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ABSTRACT 

The invasion and the multiplication of microorganisms like bacteria, viruses and parasites that 

are not commonly found on the human body may cause infections. Regarding incidence it is important 

to point out the urinary tract infections (UTI), the second most common kind of infection, making of 

utmost importance its early detection, diagnosis and swift identification of the most appropriate 

customized treatment. These infections can be detected using urinalysis that can also handle the 

diagnosis of conditions such as kidney and liver disorders and diabetes. 

The diagnostic methods currently used for detection of UTI are the dipsticks, microscopic 

examination, urine culture and automated urinalysis that require urine collection and analysis, often a 

painful and time-consuming procedure.  

During the last two decades, novel approaches based on miniaturized devices have been 

conceived. In this dissertation, a paper-based microfluidic device fabricated with inexpensive materials 

for urinalysis was designed, fabricated and tested. This device is attached on a diaper and aims to 

collect urine samples and determine quantitatively the amount of specific urine components such as 

blood, leukocyte esterase, glucose, proteins and nitrite. 

This new design is proposed to overcome the unmet limitations of existing technologies such as 

the isolation of the analytical device from the external environment and the communication between 

reagent pads. The solution for the first problem was attempted through the implementation of a 

swelling-based “self-locking” mechanism; as for the second issue, hydrophobic channels on filter paper 

and a layer with frames were created. 

The performance of device was tested by placing it in a surface, mimetizing its application in 

the diaper and water was dropped on top of it. It was possible to demonstrate that the “self-locking” 

mechanism was effective; on the other hand, interferences arise between reagent pads, probably due to 

capillary flow between the layers. In order to optimize this design a second generation of the device has 

been conceived and is presented. 

Overall, the approach used seems promising, since a single devices is able to collect, detect 

and analyze a urine sample in a short period, making the patients’ life more comfortable, being in 

addition portable and easy to operate. 

  

KEYWORDS: Urinalysis, microfluidics, paper-based devices, hydrogel,   
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RESUMO 

 A invasão e multiplicação de microrganismos como bactérias, vírus e parasitas que 

habitualmente não estão no corpo humano podem causar infeções. Relativamente à incidência, é 

importante salientar as infeções do trato urinário (UTI) que são o segundo tipo de infeções mais 

comuns no corpo humano e por isso, é extremamente importante o seu diagnóstico e a identificação 

do tratamento mais adequado para cada caso. Este tipo de infeções podem ser detetadas recorrendo à 

urinálise que também pode ser usada para o diagnóstico de distúrbios renais e hepáticos e diabetes.  

 Os métodos de diagnóstico utilizados para a sua deteção são os dipsticks, a cultura de urina, a 

avaliação microscópica e a urinálise automatizada que requerem a recolha de uma amostra de urina e 

posterior análise. Este procedimento é por vezes doloroso e implica grande dispendio de tempo. 

 Nas últimas duas décadas, novas estratégias elaboradas com dispositivos miniaturizados têm 

sido estudadas. Nesta dissertação, um dispositivo com base em microfluídica em papel para a análise 

de urina é projetado, fabricado e, por fim, testado. Este dispositivo é anexado em fraldas com o objetivo 

de recolher uma amostra de urina e proceder à determinação quantitativa de algumas substâncias 

presentes na urina como sangue, esterase leucocitária, glucose, proteínas e nitrito.  

 Este dispositivo foi projetado para ultrapassar as limitações apresentadas por tecnologias já 

existentes como o isolamento das condições de teste do ambiente externo e a interferência entre 

diferentes zonas de reação. Para o primeiro problema a solução foi a implementação de um 

mecanismo de isolamento tendo como base um hidrogel; para o segundo foram criados canais 

hidrofóbicos no papel de filtro e uma camada que separa essas zonas umas das outras.  

O desempenho do dispositivo foi testado colocado-o numa superfície, mimetizando a sua 

aplicação na fralda e foi colocada água sobre ele. Foi possível demonstrar que o mecanismo de 

isolamento estava funcional, no entanto, parece haver alguma interferência entre as zonas de reação, 

que pode ser devido ao fluxo capilar entre as camadas. De modo a otimizar o dispositivo projetado, 

uma nova geração foi concebida e é apresentada nesta dissertação. 

O dispositivo apresenta uma ideia promissora visto que melhora a eficiência do trabalho pois é 

usado um único dispositivo para proceder à recolha, deteção e análise de uma amostra de urina num 

curto período de tempo, torna a vida dos pacientes mais cómoda e é portátil e fácil de manipular. 

 

Palavras-Chave: Análise de urina, microfluídica, dispositivos em papel, hidrogel  
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1. INTRODUCTION 

Infection is defined as the invasion and the multiplication of some microorganisms like bacteria, 

viruses and parasites not commonly found on the human body (Tobergte & Curtis, 2013). The 

continuous evolution of viral and microbial variants and the development of drug resistance makes 

imperative the development of rapid diagnostic devices (Brownlie et al., 2006; Morse, 1995).  

Urinary tract infections (UTI) are one of the most common types of human infection and affects 

different parts of urinary tract. Among infections acquired in hospital (nosocomial infections), 40 % are 

UTI. Normally, the urine of healthy people is germless, but the one of patients who have UTI often 

contains bacteria. These microorganisms are the main responsible for the infections, the ones caused 

by fungi and viruses being rarer. Among bacteria it is important to highlight the role of Escherichia coli  

that contribute with 80 to 85 % of the infections, followed by Staphylococcus species that report 10 to 

15 % (Kayalp, Dogan, Ceylan, Senes, & Yucel, 2013; Vasudevan, 2014). In matter of gender, due to 

anatomy and reproductive physiology, women are the most affected by these bacterial infections that 

may arise, for example, from the unhealthy toileting behavior. It is estimated that almost one out of 

three women will experience one or more episodes of UTI by the age of 24 and approximately 50 % of 

them contact with these infections at least once in their lifetime. Of the latter, 20 to 30 % will have 

recurrent events (Abrams, Manson, & Kirby, 2012; Lam et al., 2014; Montorsi, Gandaglia, Salonia, 

Briganti, & Mirone, 2016; Wan, Wu, Xu, Huang, & Wang, 2017). However, the population group with 

the highest prevalence of UTI is the elderly in long-term care facilities due their predisposition and 

several risk factors such as the declining immunity and age-associated physiologic and anatomic 

changes in respiratory, urinary and gastrointestinal systems. Some conditions like high rate of 

comorbidities, functional deterioration, hospitalization, malnutrition and the use of invasive devices 

aggravate the risk factors. UTI are often asymptomatic and the most frequently diagnosed and treated 

infections in this kind of population. Their prevalence is around 25 to 50 % and 15 to 40 %, respectively 

in women and men residents in long-term care accommodations. This condition can cause sepsis that 

is defined as a generalized infection and, in some cases, it can lead to death or long-term 

complications. Some authors declared that the range of mortality in elderly population with sepsis 

caused by UTI is 16,8 to 38 %. These numbers show that it is crucial develop tools allowing a prompt 

treatment, which in turn depends on a rapid diagnosis. A sooner diagnosis and treatment prevent the 
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functional and cognitive decline and reduce the morbidity and mortality (Arinzon, Peisakh, Shuval, 

Shabat, & Berner, 2009; Boshra, Boshra, Bass, & Collins, 2013; Bush & Vazquez-Pertejo, 2016; Chin 

et al., 2011; Esparcia et al., 2014).  

Diagnostic methods currently used to investigate the presence UTI rely on clinical criteria like 

flank pain, fever and functional urinary signs such as dysuria (painful urination), polyuria (frequent 

urination) and hematuria (urine with traces of blood), or in laboratory results based on urinalysis: 

dipsticks, microscopic evaluation and urine culture or automated urinalysis results. (Arinzon et al., 

2009; Arinzon, Shabat, Peisakh, & Berner, 2012; Cakmakci et al., 2014; Vasudevan, 2014). 

Biological fluids like urine are a great source of information (Delanghe & Speeckaert, 2016). 

Urine testing is one of the diagnostic tests most commonly used in clinical practice and should be easy 

to execute, practical, fast, cheap, reliable, sensitive and specific. Specificity is a very important 

characteristic because leads to adequate treatment in order to decrease the overuse of antibiotics and 

consequently minimize the emergence and spread of drug-resistant microorganisms that have become 

a serious issue regarding the public health globally. Urinalysis permit not only detecting UTI but also 

other diseases like kidney and liver disorders, bladder damage and diabetes (Arinzon et al., 2009; 

Gebeyehu, Bantie, & Azage, 2015; Ince et al., 2016; Kayalp et al., 2013; Khejonnit et al., 2015). This 

is possible thanks to the detection of several physical and chemical features such as pH, specific 

gravity, color, nitrite, leukocyte esterase, glucose, ketone, protein, bilirubin and blood (Du et al., 2015; 

Frazee, Enriquez, Ng, & Alter, 2015; Khejonnit et al., 2015). Specifically, atypical values of pH reveal 

kidney or urinary tract disorder, specific gravity informs about dehydration degree, the presence of 

nitrite and leucocyte esterase is an evidence of UTI (with a specificity of 98-99,5%), a positive result for 

glucose and ketones could be a prediction of diabetes, protein finding is a sign of kidney issues, the 

detection of bilirubin may indicate liver damages such as hepatitis or cirrhosis and the appearance of 

blood suggests kidney or bladder disorders. (Ayoub, Beaufrere, & Acierno, 2013; Moein, Jabbar, 

Colmsjö, & Abdel-Rehim, 2014; Sacks et al., 2011; Utsch & Klaus, 2014; Wu, 2010; Young & Soper, 

2001; Zhang, Chen, Cheng, Zhang, & Chen, 2017) 

Urine collection is normally a painful and invasive procedure for people who are not able to give 

voluntarily urine samples, such as the transurethral catheterization and the supra-pubic bladder 

aspiration. A solution to overcome the issue of the urine collection could be the use of diapers since a 
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large portion of elderly patients or disabled people are incontinent and use adult diapers (Guo et al., 

2013; Roelofs-Thijssen, Schreuder, Hogeveen, & van Herwaarden, 2013). 

The study of promising miniaturized and multifunctional devices is increasing in recent years. 

This kind of devices is usually simple and inexpensive, making possible its use for healthcare services 

available globally. (Jeong, Kim, Nam, Song, & Lee, 2013)  

The patent EP 0560099 reports a device for determining and measuring chemical and 

biological parameters in liquid medium like urine, using at least one indicator. The device is a 

“check-up” card applicable to a clear plastic sheet of a disposable structure. It is capable of detecting 

the presence of nitrite, leucocyte and pH levels based in color-changing reactions. The device is sealed 

when the liquid is placed inside, avoiding a second entrance of liquid and maintaining sterile conditions. 

The invention in EP 0560099 was conceived specifically for urinary testing and the device itself does 

not have the function of urine collection. (RAHE, 1993)  

The patent US 5707818 reports a device and a method that perform several immunoassays in 

order to detect the presence of four substances in a sample, for instance, a urine sample. The invention 

presented in this patent incorporates both the read-out and reagent zones into single chemical reaction 

pads, however it still requires a urine collection system. (Chudzik & Hamilton, 1994) 

WO 2014098695 discloses a removable device for collecting and testing voided body fluids, 

like urine. This device is reported to be reversibly attached by a pressure sensitive adhesive on top of an 

absorbent substrate. It detects the presence of a pathogen infection, such as UTI, by absorbing the 

urine in a permeable layer and guiding it to the reagent pads, which are disposed radially. (Carney, 

2012) 

The patent US 20080269707 also describes an absorbent-article attached device. The driving 

force for the samples flow is the capillary action conferred by the porous medium used. The wicking 

fabric allows a unidirectional lateral flow and defines the detection zone, where it is possible to monitor 

the results, i.e. to conclude about the presence of a substance. Due to the porous medium, the sample 

distributes all over the structure; however, the fluid path is controlled using impermeable barriers 

patterned into the porous medium. Patterns of wax barriers into porous and planar sheets have been 

reported in US 8377710B2. (Haeberle et al., 2008; Song, 2007a) 

The patent US 20110123398 reports a tridimensional arrangement that creates hydrophilic 

and hydrophobic regions patterned in the porous medium. These regions form channels that allow the 

fluid flow in a controlled way. Of relevance, the patent WO 2003005946A1 shows a sanitary-hygienic 
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article with a functional diagnostic mean comprising a number of testing strips. These strips are 

isolated from each other: each testing strip has its own independent inlet hole. This arrangement does 

not ensure equal sample volume distribution among the testing strips, which could affect the accuracy 

and sensitivity of the results. Furthermore, the invention describes that each strip card shall be removed 

from the diagnostic set to perform the test. Thus, effective on-diaper analyses cannot be performed 

through this approach. (CARRILHO et al., 2009; Dostoinov, Bykhovsky, Pastukhov, & Kuznetsov, 2002) 

Finally, US2009155122 describes a multi-layered detection device compatible to an absorbent 

article that includes a control layer placed on top of a sensing layer. The reactions to determine the 

presence of a substance in a sample are carried out on the sensing layer. The control layer 

incorporates a chemical that inhibits the reactions on the sensing layer after one sample is tested, i.e., 

ensures that only the first sample is tested. Testing the second sample would bring inaccuracy to the 

testing results. (Song, 2007b) 

Throughout this dissertation a novel a microfluidic paper-based device on-diaper to quantitative 

urinalysis based on a colorimetric assay is designed, fabricated and tested, expecting at making the 

urinalysis faster and enhancing its accuracy and precision (Khejonnit et al., 2015). 

This new design is proposed to overcome the limitations presented in existing technologies. 

During the new design-build some challenges were faced; the first one regards the isolation of test 

conditions from the external environment: it was necessary to find a way to stop the entry of further 

liquid when there is enough urine to run the test, to avoid contamination. The solution proposed is a 

“self-locking” mechanism. The second issue relies on the reagent pads. The results obtained are based 

on a colorimetric reaction between urine biomarker and reagents placed in the pads. In this regard, 

difficulties were experienced related to the communication between pads, which can invalidate the 

results. To avoid such interferences between reagent pads, hydrophobic channels on filter paper and a 

layer with six holes, named frames from now on, with the pads dimensions have been created. 

  

  



 

5 

2. STATE OF ART 

2.1 Diagnostic methods 

2.1.1 Dipsticks 

Urinalysis performed by dipsticks is used since the 50s. The first dipstick to be introduced only 

detected urine sugar: glucose. Nowadays, they are capable of measuring much more parameters like 

proteins, ketones, pH, blood, specific gravity, bilirubin and urobilinogen besides glucose (Bush & 

Vazquez-Pertejo, 2016; Jeong et al., 2013).  

Dipsticks present a cheap and quick solution for urine test but require urine collection which is 

often a painful and time-consuming procedure. This method should be used as a complementing 

measuring tool due its low sensitivity. In addition, the dipsticks only provide a qualitative or semi-

quantitative result (Arinzon et al., 2009; Ince et al., 2016; Young & Soper, 2001). The ones based on 

colorimetric detection for quantitative analysis require an expensive electrical reader, which is not 

feasible for underdeveloped countries (Jeong et al., 2013).  

Dipsticks are formed by paper combined with chemical compounds that react with the 

biomarkers present in biological fluid, leading to a change in color. Comparing the color obtained with 

the reference, it is possible to conclude whether the result is negative or positive. Normally, this 

comparison is made using the naked eye; the result should indicate which treatment is the most 

suitable or whether a urine culture is necessary for further diagnosis. However, the same dipstick 

analyzed by different technicians leads to different outcomes due to differential visual perception and 

different lighting conditions. This situation forced the development of a method eliminating this 

subjectivity, in other words, a method that standardizes and automates the procedures. The solution 

was introduced 40 years ago and is based on reading the dipsticks using spectroscopy. The data are 

later sent to a computer for the final diagnosis (Bush & Vazquez-Pertejo, 2016; Jeong et al., 2013; 

Young & Soper, 2001). It is also possible to achieve accurate results using scanners or portable strip 

readers, whereby a software connected to a computer analyzes the pictures for further interpretation by 

a professional (Glynou, Ioannou, Christopoulos, & Syriopoulou, 2003; Mao et al., 2009).  

Bayer Multistix®, Clinitek® and Uristix® and Combur‐Test® from Roche Diagnostics are 

examples of commercially available brands for dipsticks. Their short colorimetric retention period is a 



 

6 

 

restriction in the future for urine analysis. For this reason, it is necessary to find more efficient ways to 

do this diagnostic test (Lyon, Ball, Lyon, Walpole, & Church, 2003; Pearce et al., 2009).  

 

2.1.2 Microscopic evaluation 

Urine microscopic evaluation/examination is a manual method that depends on a technician 

and complements dipsticks analysis. It is requested when the result on dipsticks is abnormal, i.e., if 

blood, leucocyte esterase, nitrite or protein are positive. The sample is analyzed on a microscope for 

estimation of, for instance, cells (red and white blood cells), epithelial cells, casts, bacteria, yeasts, 

parasites and crystals. The results are accurate enough for detection of UTI. In the past, this approach 

was always implemented but wasn’t cost-effective, especially in cases of asymptomatic patients. Chen 

et al proposed criteria to solve this problem: elimination of the microscopic examinations for all patients 

except those requested by an urologist and having dipsticks positive results for hemoglobin, or those 

requested by a rheumatologist and having dipsticks positive results for hemoglobin or protein and 

leucocyte esterase. This resolution effectively decrease the number of requests and the personal and 

equipment associated-costs, however the improvement of the diagnostic procedures saving money and 

resources is still necessary  (Chen, Eintracht, & MacNamara, 2016; Ince et al., 2016; Kayalp et al., 

2013).   

  

2.1.3 Culture 

Urine culture presents a quantitative result regarding the etiological agents, being the gold 

standard for the diagnosis of UTI. Nonetheless, there’s no standard concentration value because it 

necessarily depends on the microorganism involved. On the other hand, this is a slow procedure – 

takes between 24 and 48 hours to yield results –  implies some substantial costs and high workload. 

Urine is a complex fluid requiring a pretreatment before cultivation, which can be just purification or 

more exhausting procedures. To proceed with the tests a sample collection is required which can be 

painful and even laborious and harder to get than the culture results. Moreover, there is always the 

possibility of contamination, which occurs in average in 15% of cases, according to the College of 

American Pathologists. In 1998 the value reported was 36,8% in some institutions and other studies 

estimate that this rate is around 29-32%, being independent of the method used (Bekeris, Jones, 
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Walsh, & Wagar, 2008; Lam et al., 2014; Young & Soper, 2001). Since this is a time-consuming and 

expensive method, there are some efforts to minimize the amount of urine culture requests, especially 

in cases of asymptomatic patients. However, it is not possible to ban completely these tests because 

they are still important to confirm the results of urinalysis. One possibility consists in introducing the 

reflex culture cancellation protocol, that eliminates the need of urine culture whenever poor results are 

anticipated based on other tests. In the past, in a check-up in emergency and clinics, the professional 

asked for a urine analysis together with urine culture, however this led to an inappropriate 

administration of antibiotics. Dietz et al, reported a measure implemented at Fargo Veterans Affairs 

Healthcare System to reduce the amount of urine culture; first, urinalysis is performed; if necessary, 

based on results obtained, urine culture follows. This action saves money and resources to institutions 

and time and efforts to technicians (Dietz, Lo, Hammer, & Zegarra, 2016; Jones, Culbreath, Mehrotra, 

& Gilligan, 2014). For a most cost-effective procedure, a novel device to perform urinalysis is crucial. 

 

2.1.4 Automated urinalysis 

Automated urinalysis presents a rapid and practicable diagnostic method. It was implemented 

to standardize the processes minimizing the heterogeneity of results. This method is performed by an 

analyzer and can be used for the determination of urine chemistry, quantification of cellular 

components or proceed to a rapid quantitative bacterial culture estimation. The analyzers are based on 

two principles: on electrical impedance and on image-based analysis systems, that differentiate 

particles comparing with dimensions predefined. For each purpose different analyzers are available; for 

instance, the clinitek Atlas from Bayer Corporation for chemical analysis, the UF-100 from Sysmex for 

microscopy and the Uro-Quick from Alifax Diagnostici SPA for culture. Nonetheless, there are some 

integrated urine analyzers that can analyze all the three parameters, as for example the UX-2000 from 

Sysmex. This technique is precise and saves time, being a good alternative instead of urine culture and 

microscopic evaluation. Although these two methods cannot be fully replaced by this technique, 

considering the instruments’ limitations, it can be useful to decrease the requests of manual analysis 

(Dimech & Roney, 2002; Ince et al., 2016; Khejonnit et al., 2015). 
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2.2 Paper-based devices 

The paper-based microfluidic devices have been drawing the interest of researchers over the 

conventional methods because they present some outstanding characteristics. These devices are 

normally inexpensive, have short reaction times, small consumption of chemical products, require small 

volume of sample and are portable, efficient, automatic, disposable and simple. (Hosseini, Zanganeh, 

Akbarnejad, Salehi, & Abdolahad, 2017; Lin et al., 2016).  

Paper is made of cellulose, which is compatible with biological samples and very convenient 

regarding the purpose of this kind of devices. Besides this, it is easy to process and modify, providing 

the capacity of wicking liquid due its porous structure, thus avoiding the use of additional equipment, 

like pumps (Busa, Maeki, Ishida, Tani, & Tokeshi, 2016; Lin et al., 2016; Yager et al., 2006).  

Microfluidic gather at same time the study of fluids through microchannels and the fabrication 

of miniaturized devices. This kind of devices are based on patterns of microchannels molded or 

engraved on a surface, defining hydrophilic and hydrophobic regions: the hydrophilic part forms 

channels for the fluid flow, while the hydrophobic part creates barriers to it (Hosseini et al., 2017; Lin et 

al., 2016). This can be achieved using several techniques such as imprinting (Martynova et al., 1997), 

laser cutting (Huang, Liu, Yang, & Yu, 2010), plasma etching (Queste, Salut, Clatot, Rauch, & Khan 

Malek, 2010), inkjet etching (Abe, Suzuki, & Citterio, 2008), embossing (Thuo et al., 2014), 

photolithography (Martinez, Phillips, Wiley, Gupta, & Whitesides, 2008) and wax printing (Lu, Shi, Jiang, 

Qin, & Lin, 2009). Among all options, photolithography and wax printing are the most promising. Using 

photolithography it is possible to achieve high resolution, however this is a time consuming process and 

require the use of clean room facilities, organic solvents, costly photoresists and photolithography 

equipment, which makes this method an expensive one. On the other hand, wax printing is considered 

an inexpensive and fast alternative (it takes approximately 5 minutes), requiring just a wax printer and 

the respective consumables. The process is quite simple. After applying the patterns of wax on 

substrate, that can be cellulose fiber based materials such as chromatography paper and filter paper or 

nitrocellulose membranes, it is melted in an oven or in a hot plate and melting wax penetrates the 

paper and forms hydrophobic barriers. The melting step of wax printing is difficult to control and limits 

the resolution, but becomes a good option when the dimensions are sufficiently large and the best 

technique for mass production of paper-based microfluidic devices (Dungchai, Chailapakul, & Henry, 

2011; Govindasamy, Potgieter, Land, & Muzenda, 2012; Lin et al., 2016).  
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2.3 Colorimetric assays 

Colorimetric assays are simple, stable and based on well-known light-emitting chemical and 

enzymatic reactions. It is possible to obtain quantitative results by the measure of light reflected and the 

intensity of the color is a function of the concentration of the analyte. These tests allow an analysis by 

naked eye or using a scanner, a digital camera or a smartphone application and the results – 

concentration of the analyte – are reached comparing the color obtained with a reference, for instance, 

a calibration curve or a reference of colors provided by the manufacturer. If the detection method 

adopted is a digital camera on a phone, it can send the image taken to a computer for the analysis 

using suitable software. In the other hand, if the detection method is a smartphone application the 

result is presented instantly and is not required specialized personnel (Li et al., 2017; Martinez, Phillips, 

Carrilho, et al., 2008; Martinez, Phillips, Whitesides, & Carrilho, 2010).  

 

2.3.1 Urine dipstick reactions  

The well-known reactions based in dry chemistry are specific for each analyte and some of 

them are presented below. 

 

2.3.1.1 pH reaction 

The pH of the urine is normally between 4,6 and 8,0, i. e., it can vary from acid to alkaline that 

is why this result should be complemented with other test being inconclusive when alone. The 

indicators used to determine the pH of a sample are normally methyl red and bromothymol blue that 

react with the free H+ (hydrogen ion) and become red in acid medium and blue in alkaline ones, 

respectively. The reactions are shown in figure 1 and 2. 

 

Figure 1 – Reaction between methyl red and H+ for determination of pH value. 
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2.3.1.2 Protein reaction 

To detect the presence of protein in the urine can be used several indicators. The most 

commonly used is the tetrabromophenol blue, which is a pH indicator, however in presence of protein it 

has a different behavior: the point of color change alters. Protein is an H+ acceptor at constant pH and 

the indicator a donor (see figure 3), in a normal situation the tetrabromophenol blue changes its color 

between pH 3 and 4; when protein is presence the change will happen between pH 2 and 3. For this 

reason, a buffer is added to the pad to keep the pH at 3 that originate a yellow color, any trace of 

change to blue or green indicates that protein is present. 

 

 

      Figure 3 – Reaction between tetrabromophenol blue and H+ for detection of proteins in a sample. 

 

 

 

Figure 2 – Reaction between bromothymol blue and H+ for determination of pH value. 
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2.3.1.3 Glucose reaction 

Urine glucose can be detected using two enzymes and one chromogen that are present in the 

reaction pad: glucose oxidase, peroxidase and potassium iodide. First, glucose oxidase catalyzes the 

reaction of glucose and oxygen to form gluconic acid and hydrogen peroxide and then, peroxidase 

catalyzes the oxidation of potassium iodide by hydrogen peroxide producing a color that can vary from 

green to brown. The reactions are presented in figure 4. 

 

Figure 4 – Reactions for detection of glucose on a sample.  

 

 

2.3.1.4 Ketones reaction 

Ketones are a product from the catabolism of fatty acids and are divided in three different 

substances: acetoacetic acid (diacetic acid), β-hydroxybutyric acid and acetone. Acetoacetic acid is the 

first ketone to be formed and the only substance detected for some brands of urine dipsticks. The 

reaction occurs between acetoacetic acid and sodium nitroprusside in presence of an alkaline buffer 

and the color change from pink to purple (see figure 5).  

 

 

                                       Figure 5 – Reaction for detection of ketones in a sample. 

 

2.3.1.5 Blood reaction 

The reaction for detection of blood in urine can also detect free hemoglobin and myoglobin and 

is based on peroxidase activity of hemoglobin that catalyzes the oxidation of a chromogen, for example 
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tetramethylbenzidine, by hydrogen peroxidase producing a color between orange and dark green, see 

figure 6. 

 

Figure 6 – Reaction for detection of blood in a sample. 

 

2.3.1.6 Bilirrubin reaction 

Bilirubin can be detected when reacts with a diazonium salt, for example 2,4-Dichloroanaline 

diazonium salt in acid medium to form a color between pink and violet. The reaction is shown in figure 

7. When reduced, bilirubin produces urobilinogen, which reacts with an aldehyde or a diazonium 

compound, for example p-Dimethylaminobenzaldehyde, in acid medium giving a pink to red color (see 

figure 8). 

 

Figure 7 – Reaction for detection of bilirrubin in a sample. 

 

 

Figure 8 – Reaction for the detection of urobilinogen in a sample. 

 

2.3.1.7 Nitrite reaction 

To detect nitrite in urine two reactions are needed. The first one is between nitrite and 

p-arsanilic acid or sulphanilamide that forms a diazonium compound. The second one is between the 

diazonium compound and a quinoline, for example tetrahydrobenzoquinoline, which produces a pink 

color. The reactions are presented in figure 9. 
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Figure 9 – Reactions for detection of nitrite in a sample. 

 

2.3.1.8 Leucocyte esterase reaction 

Leucocyte esterase is an enzyme secreted by leucocytes and can be detected when hydrolyzes 

an indoxylcarbonic acid ester, for example pyrrole amino acid ester. This reaction forms an indoxyl that 

combined with a diazonium salt give a purple color, see figure 10. (Mundt, Shanahan, & Graff, 2011) 

 

Figure 10 – Reaction for detection of leucocyte esterase in a sample. 

2.4 Existing technologies  

Due to the necessity to find an easier and painless way to urine collection, TENA introduced the 

TENA U-test. The device (see figure 11) is fixed to a diaper and when it is changed, with some collected 

urine, the device is detached and the results interpreted. It is capable to analyze two parameters 

qualitatively: nitrite and leukocyte esterase – the ones that allow UTI diagnosis. A third indicator-field is 

present for the validation of wettability, determining whether the results are valid or not. The indicators’ 

reactions are based on the same dry chemistry technology than the dipsticks commercially available. 

This new technology is non-invasive, avoiding the painful urine collection and allows an immediate 

analysis of fresh urine, saving technicians’ time and providing a prompt result that can be read easily by 
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non-technicians. It is a simple, being able to avoid the requirement of urine collection by bag, 

clean-catch and catheter or suprapubic aspiration followed by dipstick testing. However, when a positive 

result is obtained, it is necessary to proceed with sample collection for urine culture in order to identify 

the pathogen present. Other inconvenient is the limitation of the test to two urine biomarkers only, 

making impossible the detection of other diseases besides UTI (Krähenbühl, Beaulieu, & Gehri, 2012).  

 

 

 

 

 

 

 

 

  

Recently, Scanadu developed a urinalysis test, the Scanadu Urine, that is capable not only to 

detect nitrite and leucocyte but twelve biomarkers (see figure 12a): glucose, protein, leucocytes, nitrites, 

blood, bilirubin, urobilinogen, microalbumin, creatinine, ketone, specific gravity and pH, allowing the 

screening of UTI and simultaneously other important diseases and conditions. It is very similar to 

dipsticks; however, the analysis is conducted by a smartphone application that read and interprets the 

color changes in one minute (see figure 12b). The consumer can perform all procedure: first the urine 

collection, for instance, to a cup and then take a picture of the test. The Scanadu app can display, store 

and share the results. It cannot be used for a full diagnosis but is very useful for preliminary diagnosis 

informing if something is abnormal with a urine sample. Scanadu is still waiting for Food and Drug 

Administration (FDA) clearance but with this device may reduce the long waiting time to get the results 

from lab and does not require specialized personnel. The only inconvenient is the necessity of urine 

collection (Buhr, 2015; Higginbotham, 2015; Scanadu, 2015). 

 

 

 

 

Figure 11 – TENA U-test. 
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The most promising technology was presented in 2013 and is named Smart Diapers. Pixie 

Scientific is the company responsible for this creation: a diaper with embedded sensors for screening 

UTI, signs of dehydration and kidney dysfunctions. In front of the diaper is the test area with multiple 

squares that change the color after contact with urine compounds like water, proteins or bacteria (see 

figure 13a). The results are obtained with a smartphone application capable of scanning the QR code in 

test area. (see figure 13b). The app uses algorithms to read and yield results in seconds. The data is 

stored in a database and can be sent to the doctor, who can check if there are some irregularities. 

Some of the analyzed parameters have no explicit range so, it is important to identify emerging trends 

and if there are any changes on the patterns a notification will be sent. The main goal of this diaper is 

to alert people of health issues before they become serious, however, this cannot be used for a full 

diagnosis, just as a warning to be reported to the doctor, who will then advise specific tests, based on 

the results obtained using the app. At first, the sensors were available only already embedded on the 

diapers, but now it is possible to get them separately, to be used only when necessary to proceed to 

urine analysis. The limitations of this technology rely on the possibility of false positive results, warning 

people unnecessarily. It does not take into account the effect of light on the patch, which may be 

different depending on the place and luminosity (Fincher, 2013; iReviews, 2014; Pixie scientific, 2015; 

Subramanian, 2013).  

 

 

 

 

Figure 12 – Scanadu Urine. a) Device capable to detect twelve different biomarkers; b) Analysis conducted by a 
smartphone. 
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Figure 13 – Smart diapers. a) Test area in front of the diaper; b) Smartphone used to scan the QR code in test area. 
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3. PROJECT DEVELOPMENT 

3.1 Design of paper-based microfluidic device 

A device that can be attached on a diaper to collect and transport a urine sample to colorimetric 

reaction pads through capillary action in absorbent media was designed (the assembly and each part 

individually are shown in figure 14a and 14b, respectively). The proposed microfluidic device is a set of 

eight layers: surface, reference, structure, test, two impermeable (hydrogel host and frame) and barrier 

layers and plastic cover. The sample flow is represented in figure 15.  

The first layer of the design is the surface layer, which allows the collection of urine due to its 

permeable and absorbance characteristics. This layer is in contact with patient’s skin and due to its 

absorbent capacity, the risk of bacterial growth and consequently the appearance of UTI is minimized.  

Next, the urine passes through the inlet present in reference layer that receive the urine and guides it to 

the structure layer. The reference layer bears several squares with reference colors that allow, for 

comparison with the test area, a direct read-out of results. 

Then the urine passes through two more round holes; the first one is on the structure layer that 

collects the fluid from reference layer and transports it to the second hole on the barrier layer. The 

structure layer gives stability to the device due to its stiffness and avoids the contact of the test layer, 

which is wet after urine entrance, with the reference layer. The barrier layer assists the “self-locking” 

mechanism, i.e., stops fluids entrance avoiding later contamination.  

When the urine reaches the filter paper in the test layer, the flow occurs by capillary action 

through the six reagent pads; these, as in dipsticks, contain chemicals that react with the biomarkers 

from urine, as described in section 2.3. The five chosen biomarkers were glucose, protein, blood, nitrite 

and leukocyte esterase. The sixth reagent pad is meant for the validation of the test determining if the 

biological fluid reach the reagent pads or not by color changing. The pad color changes permanently 

from white to red when liquids contact with it. A schematic of the test layer with all the elements is 

shown in figure 4c. The reactions lead to a change in the color of indicators that will be compared with 

the reference layer’s colors, allowing a preliminary diagnose. 

In order to avoid the communication between pads there is a barrier made of wax that works as 

a path network that forms channels for liquid flow, avoiding biological fluids to move through and 

ensuring the reliability of results.  
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Figure 14 – Schematic of the device layers: (1) Surface layer; (2) Reference layer; (3) Structure layer; (4) Barrier layer; 

Impermeable layers: (5) Hydrogel host layer and (7) Frame layer; (6) Test layer; (8) Plastic cover.  

a) Assembly in reverse way; b) Each layer individually; c) Top view of test layer: (A) Filter paper; (B) Reagent pad; (C) Bee 

wax barriers. 

  

The filter paper is wrapped around an impermeable layer: the hydrogel host layer, which 

prevents the collapse of test layer due to the excessive wetting. This layer has a hole filled with a 

copolymer of poly (sulfopropylacrylate-co-acrylamide-co-acrylic acid-co-methylene bisacrylamide), 

constituting a swelling-based “self-locking” mechanism together with the barrier layer. The “self-locking” 

mechanism proposed rely on the hypothesis that, after the urine entrance, the hydrogel absorbs water 

and expands in volume, closing the inlet. The barrier layer, made of an impermeable material, acts as a 

 
Figure 15 – Sample flow in a cross-section design of on-diaper device. 
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physical barrier between the filter paper and the urine sample preventing the reabsorption by filter 

paper. This mechanism is shown in figure 16.  

Another impermeable layer is present on top of test layer and fits on the reagent pads due to 

the frames on it preventing inter-pad communication. The plastic cover protects all layers from the 

environment and allows the visualization of reagent pads. 

The device provides a quantitative result and is able to retain the biological fluid in a non-dry 

state due to the autonomous “self-locking” and the plastic cover on it that isolate the test area from the 

external environment. When the diaper is removed from the patient, the result can be read through the 

transparent plastic cover by naked eye, however, for a more accurate result the colorimetric analysis 

can be conducted by a smartphone application. 

 

3.2 Materials and method 

3.2.1 Preliminary test – Hydrogel characterization 

As a first assessment of the design concept, a test was made to monitor the hydrogel’s 

behavior and to fix the amounts required for a proper “self-locking” mechanism to be achieved. This 

Figure 16 – “Self-locking mechanism: (A) Before urine entrance; (B) Hydrogel expansion and barrier layer starts to 
rise; (C) Inlet closed.  
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test took place at the Biological/Biomedical Micro Electromechanical Systems Laboratory (BioMEMS 

Lab) - University College of Southeast Norway.  

The swelling test was performed by allowing the hydrogel to swell in deionized water and urine, 

at room temperature. The degree of swelling was measured at different times for 26 hours using two 

different heights of hydrogel (5 mm and 10 mm). Measurements were done in triplicate and the 

standard deviations in the swelling profile charts were marked.  

Swelling ratio was calculated as in (1): 

Ds = [(Wh – Dh) / Dh] x 100% 

  

where Ds is the degree of swelling, Wh is the weight of swollen hydrogel and Dh is the weight of 

hydrogel before swelling. With this test, it was also possible to estimate the approximate time that the 

hydrogel takes to reach equilibrium. 

 

3.2.2 Reagents and materials – Performance of device 

The materials used in the fabrication process were acquired from different companies located in 

China and United States of America. The product suppliers and the materials are listed in table 1. 

 

3.2.3 Fabrication of the complete device 

All the parts of the device were designed in 3D using SolidWorks 2016, a solid modeling 

computer-aided design (CAD). The manufacture of the device was mostly done in China (surface layer, 

reference layer, structure layer, barrier layer, frame layer, test layer and plastic cover) and a small part in 

the United States (hydrogel host layer and hydrogel).  

The device has a total thickness of 5,3 mm and all the specifications to each layer are 

established in appendix A. 

The surface layer (140 mm x 70 mm x 0,3 mm) has three sub-layers: two of them (sub-layer 1 

and 2) made of non-woven material and the third made of kraft. Sub-layer 1 and 2 are bonded together  

 

(1) 
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Table 1 – Materials and respective suppliers for the fabrication process  

Material Supplier 

Highly resistant and durable kraft paper 
Chongqing Technology and Business University, 

Chongqing, China 

Non-woven material 
Chongqing Technology and Business University, 

Chongqing, China 

Polyvinyl chloride (PVC) Jing Cheng mold Company, Chongqing, China 

Poly (methyl methacrylate) (PMMA) (Structure layer) Jinzhu lens production factory, Guangdong, China 

Cellophane 
Chongqing Technology and Business University, 

Chongqing, China 

Filter paper Whatman 

Reagent pads Shenhua Medical Equipment Company, Jilin, China 

Bee wax Ninghai Limited Company, Ningbo, Zhejiang, China 

Polytetrafluoroethylene (PTFE) (Hydrogel host layer) Akina Inc., Indiana, United States of America 

Hydrogel 

(poly (sulfopropylacrylate-co-acrylamide-co--acrylic 

acid-co-methylene bisacrylamide)) 

Akina Inc., Indiana, United States of America 

PTFE (Frame layer) 
Yangming Rubber and plastic products factory, 

Shanghai, China 

PMMA (Plastic cover) 
Chongqing Shanfang blister packaging co., Chongqing, 

China 

 

using heat bonding. The sub-layer 2, covered by a thin medical pressure-sensitive adhesive film 

(Shanghai Jingdong chemical raw materials, Shanghai, China), such as acrylate, is glued with sub-layer 

3. This has a rectangular space on center where the reference layer is placed (see figure 14(1)). 

The reference layer (120 mm x 50 mm x 0,2 mm) has a round hole in center (Φ4 mm) and is 

made by printing high quality reference colors on paper and then applying a coat of transparent 

hydrophobic material, for example, PVC (see figure 14(2)). 

The structure layer (31,6 mm x 23,6 mm x 0,3 mm) is made of PMMA and comprises an inlet 

located at the center (Φ4 mm) (see figure 14(3)). 

The barrier layer (27 mm x 19 mm x 0,1 mm) is made with a flexible and non-permeable 

plastic, such as, cellophane with a hole on center (Φ3 mm) (see figure 14(4)). 
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The hydrogel host layer was made with PTFE that was cut in parallelepiped shape 

(27 mm x 18,4 mm x 2,5 mm). Then a cylindrical hole was built in center (Φ5 mm; 2 mm of height) to 

place the hydrogel (see figure 14(5)). The extra-strong super-porous hydrogel used is a copolymer 

named poly (sulfopropylacrylate-co-acrylamide-co-acrylic acid-co-methylene bisacrylamide) with 

interpenetrating network of croscarmellose sodium. Due to its extremely small dimensions (Φ5 mm, 

0,2 mm of thickness) it was necessary to load it in situ in a non-porous form in the bottom of the hole, 

otherwise it would break or crumble. 

The test layer comprises three different parts: an absorbent porous medium, a barrier for 

liquids and reagent pads. The absorbent porous medium is filter paper (38,2 mm x 27 mm) from 

Whatman (grade 1, qualitative, Φ150 mm). The barrier for liquids is made with bee wax and is printed 

on filter paper. After printing the bee wax patterns and using a hot plate or an oven, melting wax 

penetrates the paper creating hydrophobic channels. The reagent pads (5 mm x 5 mm 0,5 mm), with 

the reagents previously impregnated, are glued on filter paper, between wax barriers, with chemically 

inert adhesives (see figure 14(6)). 

The frame layer (27 mm x 19 mm x 1 mm) is made of PTFE and has six rectangular holes 

(5 mm x 5 mm x 1 mm) (see figure 14(7)).  

The plastic cover (31,6 mm x 23,6 mm x 0,3 mm) is made of PMMA (see figure 14(8)).  

3.3 Device test  - Functionality 

An experiment was carried out to evaluate the performance of device. This was placed on a 

surface, mimetizing its application in the diaper (see figure 17). Then, water (425ml) was randomly 

dropped on top of the device, making no preference for any specific zone such as the inlet. After 

10 minutes, enough time for the “self-locking” mechanism to be functional, an additional volume 

(20 mL) of colored water was dispensed, as to mimic the possibility of reabsorption of liquid or 

plausible contamination. The results were monitored for more than 24 hours. 
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Figure 17 – Top view of the fabricated device. 
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4. RESULTS AND DISCUSSION  

4.1 Hydrogel characterization  

A swelling test was conducted to characterize the hydrogel. The results of the swelling tests 

suggest that the equilibrium is reached, for all situations: with water, urine and urine and double sized 

hydrogel, and the “self-locking” mechanism completes the sealing within approximately five minutes 

after the urine entrance. This is a satisfactory value, long enough as to allow the reagent pads to 

become completely wetted by the urine sample and at the same time not too long, avoiding a second 

entry of liquids and potential contamination (the swelling profile chart is shown in figure 18. All data 

obtained and the calculations made can be seen in Appendix B).  

   

Figure 18 - Swelling profile of the test with water, urine and urine and double sized hydrogel (DSUrine). 

 

The trend line chosen was the logarithmic one, however, based on R-squared values, is 

possible to see that the tendency does not fit in the values like desired, i.e. R-squared value is not at or 

near 1, nevertheless is the best option in this situation. 

This test allowed also the analysis of the volume reached in each case. Although the 

equilibrium is reached at approximately the same time, the swelling ratio is significantly different in 

each situation. The final volume in the test with deionized water doubled comparing with the one with 
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urine. This may be due to the hydrogel being pH-sensitive, characteristic conferred by the carboxylic 

group (hydrogel structure is presented in figure 19), or to osmotic forces, which may drive a higher 

amount of water to be adsorbed by the hydrogel. Thus, by calculating the cavity volume where the 

hydrogel would be placed and based on hydrogel volume before and after the test with urine, it was 

possible to calculate the height of dry hydrogel for a functional “self-locking” mechanism. 

The dimensions of the hole to place the hydrogel are: Φ5 mm and 2 mm of height, so, the final 

volume required to fill the hole and close the inlet is:  

 

Volume = Base area x height = π x radius2 x height = π x 0,252 x 0,25 = 0,0491 cm3 

 

With this value is possible to calculate the initial volume to obtain the final volume required: 

 

Initial volume (Urine) --------------------------- Final volume (Urine) 

Initial volume (Device) --------------------------- Final volume (Device) 

 

Initial volume (Device) = 0,3927 x 0,0491 / 5,6149 = 0,0034 cm3 

 

Finally, the initial height of hydrogel is calculated as shown:  

 

Volume=Base area x height ⇔ height = 0,0034/( π x 0,252) ⇔ height = 0,0175 cm ≈ 

0,2 mm 

 

So, to achieve a functional “self-locking” mechanism is necessary a height of dry hydrogel of 

0,2 mm.  

 Figure 19 – Structure of hydrogel: poly (sulfopropylacrylate-co-acrylamide-co-acrylic acid-co-methylene 
bisacrylamide). 
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4.2 Device test  - Functionality 

The experiment was carried out to study the performance of the device. As described in the 

methods section, water was randomly dropped onto the device; 2 minutes and 35 seconds afterwards it 

reached the reagent pads, which were totally wetted after 3 minutes and 8 seconds. With these results 

is possible to conclude that all reagent pads are wet before the isolation of device from the external 

environment, since the hydrogel takes approximately five minutes to reach the equilibrium. The colored 

water was used to mimic the possibility of reabsorption of liquid or plausible contamination. With this 

strategy it was possible to demonstrate that the “self-locking” mechanism was working, since after 

24 hours it is not possible to detect any trace of blue color in the reactive pads. Therefore, it could be 

concluded that the device was properly sealed.  

As shown in figure 20, interference seems to occur between adjacent reagent pads, being 

visible after 1 hour and 46 minutes of the beginning of the experiment (see figure 20e). The figure 

shows that all pads present a color of a possible result, but the blood one. This may be due to the 

occurrence of capillary flow between layers. Since in current design the layers are just placed together, 

small spaces between the test layer and the frame layer may exist allowing the urine to flow between 

pads even with the wax barrier.  

With the aim of solving some of the issues detected with the first device generation, another 

device was designed. The main objectives were making the fabrication process easier, reducing the size 

and the price of the device and eliminating the inter-pad interference. The solutions applied consisted in 

reducing the thickness of some layers, or its replacement by others with the same function and, finally, 

putting the reagent pads inside the frames, on the frame layer.  

The surface layer, the reference layer, the frame layer and the cover layer were kept. The 

barrier layer and the structure layer underwent a little change. The first one is made with a flexible and 

Figure 20 – Device testing after: a) 2 minutes; b) 27 minutes; c) 1 hour and 5 minutes; d) 1 hour and 46 minutes; e) 6 
hours and 7 minutes; f) 25 hours and 21 minutes. 
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non-permeable plastic, such as, cellophane but without the hole on center. The second one is made of 

PMMA and comprises an inlet located at the center with 6 mm diameter. The novelty is the introduction 

of a nylon layer, two non-woven material layers, a polymer to carry out the “self-locking” mechanism 

and the introduction of the pads inside the holes of the frame layer. With this new design, the total 

thickness was decreased to 3,3 mm (2 mm less).  

The nylon layer is a semi-permeable fiber: it allows the urine flow to the device but not from it. 

The non-woven material layers collect the biological fluid from the surface layer and allow the liquid flow 

until it reaches the reagent pads. Finally, the polymer and the cellophane layer are between the 

non-woven material layers. Their function is close the inlet and consequently isolate the device avoiding 

a second entrance of liquids. This new generation seems to overcome the problem experienced in the 

previous one. However, it is necessary to test these hypotheses in additional trials.   
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5. CONCLUSIONS 

  The design presented in this paper has some advantages as compared to the state of the art 

technology. For instance, it needs only a small volume sample and is collected using a diaper. This 

strategy facilitates the collection procedure in elderly patients or disabled people since a large portion of 

them are incontinent and use adult diapers. 

 The device improves the efficiency of work due to the use of only one device to collect, detect 

and analyze a urine sample in a short period. It makes the patient life more comfortable, is easy to 

manipulate and portable. 

This device also allows the distribution of the urine sample into multiple spatially segregated 

regions allowing the test of five different biomarkers with the same sample and driven by capillary 

action without the need for external driving forces like pumps. Moreover, it presents a new way to 

overcome some limitations faced by the existing technologies such as the possibility to test multiple 

urine biomarkers without the need of a painful urine collection. Besides this, is also possible to prevent 

the contamination and the continuous entrance of liquids. This was achieved due to the “self-locking” 

mechanism proposed that seals the device isolating the test conditions from the external environment 

in approximately five minutes. The present design still allows a small communication between pads, i.e. 

the out-of-plane interference, so it is presented a new generation that can be promising and fulfill the 

gaps of the current work. 

As future perspectives it would be very advantageous to add other useful biomarkers for 

diagnosis of different diseases by doing small changes on presented design. 

  



 

30 

 

  



 

31 

BIBLIOGRAPHY  

Abe, K., Suzuki, K., & Citterio, D. (2008). Inkjet-printed microfluidic multianalyte chemical sensing 
paper. Analytical Chemistry, 80(18), 6928–6934. http://doi.org/10.1021/ac800604v 

Abrams, P., Manson, J., & Kirby, M. G. (2012). Incidence and epidemiology of storage lower urinary 
tract symptoms. European Urological Review, 7(1), 50–54. http://doi.org/10.1111/j.1464-
410X.2010.09993.x 

Arinzon, Z., Peisakh, A., Shuval, I., Shabat, S., & Berner, Y. N. (2009). Detection of urinary tract 
infection (UTI) in long-term care setting: Is the multireagent strip an adequate diagnostic tool? 
Archives of Gerontology and Geriatrics, 48(2), 227–231. 
http://doi.org/10.1016/j.archger.2008.01.012 

Arinzon, Z., Shabat, S., Peisakh, A., & Berner, Y. (2012). Clinical presentation of urinary tract infection 
(UTI) differs with aging in women. Archives of Gerontology and Geriatrics, 55(1), 145–147. 
http://doi.org/10.1016/j.archger.2011.07.012 

Ayoub, J. A., Beaufrere, H., & Acierno, M. J. (2013). Association between urine osmolality and specific 
gravity in dogs and the effect of commonly measured urine solutes on that association. American 
Journal of Veterinary Research, 74(12), 1542–1545. http://doi.org/10.2460/ajvr.74.12.1542 

Bekeris, L. C., Jones, B. A., Walsh, M. K., & Wagar, E. A. (2008). Urine culture contamination : A 
College Of American Pathologists Q-Probes study of 127 laboratories. Archives of Pathology and 
Laboratory Medicine, 132(6), 913–917. http://doi.org/10.1043/1543-
2165(2008)132[913:UCCACO]2.0.CO;2 

Boshra, S. S., Boshra, S. S., Bass, J., & Collins, L. (2013). Urine Dipstick and Early Intervention for 
Potential UTI in Long Term Care Patients. Journal of the American Medical Directors Association, 
14(3), B19. http://doi.org/10.1016/j.jamda.2012.12.054 

Brownlie, J., Peckham, C., Waage, J., Woolhouse, M., Lyall, C., Meagher, L., … Nicoll, A. (2006). 
Foresight. Infectious Diseases: preparing for the future Future Threats. Office of Science and 
Innovation, London, 1–58. 

Buhr, S. (2015). Scanadu’s New Pee Stick Puts The Medical Lab On Your Smartphone | TechCrunch. 
Retrieved February 20, 2017, from https://techcrunch.com/2015/02/18/scanadus-new-pee-
stick-puts-the-medical-lab-on-your-smartphone/ 

Busa, L. S. A., Maeki, M., Ishida, A., Tani, H., & Tokeshi, M. (2016). Simple and sensitive colorimetric 
assay system for horseradish peroxidase using microfluidic paper-based devices. Sensors and 
Actuators, B: Chemical, 236, 433–441. http://doi.org/10.1016/j.snb.2016.06.013 

Bush, L. M., & Vazquez-Pertejo, M. T. (2016). The Unintended Deleterious Consequences of the 
“Routine” Urinalysis. American Journal of Medicine. 
http://doi.org/10.1016/j.amjmed.2016.08.014 

Cakmakci, E., Bayram, A., Turkoglu, O. K., Ozal, S. T., Celebi, I., Cakmakci, S., … Kitirci, G. (2014). 
Correlation between computerized tomography density measurements of urinary bladder and 
urinalysis results. Clinical Imaging, 38(3), 283–286. 
http://doi.org/10.1016/j.clinimag.2014.01.002 

Carney, J. (2012). Body fluid test arrangement for an absorbent article. Retrieved from 
https://encrypted.google.com/patents/WO2014098695A1?cl=und 

CARRILHO, E., MARTINEZ, A. W., MIRICA, K. A., PHILLIPS, S. T., Siegel, A. C., Wiley, B., & Whitesides, 
G. M. (2009). Three-dimensional microfluidic devices. Retrieved from 
https://www.google.com/patents/US20110123398 



 

32 

 

Chen, M., Eintracht, S., & MacNamara, E. (2016). Successful protocol for eliminating excessive urine 
microscopies: Quality improvement and cost savings with physician support. Clinical Biochemistry. 
http://doi.org/10.1016/j.clinbiochem.2016.06.016 

Chin, B. S., Kim, M. S., Han, S. H., Shin, S. Y., Choi, H. K., Chae, Y. T., … Kim, J. M. (2011). Risk 
factors of all-cause in-hospital mortality among Korean elderly bacteremic urinary tract infection 
(UTI) patients. Archives of Gerontology and Geriatrics, 52(1), e50–e55. 
http://doi.org/10.1016/j.archger.2010.05.011 

Chudzik, S. J., & Hamilton, M. J. (1994). Device and method for simultaneously performing multiple 
competitive immunoassays. Retrieved from https://www.google.com/patents/US5707818 

Delanghe, J. R., & Speeckaert, M. M. (2016). Preanalytics in urinalysis. Clinical Biochemistry. 
http://doi.org/10.1016/j.clinbiochem.2016.10.016 

Dietz, J., Lo, T. S., Hammer, K., & Zegarra, M. (2016). Impact of eliminating reflex urine cultures on 
performed urine cultures and antibiotic use. American Journal of Infection Control, 44(12), 1750–
1751. http://doi.org/10.1016/j.ajic.2016.04.232 

Dimech, W., & Roney, K. (2002). Evaluation of an automated urinalysis system for testing urine 
chemistry, microscopy and culture. Pathology, 34(2), 170–177. 
http://doi.org/10.1080/003130201201117990 

Dostoinov, I. A., Bykhovsky, D. Y., Pastukhov, V. A., & Kuznetsov, V. L. (2002). Sanitary article for an 
organism state analysis and a method of an organism state analysis. Retrieved from 
http://google.com/patents/WO2003005946A1?cl=en&hl=pt-PT 

Du, J., Xu, J., Wang, F., Guo, Y., Zhang, F., Wu, W., … Cui, W. (2015). Establishment and development 
of the personalized criteria for microscopic review following multiple automated routine urinalysis 
systems. Clinica Chimica Acta, 444, 221–228. http://doi.org/10.1016/j.cca.2015.02.022 

Dungchai, W., Chailapakul, O., & Henry, C. S. (2011). A low-cost, simple, and rapid fabrication method 
for paper-based microfluidics using wax screen-printing. The Analyst, 136(1), 77–82. 
http://doi.org/10.1039/c0an00406e 

Esparcia, A., Artero, A., Eiros, J. M., Balaguer, M., Madrazo, M., Alberola, J., & Nogueira, J. M. (2014). 
Influence of inadequate antimicrobial therapy on prognosis in elderly patients with severe urinary 
tract infections. European Journal of Internal Medicine, 25(6), 523–527. 
http://doi.org/10.1016/j.ejim.2014.04.009 

Fincher, J. (2013). Smart Diapers test chidren’s urine to monitor their health over time. Retrieved 
February 21, 2017, from http://newatlas.com/pixie-scientific-smart-diapers/28320/ 

Frazee, B. W., Enriquez, K., Ng, V., & Alter, H. (2015). Abnormal urinalysis results are common, 
regardless of specimen collection technique, in women without urinary tract infections. Journal of 
Emergency Medicine, 48(6), 706–711. http://doi.org/10.1016/j.jemermed.2015.02.020 

Gebeyehu, E., Bantie, L., & Azage, M. (2015). Inappropriate use of antibiotics and its associated factors 
among urban and rural communities of Bahir Dar city administration, northwest Ethiopia. PLoS 
ONE, 10(9). http://doi.org/10.1371/journal.pone.0138179 

Glynou, K., Ioannou, P. C., Christopoulos, T. K., & Syriopoulou, V. (2003). Oligonucleotide-
functionalized gold nanoparticles as probes in a dry-reagent strip biosensor for DNA analysis by 
hybridization. Analytical Chemistry, 75(16), 4155–4160. http://doi.org/10.1021/ac034256+ 

Govindasamy, K., Potgieter, S., Land, K., & Muzenda, E. (2012). Fabrication of paper based 
microfluidic devices. Proceedings of the World Congress on Engineering, III(February 2015), 2–7. 
Retrieved from http://researchspace.csir.co.za/dspace/handle/10204/6066 

Guo, Y., Ng, F. S. F., Hui, P. C. L., Li, Y., Ip, C., Wong, K. Y., & Mao, A. H. (2013). Heat and mass 



 

33 

transfer of adult incontinence briefs in computational simulations and objective measurements. 
International Journal of Heat and Mass Transfer, 64, 133–144. 
http://doi.org/10.1016/j.ijheatmasstransfer.2013.04.022 

Haeberle, S., Zengerle, R., Gardeniers, J. G. E., Berg, A. van den, Yager, P., Edwards, T., … Drolet, D. 
(2008). Lab on paper. Lab on a Chip, 8(12), 1988. http://doi.org/10.1039/b814043j 

Higginbotham, S. (2015). With $35 million, Scanadu seeks approval for its medical “tricorder” | 
Fortune.com. Retrieved February 20, 2017, from http://fortune.com/2015/04/27/scanadu-35-
million/ 

Hosseini, S. A., Zanganeh, S., Akbarnejad, E., Salehi, F., & Abdolahad, M. (2017). Microfluidic device 
for label-free quantitation and distinction of bladder cancer cells from the blood cells using micro 
machined silicon based electrical approach; suitable in urinalysis assays. Journal of 
Pharmaceutical and Biomedical Analysis, 134, 36–42. 
http://doi.org/10.1016/j.jpba.2016.11.026 

Huang, Y., Liu, S., Yang, W., & Yu, C. (2010). Surface roughness analysis and improvement of PMMA-
based microfluidic chip chambers by CO2 laser cutting. Applied Surface Science, 256(6), 1675–
1678. http://doi.org/10.1016/j.apsusc.2009.09.092 

Ince, F. D., Ellidağ, H. Y., Koseoğlu, M., Şimşek, N., Yalçin, H., & Zengin, M. O. (2016). The 
comparison of automated urine analyzers with manual microscopic examination for urinalysis 
automated urine analyzers and manual urinalysis. Practical Laboratory Medicine, 5, 14–20. 
http://doi.org/10.1016/j.plabm.2016.03.002 

iReviews. (2014). Pixie Scientific Smart Diapers | iReviews. Retrieved February 21, 2017, from 
http://smart-apparel.www1.ireviews.com/pixie-scientific-smart-diapers-review 

Jeong, S. G., Kim, J., Nam, J. O., Song, Y. S., & Lee, C. S. (2013, December). Paper-based analytical 
device for quantitative urinalysis. International Neurourology Journal. Korean Continence Society. 
http://doi.org/10.5213/inj.2013.17.4.155 

Jones, C. W., Culbreath, K. D., Mehrotra, A., & Gilligan, P. H. (2014). Reflect urine culture cancellation 
in the emergency department. Journal of Emergency Medicine, 46(1), 71–76. 
http://doi.org/10.1016/j.jemermed.2013.08.042 

Kayalp, D., Dogan, K., Ceylan, G., Senes, M., & Yucel, D. (2013). Can routine automated urinalysis 
reduce culture requests? Clinical Biochemistry, 46(13–14), 1285–1289. 
http://doi.org/10.1016/j.clinbiochem.2013.06.015 

Khejonnit, V., Pratumvinit, B., Reesukumal, K., Meepanya, S., Pattanavin, C., & Wongkrajang, P. 
(2015). Optimal criteria for microscopic review of urinalysis following use of automated urine 
analyzer. Clinica Chimica Acta, 439, 1–4. http://doi.org/10.1016/j.cca.2014.09.027 

Krähenbühl, J., Beaulieu, C., & Gehri, M. (2012). Evaluation of a novel in-vitro diagnostic device for the 
detection of urinary tract infections in diaper wearing children. Swiss Medical Weekly, 142, 
w13560. http://doi.org/10.4414/smw.2012.13560 

Lam, C. W., Law, C. Y., To, K. K. W., Cheung, S. K. K., Lee, K. chung, Sze, K. H., … Yuen, K. Y. (2014). 
NMR-based metabolomic urinalysis: A rapid screening test for urinary tract infection. Clinica 
Chimica Acta, 436, 217–223. http://doi.org/10.1016/j.cca.2014.05.014 

Li, J., Hou, C., Huo, D., Shen, C., Luo, X., Fa, H., … Zhou, J. (2017). Detection of trace nickel ions with 
a colorimetric sensor based on indicator displacement mechanism. Sensors and Actuators B: 
Chemical, 241, 1294–1302. http://doi.org/10.1016/j.snb.2016.09.191 

Lin, Y., Gritsenko, D., Feng, S., Teh, Y. C., Lu, X., & Xu, J. (2016). Detection of heavy metal by paper-
based microfluidics. Biosensors and Bioelectronics. http://doi.org/10.1016/j.bios.2016.04.061 

Lu, R., Shi, W., Jiang, L., Qin, J., & Lin, B. (2009). Rapid prototyping of paper-based microfluidics with 



 

34 

 

wax for low-cost, portable bioassay. Electrophoresis, 30(9), 1497–1500. 
http://doi.org/10.1002/elps.200800563 

Lyon, M. E., Ball, C. L., Lyon, A. W., Walpole, E., & Church, D. L. (2003). A preliminary evaluation of the 
interaction between urine specific gravity and leukocyte esterase results using Bayer Multistix?? 
and the Clinitek?? 500. Clinical Biochemistry, 36(7), 579–581. http://doi.org/10.1016/S0009-
9120(03)00095-X 

Mao, X., Ma, Y., Zhang, A., Zhang, L., Zeng, L., & Liu, G. (2009). Disposable nucleic acid biosensors 
based on gold nanoparticle probes and lateral flow strip. Analytical Chemistry, 81(4), 1660–1668. 
http://doi.org/10.1021/ac8024653 

Martinez, A. W., Phillips, S. T., Carrilho, E., Thomas, S. W., Sindi, H., & Whitesides, G. M. (2008). 
Simple Telemedicine for Developing Regions: Camera Phones and Paper-Based Microfluidic 
Devices for Real-Time, Off-Site Diagnosis. Analytical Chemistry, 80(10), 3699–3707. 
http://doi.org/10.1021/ac800112r 

Martinez, A. W., Phillips, S. T., Whitesides, G. M., & Carrilho, E. (2010). Diagnostics for the Developing 
World: Microfluidic Paper-Based Analytical Devices. Analytical Chemistry, 82(1), 3–10. 
http://doi.org/10.1021/ac9013989 

Martinez, A. W., Phillips, S. T., Wiley, B. J., Gupta, M., & Whitesides, G. M. (2008). FLASH: a rapid 
method for prototyping paper-based microfluidic devices. Lab on a Chip, 8(12), 2146–50. 
http://doi.org/10.1039/b811135a 

Martynova, L., Locascio, L. E., Gaitan, M., Kramer, G. W., Christensen, R. G., & MacCrehan, W. A. 
(1997). Fabrication of Plastic Microfluid Channels by Imprinting Methods. Analytical Chemistry, 
69(23), 4783–4789. http://doi.org/10.1021/ac970558y 

Moein, M. M., Jabbar, D., Colmsjö, A., & Abdel-Rehim, M. (2014). A needle extraction utilizing a 
molecularly imprinted-sol–gel xerogel for on-line microextraction of the lung cancer biomarker 
bilirubin from plasma and urine samples. Journal of Chromatography A, 1366, 15–23. 
http://doi.org/10.1016/j.chroma.2014.09.012 

Montorsi, F., Gandaglia, G., Salonia, A., Briganti, A., & Mirone, V. (2016). Effectiveness of a 
Combination of Cranberries, Lactobacillus rhamnosus, and Vitamin C for the Management of 
Recurrent Urinary Tract Infections in Women: Results of a Pilot Study. European Urology, 70(6), 
912–915. http://doi.org/10.1016/j.eururo.2016.05.042 

Morse, S. S. (1995). Factors in the emergence of infectious diseases. Emerging Infectious Diseases, 
1(1), 7–15. http://doi.org/10.3201/eid0101.950102 

Mundt, L. A., Shanahan, K., & Graff, L. (2011). Graff’s textbook of routine urinalysis and body fluids. 
Wolters Kluwer/Lippincott Williams & Wilkins Health. Retrieved from 
https://books.google.pt/books?id=SmKGfd7DsxgC&dq=Chemical+Analysis+of+Urine+chapter+4&
hl=pt-PT&source=gbs_navlinks_s 

Pearce, E. N., Lazarus, J. H., Smyth, P. P., He, X., Smith, D. F., Pino, S., & Braverman, L. E. (2009). 
Urine test strips as a source of iodine contamination. Thyroid : Official Journal of the American 
Thyroid Association, 19(8), 919. http://doi.org/10.1089/thy.2009.0120 

Pixie scientific. (2015). About Us - Pixie Smart Pads monitor for UTI. Retrieved February 21, 2017, from 
https://www.pixiescientific.com/about-us 

Queste, S., Salut, R., Clatot, S., Rauch, J. Y., & Khan Malek, C. G. (2010). Manufacture of microfluidic 
glass chips by deep plasma etching, femtosecond laser ablation, and anodic bonding. In 
Microsystem Technologies (Vol. 16, pp. 1485–1493). Springer-Verlag. 
http://doi.org/10.1007/s00542-010-1020-1 



 

35 

RAHE, M. (1993). Device for determining chemical and/or biological conditions in liquid, especially 
aqueous, media, e.g. urine, using at least one indicator. Retrieved from 
https://patents.google.com/patent/EP0560099A2/en 

Roelofs-Thijssen, M. A. M. A., Schreuder, M. F., Hogeveen, M., & van Herwaarden, A. E. (2013). 
Reliable laboratory urinalysis results using a new standardised urine collection device. Clinical 
Biochemistry, 46(13), 1252–1256. http://doi.org/10.1016/j.clinbiochem.2013.04.014 

Sacks, D. B., Arnold, M., Bakris, G. L., Bruns, D. E., Horvath, A. R., Kirkman, M. S., … Evidence-Based 
Laboratory Medicine Committee of the American Association for Clinical Chemistry. (2011). 
Guidelines and recommendations for laboratory analysis in the diagnosis and management of 
diabetes mellitus. Diabetes Care, 34(6), e61-99. http://doi.org/10.2337/dc11-9998 

Scanadu. (2015). Scanadu | Urine. Retrieved February 20, 2017, from 
https://www.scanadu.com/products/urine 

Song, X. (2007a). Lateral Flow Device for Attachment to an Absorbent Article. Retrieved from 
https://www.google.com/patents/US20080269707 

Song, X. (2007b). Multi-Layered Devices for Analyte Detection. Retrieved from 
https://www.google.com/patents/US20090155122?cl=en 

Subramanian, C. (2013). Smart Diapers: New Diapers Monitor Moisture, Bacteria | TIME.com. 
Retrieved February 21, 2017, from http://newsfeed.time.com/2013/07/16/smart-diapers-could-
help-parents-monitor-babys-health/ 

Thuo, M. M., Martinez, R. V, Lan, W. J., Liu, X., Barber, J., Atkinson, M. B. J., … Whitesides, G. M. 
(2014). Fabrication of low-cost paper-based microfluidic devices by embossing or cut-and-stack 
methods. Chemistry of Materials, 26(14), 4230–4237. http://doi.org/10.1021/cm501596s 

Tobergte, D. R., & Curtis, S. (2013). Dictionary of Medical Terms. Journal of Chemical Information and 
Modeling (4th ed., Vol. 53). A & C Black. http://doi.org/10.1017/CBO9781107415324.004 

Utsch, B., & Klaus, G. (2014). Urinalysis in children and adolescents. Deutsches Arzteblatt 
International, 111(37), 617–25; quiz 626. http://doi.org/10.3238/arztebl.2014.0617 

Vasudevan, R. (2014). Urinary Tract Infection: An Overview of the Infection and the Associated Risk 
Factors. Journal of Microbiology & Experimentation, 1(2), 1–15. 
http://doi.org/10.15406/jmen.2014.01.00008 

Wan, X., Wu, C., Xu, D., Huang, L., & Wang, K. (2017). Toileting behaviours and lower urinary tract 
symptoms among female nurses: A cross-sectional questionnaire survey. International Journal of 
Nursing Studies, 65, 1–7. http://doi.org/10.1016/j.ijnurstu.2016.10.005 

Wu, X. (2010). Urinalysis: A Review of Methods and Procedures. Critical Care Nursing Clinics of North 
America, 22(1), 121–128. http://doi.org/10.1016/j.ccell.2009.10.012 

Yager, P., Edwards, T., Fu, E., Helton, K., Nelson, K., Tam, M. R., & Weigl, B. H. (2006). Microfluidic 
diagnostic technologies for global public health. Nature, 442(7101), 412–418. 
http://doi.org/10.1038/nature05064 

Young, J. L., & Soper, D. E. (2001). Urinalysis and urinary tract infection: update for clinicians. 
Infectious Diseases in Obstetrics and Gynecology, 9(9), 249–255. 
http://doi.org/10.1155/S1064744901000412 

Zhang, Z., Chen, Z., Cheng, F., Zhang, Y., & Chen, L. (2017). Highly sensitive on-site detection of 
glucose in human urine with naked eye based on enzymatic-like reaction mediated etching of gold 
nanorods. Biosensors and Bioelectronics (Vol. 89). 

  



 

36 

 

 



 

37 

APPENDIX A – Specifications for the fabrication process  

 

  

Figure A.1 - Specifications for surface layer fabrication. 
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Figure A.2 - Specifications for reference layer fabrication. 
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Figure A.3 - Specifications for structure layer fabrication. 
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Figure A.4 - Specifications for cellophane layer fabrication. 
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Figure A.5 - Specifications for hydrogel host layer fabrication. 
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Figure A.6 - Specifications for test layer fabrication. 
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Figure A.7 - Specifications for frame layer fabrication. 
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Figure A.8 - Specifications for plastic cover fabrication. 
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Appendix B – HYDROGEL TEST DATA  

After perform the hydrogel test the data were processed. The values referring to the trials are 

presented in table B.1, B.3 and B.5, as well as the swelling ratio and standard error calculations. This 

allowed the calculation of the approximate time that the hydrogel takes to reach equilibrium. The 

dimensions of hydrogel before and after the test are shown in table B.2, B.4 and B.6. 

 

Table B.1– Values of period of time in minutes and respective logarithm, weight in grams and respective average, 
percentage of swelling ratio, standard deviation and standard error for the test with deionized water     

Δt (min) 
Ensaio 1 (g) Ensaio 2 (g) Ensaio 3 (g) Average Swelling ratio Ln (Δt) StDeviation Standard Error 

0 0,1390 0,1312 0,1400 0,1367 0 - 0,0048 0,0028 

0,5 4,1108 5,5687 6,2864 5,3220 37,9222 -0,6931 1,1086 0,6400 

1 5,1194 6,3573 6,4149 5,9639 42,6168 0,0000 0,7319 0,4226 

2 5,5417 7,034 7,2433 6,6063 47,3155 0,6931 0,9279 0,5357 

3 5,4687 7,9205 7,4836 6,9576 49,8844 1,0986 1,3078 0,7551 

4 5,8229 7,3367 8,4742 7,2113 51,7396 1,3863 1,3301 0,7679 

5 6,4216 7,3516 8,6452 7,4728 53,6524 1,6094 1,1167 0,6448 

6 6,4468 8,6828 8,8936 8,0077 57,5646 1,7918 1,3559 0,7828 

7 5,9790 8,446 7,2883 7,2378 51,9334 1,9459 1,2343 0,7126 

8 6,6430 7,6347 8,4020 7,5599 54,2894 2,0794 0,8819 0,5092 

9 6,4621 8,2755 7,5400 7,4259 53,3091 2,1972 0,9121 0,5266 

10 6,9816 8,4646 7,8970 7,7811 55,9069 2,3026 0,7483 0,4320 

15 6,7912 8,0426 7,9003 7,5780 54,4220 2,7081 0,6851 0,3956 

20 6,4189 8,2502 7,6930 7,4540 53,5151 2,9957 0,9387 0,5420 

25 6,8074 7,7706 8,2608 7,6129 54,6772 3,2189 0,7394 0,4269 

30 6,7961 8,816 7,9498 7,8540 56,4400 3,4012 1,0134 0,5851 

60 8,0700 9,0332 8,7494 8,6175 62,0244 4,0943 0,4950 0,2858 

90 7,9378 8,1508 8,4823 8,1903 58,8998 4,4998 0,2744 0,1584 

120 8,1705 8,1147 8,0580 8,1144 58,3447 4,7875 0,0563 0,0325 

180 7,7597 7,8796 8,2785 7,9726 57,3077 5,1930 0,2716 0,1568 

425 8,5132 8,2556 7,7696 8,1795 58,8206 6,0521 0,3776 0,2180 

1568 8,3340 8,3128 8,7715 8,4728 60,9656 7,3576 0,2589 0,1495 
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Table B.2 – Values of initial and final height and initial and final diameter of hydrogel before and after the test with 
deionized water (all values presented in centimeters) 

 
 
 
 
 
 
Table B.3 – Values of period of time in minutes and respective logarithm, weight in grams and respective average, 
percentage of swelling ratio, standard deviation and standard error for the test with urine 

Δt (min) Ensaio 1 (g) Ensaio 2 (g) Ensaio 3 (g) Average Swelling ratio Ln (Δt ) StDeviation 
Standard 

Error 

0 0,1495 0,1597 0,1512 0,1535 0 - 0,0055 0,0032 

0,5 3,1147 2,828 1,9206 2,6211 16,0793 -0,6931 0,6234 0,3599 

1 3,1209 3,2576 2,6305 3,0030 18,5678 0,0000 0,3298 0,1904 

2 3,0836 3,7195 3,0223 3,2751 20,3410 0,6931 0,3861 0,2229 

3 2,9087 3,4656 3,373 3,2491 20,1714 1,0986 0,2984 0,1723 

4 3,2872 3,6341 3,436 3,4524 21,4963 1,3863 0,1740 0,1005 

5 3,1161 3,6881 3,3292 3,3778 21,0100 1,6094 0,2891 0,1669 

6 3,3284 3,7913 3,3979 3,5059 21,8445 1,7918 0,2496 0,1441 

7 3,3560 3,6676 3,2773 3,4336 21,3738 1,9459 0,2064 0,1192 

9 3,4006 3,5142 3,359 3,4246 21,3149 2,1972 0,0803 0,0464 

10 3,2130 3,6628 3,287 3,3876 21,0738 2,3026 0,2412 0,1392 

15 3,4948 3,7622 3,4932 3,5834 22,3497 2,7081 0,1548 0,0894 

20 3,3009 3,9304 3,3538 3,5284 21,9911 2,9957 0,3492 0,2016 

25 3,2935 3,6347 3,348 3,4254 21,3202 3,2189 0,1833 0,1058 

30 3,3744 3,7816 3,306 3,4873 21,7237 3,4012 0,2571 0,1485 

60 3,4141 3,7632 3,3672 3,5148 21,9029 4,0943 0,2164 0,1249 

90 3,5394 3,6852 3,3556 3,5267 21,9805 4,4998 0,1652 0,0954 

120 3,9419 3,8009 3,3567 3,6998 23,1084 4,7875 0,3054 0,1763 

384 3,5533 3,8644 3,3261 3,5813 22,3358 5,9506 0,2702 0,1560 

1528 3,9140 4,0613 3,4612 3,8122 23,8404 7,3317 0,3127 0,1806 

 
 
 
 

hi (cm) hf (cm) Di (cm) Df (cm) 

0,5 1,5 0,5 3,0 
 1,6  3,0 

 1,6  3,1 
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Table B.4 – Values of initial and final height and initial and final diameter of hydrogel before and after the test with 
urine (all values presented in centimeters) 

 
 
 
 
 
Table B.5 – Values of period of time in minutes and respective logarithm, weight in grams and respective average, 
percentage of swelling ratio, standard deviation and standard error for the test with urine and double sized hydrogel 

Δt (min) Ensaio 1 (g) Ensaio 2 (g) Ensaio 3 (g) Average Swelling ratio Ln (Δt ) StDeviation Standard Error 

0 0,1495 0,1597 0,1512 0,1535 0 - 0,0055 0,0032 

0,5 3,1147 2,828 1,9206 2,6211 16,0793 -0,6931 0,6234 0,3599 

1 3,1209 3,2576 2,6305 3,0030 18,5678 0,0000 0,3298 0,1904 

2 3,0836 3,7195 3,0223 3,2751 20,3410 0,6931 0,3861 0,2229 

3 2,9087 3,4656 3,373 3,2491 20,1714 1,0986 0,2984 0,1723 

4 3,2872 3,6341 3,436 3,4524 21,4963 1,3863 0,1740 0,1005 

5 3,1161 3,6881 3,3292 3,3778 21,0100 1,6094 0,2891 0,1669 

6 3,3284 3,7913 3,3979 3,5059 21,8445 1,7918 0,2496 0,1441 

7 3,3560 3,6676 3,2773 3,4336 21,3738 1,9459 0,2064 0,1192 

9 3,4006 3,5142 3,359 3,4246 21,3149 2,1972 0,0803 0,0464 

10 3,2130 3,6628 3,287 3,3876 21,0738 2,3026 0,2412 0,1392 

15 3,4948 3,7622 3,4932 3,5834 22,3497 2,7081 0,1548 0,0894 

20 3,3009 3,9304 3,3538 3,5284 21,9911 2,9957 0,3492 0,2016 

25 3,2935 3,6347 3,348 3,4254 21,3202 3,2189 0,1833 0,1058 

30 3,3744 3,7816 3,306 3,4873 21,7237 3,4012 0,2571 0,1485 

60 3,4141 3,7632 3,3672 3,5148 21,9029 4,0943 0,2164 0,1249 

90 3,5394 3,6852 3,3556 3,5267 21,9805 4,4998 0,1652 0,0954 

120 3,9419 3,8009 3,3567 3,6998 23,1084 4,7875 0,3054 0,1763 

384 3,5533 3,8644 3,3261 3,5813 22,3358 5,9506 0,2702 0,1560 

1528 3,9140 4,0613 3,4612 3,8122 23,8404 7,3317 0,3127 0,1806 

 
 
Table B.6 – Values of initial and final height and initial and final diameter of hydrogel before and after the test with 
urine and double sized hydrogel (all values presented in centimeters) 

hi (cm) hf (cm) Di (cm) Df (cm) 

1,0 2,4 0,5 2,3 

 2,2  2,0 

 2,3  2,2 

hi (cm) hf (cm) Di (cm) Df (cm) 

0,5 1,5 0,5 3,0 
 1,6  3,0 

 1,6  3,1 
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The equilibrium time or time threshold for each case (see table B.7, B.8 and B.9), value from 

which the equilibrium was reached, was calculated as presented below: 

 

0,95 x Maximum value of swelling ratio = Value of swelling ratio where starts the equilibrium  

 

Next, the value obtained is replaced in the equation that approximates the tendency and the 

time is calculated.  

Example (water): 

0,95 x 62,0244 = 58,9232 

 

The equation for water is:  

y = 2,4356 ln(x) + 47,073 ⇔ 58,9232 = 2,4356 ln(x) + 47,073 ⇔ x = 4,8654 min 

 

Note: The values were calculated using the equation because is not possible to conclude by 

analyzing the chart. 

  

Table B.7 – Time threshold for the test with deionized water 

Deionized water  
 

Maximum value 62,0244 

95% * Maximum value 58,9232 

Time threshold 4,8654 

 

 

Table B.8 – Time threshold for the test with urine 

Urine  
 

Maximum value 23,8404 

95% * Maximum value 22,6483 

Time threshold 4,7273 
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  Table B.9 – Time threshold for the test with urine and double sized hydrogel 

Urine and double sized hydrogel 
 

Maximum value 49,6347 

95% * Maximum value 47,1529 

Time threshold 4,5047 

 

In order to calculate the initial height of the hydrogel to put in the device for a functional 

“self-locking” mechanism was necessary to calculate the initial volume and the final volume of the 

hydrogel tested (see table B.10) and the final volume requested to close the inlet. Since the hydrogel 

has a cylindrical shape, the volume was calculated as below: 

 

Volume = Base area x height = π x radius2 x height  

 

Table B.10 – Values of volume before (Vi) and after the hydrogel test for deionized water (VfW) and urine (VfU), in cubic 
centimeters  

Vi= 0,3927 cm3 

VfW= 11,3216 cm3 

VfU= 5,6149 cm3 
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Appendix C – Publications 

Couto, A., Dong, T. (2017) Design of a microfluidic paper-based device for analysis of biomarkers from 

urine samples on diapers. Paper presented at the IEEE Engineering in Medicine and Biology Society, 

Jeju Island, Korea.   

 


