. showed an RA of 60-70 with high aspect ratio platinum IDAs with a width- gap- 

height of 2μm- 2μm- 7μm121,122 . Even though very high RA factors might allow for the 

detection of very low concentrations and might be applicable to very small sample volumes, 

the question arises whether such measurements have actual analytical value as they do not 

relate the measured currents back to a bulk concentration of sample, but may increase error 

due to statistical distribution of particles in the solution, which would especially have an 

effect at very low concentrations. Working with a cell allowing for flow over the electrodes 

during the measurement allows for the supply of new species from the bulk of the solution 

thus providing for a fast coupling of transport between the fingers of the electrode sets and 

the bulk. 

The effect of flow on the current signals in 3 and 4 electrode setups was described 

previously102,111. While the analytical current in a single mode setup benefits from flow 

enhanced mass transport, leading to a 7 fold increase under flow (500nL/s) compared to the 

no flow condition as demonstrated a study conducted by Kamath111, dual mode currents 

show little enhancement under increasing flow. This phenomenon is explained by shearing 

off of the redox-species concentration profile through flow and therefore always hindering 

of the redox-species diffusing against the direction of the flow of reaching the other working 

electrode120. Kamath et al describe a drop in RA from 37 to 4 on carbon IDAs under flow 

(500nL/s) when compared to no flow115. Higher aspect ratio electrodes suffered less from 
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the decrease in RA during flow which is explained by the lesser effect of the flow onto the 

redox-path of analyte between the digits of the electrodes rather than above them111. Besides 

RA, also the collection efficiency [CE=Collector current (one of the working electrodes) 

/Generator Current (the other working electrode)] can be used as a measure for 

characterization of redox cycling in dual mode.   

Despite ample research in all three areas: diagnostics on a CD platform, flow enhanced 

electrochemical sensing and redox-amplification with IDAs, to the author’s knowledge, no 

group has characterized the performance of IDAs in dual mode under flow conditions on a 

microfluidic CD nor have such measurements been transmitted wirelessly off the rotating 

platform. 

5.2.3.  Materials and Methods  

5.2.3.1.  Microfluidic Disc Design and Fabrication  

Platinum IDAs consisting of 2 working electrodes, counter, and reference electrode and with 

digit widths and gaps of 3μm and electrode height of 90nm were purchased from CH 

Instruments Inc. and integrated onto the CD. Carbon IDAs were obtained through 

photolithography of SU8 and subsequent pyrolysis as described elsewhere111. The 

dimensions of the carbon IDA were identical to those of the platinum IDAs but with a height 

of 1.72μm and 70 digits per working electrode compared to 65 pairs for the platinum IDAs. 

A drop of Ag/AgCl was used on top of the platinum and carbon electrodes as pseudo 

reference electrode. The microfluidic disc and IDAs were assembled such, that the electrodes 

could be removed for cleaning (see Figure 32), which was essential for repeated usage of 

electrodes and discs for different and/or repeated experiments. The disc assembly consists 
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(top to bottom) of a top adhesive layer sealing the chambers in an underlying PMMA disc, 

followed by another adhesive layer with microfluidic channels and another PMMA layer with 

through holes to provide flow to the electrodes. Between the latter PMMA layer and the 

electrodes a PDMS layer was placed with a channel perpendicular to the direction of the 

electrode digits and connecting the through holes while also exposing reference and counter 

electrodes. Finally, each electrode is held by a PMMA holder which is screwed to the 

microfluidic disc. Solutions were loaded into fill chambers and flown via the through hole 

into PDMS channels and onto the sensing area of the working electrodes. After returning via 

the other through hole in the disc fluid was collected in a waste chamber (see Figure 32). 

 

Figure 32: a) Fluidics on CD and positioning of the electrode underneath the disc, b) 

Assembly of modular CD. Electrodes can be removed for cleaning and replacement, c) Test 

setup for non-contact measurements 
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5.2.3.2.  Setup for Rotating Electrochemical Measurements 

A spin stand with motor (PMB21B-00114-00, Pacific Scientific, Co.) and controller 

(PC3403Ad-001-E, Pacific Scientific, Co.) was used for rotary actuation, while a trigger 

(D10DPFPQ, Banner Engineering, Corp.) was installed to trigger a high-speed camera (Area 

Scan A311fc, Basler AG) and a stroboscope (DT-311A, Nidec-Shimpo, Corp.) at each single 

rotation of the disc for visualization of the fluidics. This setup was used for the analysis of 

flow rates as well as for general control of fluidics (such as fill levels of the chambers). 

A portable, battery powered bipotentiostat (μStat400, Metrohm DropSens AG) was 

purchased and controlled with the Dropiew 8400 software. To allow for integration of this 

instrument onto the spinning platform a holder was machined in which the bipotentiostat 

was placed and on top of which microfluidic discs could be mounted (see Figure 32c). The 

original DropSens cable was soldered to a connector consisting of a polymethylmethacrylate 

(PMMA) base with copper foil paths and spring-loaded gold pins for contacting the electrode 

bonding pads. Sensed data was sent via Bluetooth to a stationary computer for further 

analysis. 

5.2.3.3. Procedures for Electrochemical Measurements 

Solutions were prepared with 1mM, 3mM, 5mM, 7mM and 9mM ferricyanide, ferrocyanide 

redox-couple and a supporting electrolyte of 2M potassium chloride (KCl). One solution was 

prepared as blank (2M KCl) for measuring noise from the setup.  

Platinum IDAs 

For single mode operation, the potential was scanned from 0V to 0.6V in 0.002V steps at a 

scan rate of 0.02V/s. Dual mode was conducted using the same step size and scan rate with 
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one working electrode scanned from 0.1V to 0.6V and the second working electrode kept 

constant at 0V. This scan rate leads to peak currents in no-flow and low RPM conditions due 

to the diffusion-limited mass transfer, while allowing for reaction limited currents at higher 

flow rates. Choosing a lower scan rate was not feasible as it did not allow for the completion 

of forward and backward scan with a maximum fill volume of 300μL.  

Platinum electrodes were cleaned, once degradation in performance was observed. Cleaning 

of the Pt electrodes consisted of depositing a drop of 0.1N sulfuric acid solution on the 

sensing area of the Pt electrodes and conducting 20 cycles of cyclic voltammetry (CV) with 

sweep range from 0V to 1.5V at a scan rate of 0.1V/s. This procedure was followed by rinsing 

the IDA with distilled water and drying with filtered nitrogen. When subsequent control 

under microscope showed debris between the digits of the IDA, the interdigitated electrodes 

were carefully polished parallel to the digit direction with a gloved finger under flowing 

distilled water. Drying and control with a microscope was repeated until all the debris was 

removed.  

Carbon Electrodes 

Like platinum electrodes, carbon electrodes were utilized in single as well as dual mode. For 

single mode the best scan range was 0V to 0.5V. The scan rate in single as well as dual mode 

was 0.01V/s. Due to the lower conductivity of carbon as compared to platinum, the iR drop 

of carbon electrodes was higher. As the portable bipotentiostat did not allow for iR 

compensation, larger scan ranges were necessary to take full advantage of redox 

amplification when working with carbon electrodes. The dual mode curves for carbon 

electrodes were observed to approach a plateau around 1V (see Figure 33b) when scanning 
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at 0.01V/s. However, such large scan ranges lead to the disintegration of the counter 

electrode and therefore to the reduction of the lifetime of the carbon electrode. To allow for 

the maximum sweep range and avoid early disintegration of the counter electrodes, the pH 

level of the solutions was measured and adjusted to a pH of 8 using sodium hydroxide. 

Nevertheless, to allow for an increased lifespan of the electrodes, sweep ranges in dual mode 

were limited to 0.1V to 0.6V for experiments on the CD. Due to the lower cost (about $5 per 

carbon electrode versus about $200 for a platinum electrode), carbon electrodes were 

replaced once signals started diverging rather than cleaned and used again. Due to the high 

iR drop and the lower stability of carbon IDAs in the required potential range, tests were 

limited to stationary testing with a single concentration (5mM). Taking all measurements 

(single and dual mode) on a single electrode was important as the PDMS channel, acting as 

shield in on disc measurements was manually positioned to only allow sensing area, counter, 

and reference electrodes to be exposed. Small changes in positioning as well as tightening of 

screws lead to changes of areas exposed to fluid and therefore to changes in currents.  

5.2.3.1. Data Analysis 

Single mode limiting currents were calculated with respect to the flow rate ν according to 

Bard et al.108:  

𝑖𝐿 = 1.47𝑛𝐹𝐶(𝐷𝐴/𝐵)
2
3𝜈

1
3 

(12) 

where n is the number of electrons transferred, F is Faraday’s constant, C is the bulk 

concentration, D is the diffusion constant, A is the surface area of the electrodes and B the 

height of the channel. Therefore, flow is expected to increase with current as the cubic root 

until the reaction rate at the electrode surface becomes limiting. 
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Dual mode current without flow for different concentrations is calculated according to Aoki 

et al.123 : 

𝑖 = 𝑚𝑏𝑛𝐹𝐶𝐷 (0.637 𝑙𝑛 (
2.55

𝑥
) − 0.19𝑥2) 

(13) 

With m the number of digits per working electrode, b the length of each digit and x the width 

of the digit divided by the width plus the gap. The diffusion constant of potassium ferri-

ferrocyanide was assumed at 7.26E10-6𝑐𝑚2/𝑠124.RA and CEs in dual mode under flow are 

expected to decrease with increasing flow rates due to shearing off of species111,125. Dual 

mode currents with flow at different concentrations were calculated according to the model 

by Morita et al125.  

Current voltage measurements (CVs) were obtained using Dropview 8400 software and 

analyzed with respect to the baseline of the respective curves. Such a baseline for each CV 

was established using a first order tangent based on 5 points in the linear area of each curve. 

RA and CE were calculated with RA= Limiting Current in Dual Mode/ Limiting Current in 

Single Mode and CE with: CE=Collector Current/ Generator Current. A calibration curve was 

established for each spin speed based on measurements of varying concentrations (i.e. 1mM, 

3mM, 5mM, 7mM, 9mM at spin speeds of 0RPM, 100RPM, 200RPM, 300RPM, 400RPM 

respectively). The curves were quasi linear in the range of the tested solutions and the 

obtained slope equals the sensitivity at the respective spin speed. The LOD was calculated as 

3 times the standard deviation of the CV for the blank solution in a range of 0.5V around the 

potential of the peak currents in solutions with the redox couple present. The standard 

deviation as well as the noise levels were measured using Origin 2018b (Originlab Corp.) 
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Oscillatory noise from spinning of the disc in the measured signal was removed utilizing Fast 

Fourier Transformation (FFT) Filtering.  

5.2.4. Results and Discussion 

5.2.4.1. Stationary Electrochemical Sensor Performance 

First, stationary sensor performance was established in single and dual mode with a drop of 

5mM ferri-ferrocyanide solution on platinum as well as on carbon IDAs. Potentials were 

measured versus Ag/AgCl. In Figure 32 we show the resulting CV curves for platinum a) and 

carbon b) electrodes. Measurements for both electrodes are summarized in Table 8. While 

with platinum IDAs the area of the working electrodes exposed to fluid is restricted to the 

interdigitated digits by a passivation layer added by the manufacturer, for carbon IDAs in the 

droplet experiment a small area of the traces between digits and bonding pads to the solution 

may be exposed to the solution as well. This adds to generally higher currents with carbon 

electrodes for droplet measurements as well as a CE of slightly larger 1 (due to unequal areas 

of the two working electrodes exposed to solution). It can be seen from Table 8 that carbon 

IDAs have a higher RA than platinum IDAs. This can be explained by the higher aspect ratio 

of the carbon IDAs compared to platinum IDAs. The higher aspect ratio of the carbon 

electrodes does not only increase the surface area for electron exchange but also decreases 

the diffusion path in a linear diffusion profile between electrode digits as compared to an 

elliptical diffusion profile atop of the electrode digits in the more planar Pt case115. In Table 

8 we summarize the measurements depicted in Figure 32. It might be noted here that with 

different carbon electrode geometries carbon IDAs amplification factors of up to 38 were 

obtained. Predicted dual mode current (based on Equation 14) for platinum IDAs is in good 
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agreement with the experiment, with calculated and experimental value respectively of 

45.1μA and 37.7μA. This deviation seems to be largely within the variation when changing 

the setup (disassembly for cleaning of the electrode and subsequent reassembly) of the 

experiment. Additional possible reason for lower than calculated values in the experiments 

is described in the literature through contamination of the electrode surface 126. 

Table 8: Stationary measurements in dual and single mode on platinum and carbon IDAs 

Parameter Platinum IDA Carbon IDA 

Single mode peak current 5.2μA 9.9μA 

Generator current 37.7μA 165.5μA 

Collector current 37.5μA 166.7μA 

Redox amplification  

(with respect to peak current) 

7.25 16.7 

Collector Efficiency 0.99 1.0 

 

In Figure 33c) and 33d) we show the CVs for platinum IDAs in stationary on disc 

measurements for various concentrations in single and dual mode respectively. For the dual 

mode graph, baselines were subtracted from measurements for better visualization of the 

current increase at higher concentration.   
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Figure 33: Single and dual mode CVs for a) Platinum IDA and b) carbon IDA, c) Single mode 

CV for platinum IDA with concentrations 1mM through 9mM ferricyanide, ferrocyanide 

redox-couple, d) Dual mode CV for platinum IDA with concentrations 1mM through 9mM 

ferricyanide, ferrocyanide redox-couple. 

Based on the measurements shown in Figure 32 calibration curves for single and dual mode 

of platinum electrodes were obtained. These are shown in Figure 34. The sensitivity was 

calculated from the slope of calibration curve in Figure 34 as 0.39μA/mM and 6.7μA/mM for 

single and dual mode in stationary measurements respectively. 

As can be seen from these values and Figure 34, the sensitivity for dual mode is higher than 

for single mode, thus affording lower LOD of 10.14nM in dual mode versus 63.51nM in single 
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mode at 0RPM (based on average noise level of 21.5pA in measurement). Current 

measurements varied around 10% between setups which could be influenced by the manual 

alignment of the channel on the sensing area as well as manual adjustment of clamping 

pressure onto the silicone layer (leading to changes in width and height of the channel). 

Measurements within one setup showed only small standard deviations of less than 1% as 

can be seen in the error bars in Figure 34. 

 

Figure 34: Calibration curve for single and dual mode, platinum IDA, stationary 

measurements 
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5.2.4.2. Effect of Flow Velocity on Redox Cycling 

The effect of flow on the measured currents in single and dual mode can be seen in Figure 

35a) and b) respectively. The graphs show the CV curves for 9mM ferri-ferrocyanide 

solution. It is observed from Figure 35a), that single mode CV moves from a diffusion limited 

curve with peak current to a current plateau. The dual mode curves Figure 35b) show less 

impact of flow on current but the current still increases with increasing flow. 

 

Figure 35: a) Single mode platinum IDA CV for increasing flowrates, b) Dual mode CV for 

platinum IDA for different flowrates. The baseline was subtracted from curves in dual 

mode for better visibility of the current increase with increasing flowrate 

To allow for the calculation of single mode currents for different spin speeds, the flow rate 

at different spin frequencies was measured and results are shown in Figure 36a). Calculation 

(based on Equation 12) and experimental single mode currents were in very good agreement 

(Figure 36b)) and linear with ν
1

3. In Figure 36c) we show the decrease of RA with respect to 

the limiting current from 16.2 to 4.6 and Figure 36d) shows the decrease in CE from 0.94 to 

0.67 both with increasing flow rate. The RA and CE values are based on average 
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measurements of all concentrations at the respective flow rates. This behavior is as expected 

as the increasing flow shears off redox species and precludes it from repeated redox cycling. 

Error bars in Figure 36 show standard deviations. In Figure 36b) error bars represent 

standard deviation of different measurements within the same setup. 

 

Figure 36: a) Relation between angular frequency and flow rate, b) Calculated (blue) and 

experimental Single Mode currents for increasing flow rate (platinum IDA), c) Measured RA 

versus flow rate (Platinum IDA), d) Measured CE versus flow rate (platinum IDA) 

5.2.4.3. Flow-enhanced Electrochemical Sensor Performance 

Despite a decreasing RA, the dual mode with flow affords the highest sensitivity of 

6.99μA/mM and, in conjunction with average constant noise level (after FFT filtering of 

oscillatory noise from the rotation) of 21.5pA, leads to the lowest LOD of 9.23nM. Therefore, 

based on this study, dual mode CV with flow should be used for best electrochemical 
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measurement performance at low concentrations (see Table 9). This is because even at 

higher than tested flowrates, dual mode limiting current will only eventually approach single 

mode limiting current but cannot result in lower currents. This is because once redox cycling 

is completely mitigated by flow, generator current will simply become single mode current. 

In CV measurements with very high scan rate, peak currents during stationary or slow flow 

measurements will increase and could lead to higher currents than the limiting current in 

dual mode. Fast CV experiments are however outside the scope of this work. 

Table 9: Single versus dual mode sensitivities and LOD for platinum IDA under flow 

` Single Mode Dual Mode 

Flow Rate [μL/min] Sensitivity 

[μA/mM] 

LOD [nM] Sensitivity 

[μA/mM] 

LOD [nM] 

0.00 1.02 63.51 6.36 10.14 

11.04 1.21 53.32 6.64 9.71 

52.32 1.46 44.05 6.71 9.61 

116.29 1.87 34.49 6.89 9.36 

203.39 2.27 28.45 6.99 9.23 

 

Table 10 shows a comparison of experimental and predicted dual mode currents with flow 

at a spin speed of 400RPM. Overall experimentally obtained currents are by a factor of 4.3 to 

5.6 higher than predicted currents, which could be due to smaller than assumed channel 

geometry (height and width of channel depends on compression and thus deformation of 

PDMS layer) as well due to neglecting of species trapped between the digits of the electrodes, 

which are less affected by flow. 
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Table 10: Comparison of predicted and measured currents in dual mode at spin speed of 

400RPM at various concentrations 

 1mM 3mM 5mM 7mM 9mM 

Predicted Current [μA] 1.34 4.02 6.70 9.38 12.06 

Measurement [μA] 5.62 19.43 37.67 52.38 60.95 

5.2.5.  Conclusion 

In this work we studied the effect of flow on redox amplification of platinum Interdigitated 

Electrode Arrays on a microfluidic disc and compared stationary currents obtained from 

carbon and platinum electrodes. A modular disc assembly allowed for cleaning and 

replacement of the electrodes. Cyclic Voltammetry measurements were conducted with a 

spinning bipotentiostat, placed underneath the fluidic disc, which was battery powered and 

transferred data via Bluetooth to a stationary computer, thus eliminating the need for 

physical contact to conduct data from the spinning electrodes to a stationary analysis device 

and therefore decreasing noise during measurements. Stationary cyclic voltammetry 

measurements were conducted on both, carbon and platinum Interdigitated Electrode 

Arrays, with carbon electrodes leading to higher currents and redox amplification, while 

being more affordable than platinum electrodes. However, platinum electrodes showed to 

be more stable throughout experiments and had less iR drop than carbon electrodes, 

therefore reaching steady state currents faster. Calibration curves for platinum electrodes in 

stationary measurements showed a higher sensitivity at 6.36μA/mM for dual mode as 
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compared to 1.02μA/mM in single mode, leading to a lower limit of detection of 10.14nM in 

dual mode versus 63.51nM in single mode.  

After imposing flow over the electrode surface and increasing flow rate to 5.88μL/min, a 

more than two-fold increase in sensitivity for single mode was observed while dual mode 

sensitivity increased less than 10% and redox amplification and collection efficiency 

decreased. Lowest limit of detection of 9.23nM was nevertheless obtained in dual mode at 

the highest tested flowrate. When targeting high sensitivity measurements this setup should 

therefore be chosen. 
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6. Demonstration of Malaria Assay on the CD 

6.1. Integration of Sample-to-Answer Malaria-Assay on the CD 

6.1.1.  Assay Procedure  

To demonstrate the electrochemical detection of a fully integrated assay for detection of 

malaria, a microfluidic CD was designed and a bioassay (Malaria-Ab ELISA, IBL International, 

Corp., Hamburg, Germany) was procured. The assay-kit includes the following components: 

Pre-coated wells, positive control, negative control, cut-off, malaria conjugate, TMB 

substrate, stop solution, and washing buffer. Because amperometric measurements were 

conducted with TMB blue (TMB+), no stop solution was used on the CD. The procedure was 

integrated onto the CD with the following steps:  

• incubation of 100μL controls (positive, negative, cut-off) on precoated well for 1h at 

37°C,  

• 2x 300μL washing of the well,  

• transfer of 100μL malaria conjugate onto the well, 

• incubation for 30min at room temperature,  

• 2x 300μL washing of the well,  

• transfer of 100μL TMB substrate, 

• incubation for 15min at room temperature,  

• flowing of the HRP-TMB reaction product at 44.5μl/min over the electrodes and 

amperometric measurement 

For washing steps, the washing buffer was transferred into the well, then the disc was 

oscillated for 20 seconds at ±1 Hz/s, followed by flushing of the buffer towards the waste 

chamber. During the incubation steps, the disc was oscillated at ±1 Hz/s. To allow for low 
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cost, disposable disc assemblies, commercial screen-printed carbon electrodes were chosen 

for single use application (DRP 110, Metrohm Dropsens, Asturias, Spain). 

Off-the-disc experiments were conducted with the same steps directly in the break-apart 

well plate contained in the malaria kit and the resulting solutions were pipetted onto 

stationary electrodes of the same type as for on-disc experiments to conduct the 

amperometric measurements with potential stepped to -0.2V and evaluation of steady state 

current after 60s. Noise was filtered using Fast Fourier Transformation (FFT) filtering 

(Origin 2018b, Originlab Corp., USA). 

6.1.2. Integration of the Assay Steps on the CD 

Layers and Operation Principle of the CD 

The CD assembly consists of two lasercut (Speedy 360, Trotec Laser Inc.,Austria), clear 

PMMA layers (Mc Master-Carr Supply Co., Santa Fe Springs, Ca, USA) containing chambers, 

etched channels (the channel over electrode is 0.1mm deep, all other channels are 0.5mm 

deep, 1mm wide) as well as etched areas for electrode placement. These layers (top and 

bottom PMMA disc) are bonded together with a black double-sided adhesive and the 

assembly is sealed with two clear adhesives on top and bottom (see Figure 37). Bonding of 

the discs via black adhesive allows for the use of a laser to open connecting channels by 

melting a hole into the black adhesive layer while leaving the rest of the disc intact. The 

principle of the laser valve is described in Section 4.2 and was chosen in conjunction with a 

burst valve between well and waste to increase the reliability of fluidic performance107. To 

initiate the opening of a valve, a current and voltage of 0.7A and 3.8V were applied and a 

445nm 4.75W laser was focused via a 400nm-470nm Glass Lens (both from Shenzhen 
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Newgazer Technology Co., Ltd., Guangdong, China) from a distance of approximately 1.6cm. 

The layered disc assembly is shown in Figure 37a). Electrodes for the disc design presented 

in this work were non-removable to avoid contamination. Choice of screen-printed carbon 

electrodes allows to keep this solution affordable. In commercial systems electrodes could 

be directly printed onto the thermoplastic disc127,128. The utilized test setup is described 

elsewhere35. Additional components are an IR lamp for heating during incubation and a 

portable DC power supply. 

Disc Layout 

Figure 37b) shows a photograph of the disc with chambers filled with colored water for 

better visualization. The disc layout allows for processing of three samples in parallel on the 

same disc. Each of these three structures consists of two chambers for washing buffer (see 

blue in Figure 37b) with two outlets each at different heights. Opening the upper valve for a 

first washing step and the lower valve of the same washing chamber for a second washing 

step enables dual step washing from the same chamber and decreases the real estate for 

washing buffer on the disc. Chambers shown in yellow and red in the same figure contain 

malaria conjugate and TMB buffer respectively. The green chamber contains a single break-

apart well from the utilized malaria kit. This chamber has two channels exiting. The first 

channel is separated from the chamber via a burst valve (constriction in channel to 0.1mm 

widths) and leads through a serpentine channel to the waste chamber (channel on the right). 

The second channel is protected with a laser valve during assay procedure and only opened 

once the assay is ready for the detection step. It then allows liquid to flow over the sensing 

surface of the electrode towards the second waste chamber (left in Figure 37b). The shape 
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of the chamber containing the electrode together with the serpentine channel allows to keep 

entire sensing surface in contact with liquid during sensing and increases the available time 

for measurement. Holes above the sensing chamber allow for access to contact pads of the 

electrodes. Figure 38 illustrates fluidic steps on the CD.  

 

Figure 37: a) Disc assembly with black adhesive layer to enable use of laser valves, b) 

assembled disc with dyed water in reagent chambers (green is reaction chamber with 

break apart, pre-coated detection well), c) model of disc layout. 
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Figure 38: High speed images of critical steps: a) sample incubation, b) first wash, c) 

incubation of malaria conjugate (primary antibody), d) second wash, e) incubation TMB 

substrate, f) electrochemical detection during flow 
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6.2.  Results and Discussion 

Figure 39a) shows amperometric results when detecting positive, cut-off and negative 

controls (as contained in the malaria kit) on the disc. It also shows the signal obtained when 

no control is used (skipping of step 1 in the protocol), this is considered the blank. Figure 

39b) illustrates results obtained in experiments on and off disc. Higher currents on disc are 

due to convection, specifically measurement during flow35 and enhanced mixing through 

oscillation of the disc during incubation steps. While amperometric detection yielded highest 

LOD according to our initial comparison to absorbance and electrochemiluminescence, 

possible means for increased sensitivity and reduced LOD are flow and, if utilizing a 4-

electrode setup, redox-amplification35. 

 

Figure 39: a) On disc amperometric results for blank, negative control, cut-of control, and 

positive control, b) comparison of on disc and off the disc currents 

The diagnostic device can affect precision of a diagnostic result depending on how 

reproducibly the fluidic steps are implemented. With a CV of 11.7% on the disc versus 7.8% 

off the disc, integration on the spinning platform with electrochemical detection only slightly 
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increased imprecisions. This is especially true when comparing to significant influence of 

user related variability129. When comparing off disc experimental data with HRP detection 

study using amperometry (with the same electrodes, bipotentiostat and sample volume) 

discussed in Section 2, it can be seen that assay steps contribute to detection imprecision. 

The averaged measured current of -0.658μA obtained through performing assay related 

steps (as recommended by the assay supplier) relates to a HRP concentration of 1.65E-

05mg/mL when detected directly through amperometry as described in Section 2.3.3. 

Comparing CV for HRP detection at this level to the assay CV shows a much lower CV for 

direct HRP detection at 2.2% as compared to 7.8% for the off disc assay. This increase in CV 

can be attributed to additional pipetting steps, possibly incomplete washing, and standard 

deviations in crosslinking of antigen/antibody. Also additional chemistries may affect the 

electrochemical readings. Table 11 shows a summary of CVs for different levels of assay 

integration. 

Table 11: CV for different assay integration levels 

Method for detection of approx. 1.65E-05 mg/mL HRP CV [%] 

HRP detection through TMB amperometry 2.2 

Assay procedure and HRP detection through TMB amperometry 7.8 

On disc assay procedure and HRP detection through TMB amperometry 11.7 

 

Finally, the specific circumstances in which the detection method will be employed need to 

dictate detection technology and additional considerations such as substrates, incubation 

times, flow- or redox-amplification enhanced electrochemical detection can further optimize 
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performance of electrochemical detection35. Such circumstances include range of expected 

concentrations, time to answer, cost of disposable and instrument, environmental conditions 

and end-user. When trying to achieve a very reproducible assay performance steps should 

be considered separately. 
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7. Conclusions 

This thesis discusses and compares different detection methods and means of integration on 

automated, microfluidic platforms to address challenges in bringing diagnostics to patients 

in POC settings. While malaria was chosen as an example for detection methods and 

diagnostic platforms, general results apply to various other diseases and health conditions. 

The choice of detection method and assay integration must depend on the specific situation. 

Consider the following scenario: a patient in a developed country suffers from chest pain and 

calls 911, First responders arrive at the scene and need to start the diagnostic process 

immediately as acute coronary syndrome (ACS) is suspected and any delay in treatment may 

lead to further complications for the patient4. A portable diagnostic device (e.g. placed in the 

ambulance) with very low LOD and extremetly fast time to answer is needed to allow for 

diagnosis by the time the patient arrives at the hospital, so that the appropriate treatment 

may start immediately. In this case only low levels of biomarker would be expected (limited 

DR sufficient), very low LOD is required due to the short time since suspected obstruction of 

oxygen supply to heart muscle tissue, wherefore only low levels of biomarker of interest 

have been released. Cost in this case would not be restrictive due to criticality of event and 

level of income/public healthcare system in the country of occurance. Although 

environmental conditions require shock and vibration resistance of the diagnostic device to 

driving, temperature and air quality are likely in a normal range and electricity may be 

reliably supplied from the vehicle. Any disposables containing reagents can be stored at 

required temperature setting prior to usage. According to the comparison of three different 

detection methods for the label HRP in this thesis, chemiluminescence would be most 
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suitible in this case due to its very low LOD, sufficient DR and very fast time to answer, while 

cost of optical components and controlled environmental settings would not prohibit 

employment of this technique. Integration into a CD microfluidic system is sufficiently 

vibration resistant (compare CD player in cars) for regular driving. A portable, commercial 

CD microfluidic platform for detection of Troponin I is indeed in use in emergency 

departments130.  

In another scenario, which has been described in detail in this thesis, infectious diseases such 

as malaria need to be diagnosed in resource limited areas. Diagnosis is needed during the 

same visit at the physicians office to allow for treatment of the underlying cause while 

avoiding contribution to increasing drug resistance issues caused by overtreatment. While a 

wide range of concentrations is expected, affordability of the diagnosis is essential. In this 

case, besides simple RDTs which only provide limited sensitivity, electrochemical detection 

may be most appropriate as according to studies introduced in this thesis it allows for widest 

DR. Utilization of low cost electrodes, possibly directly printed on disposable platforms can 

make this technology affordable. Miniaturized electrodes furthermore allow for increased 

sensitivity, while decreasing required sample volume, possibly allowing for simple finger 

prick test without the need for a trained phlebotomist. Also in this case CD microfluidics can 

enhance success of diagnostic procedure, by fully automizing all fluidic steps, allowing 

multiplexed air bubble free and flow enhanced electrochemical measurement. Especially 

susceptibility of optical components to sand, dust and humidity may prohibit optical 

detection methods. Generally reagent storage is challenging in environments with extreme 

humidity and temperature conditions. Besides sophisticated reagent storage of liquids in 
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containers such as glass capsules66 or aluminum pouches131, valving and lyophilization, 

and/or utilization of an absorbent storage medium (e.g. sponge132) of reagents can 

contribute to address this challenge. 

For microfluidic diagnostics, valving is essential to allow for acurate control over fluidics. 

While burst valves are inherently simple to integrate as they only rely on cross-section or 

surface changes and do not need external instruments, extensive analysis demonstrated 

limitations when using burst valves for commercial microfluidics. To allow for cost efficient, 

complex and robust microfluidic systems, combination with other passive valves, e.g. (multi-

)siphon valve or with active valves is suggested. Active valves such as laser valves, which 

completely seal a chamber from vapor and liquid, not only allow for a highly reliable fluid 

release, but can also enable reagent storage in high humidity settings. 

For research settings or when low numbers of automated fluidic platforms are needed 3D 

printing can allow for affordable fabrication. Integration with basic electronics such as 

servomotors, heating elements and lightning was demonstrated to successfully automate a 

qualitative malaria bioassay. When utilizing fused deposition modelling, leakage control is 

critical to avoid (cross-) contamination. Different post processing steps such as solvent 

treatment or surface coatings were characterized and discussed. Another 3D printing 

method, which was utilized to produce reciprocation inserts for CD microfluidics is material 

jetting. Parts produced with this technology are slightly more costly than those obtained 

from FDM systems but did not show issues with leakage. Furthermore, this technology 

allows for combination of rigid and elastic materials within the same part, which can not ony 

allow for enhanced fluidic functionality, but also allows to model overmolded part without 
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the need for costly mold. Generally 3D printing can enable complex fluidic structures while 

reducing manufacturing and assembly steps to a minimum. 

Combination of electrochemical detection and sophisticated fluidic systems can drastically 

enhance sensitivity and lower LOD. This was demonstrated on a CD microfluidic platform 

utilizing redox amplification and enhanced mass transport to the electrode through flow. 

While flow generally loweres collection efficiency and thus makes redox amplification less 

efficient, lowest LOD demonstrated for the ferricyanide/ferrocyanide redox couple was 

obtained through a combination of flow and employment of redox amplification. While tests 

used platinum electrodes due to high reliability of results, low cost carbon IDAs obtained 

through pyrolisis of a polymer precursor (SU-8) make integration of redox amplification in 

POC diagnostics more affordable. Further research could address robustness of carbon 

electrodes, and redox amplification efficiency. The latter could for example be addressed 

through increasing surface area in height direction (i.e. adding post structures on the 

otherwise mostly planar electrodes). Extension of electrodes into height direction 

(perpendicular to flow) may also decrease the current reducing effect of shearing off of redox 

species through flow. 

Finally for true multiplexing on an electrochemistry based CD, a lightweight, possibly 

inductive powered bipotentiostat is needed, which can spin with the disc to reduce noise and 

which allows for sequential or synchronous detection of species from mltiple electrodes. 
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