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Abstract of Master’s Thesis of Academic Year 2022

FloWear Kit: Paper-Based Microfluidic Modules for

Customized Wearable Sensing Device Using Colorimetric

Analysis

Category: Design

Summary

Recently, wearable devices received attention from many fields because of their

potential in different applications. Wearable devices are widely used for health

monitoring as they can be close to the body. However, most of the current wear-

able health monitoring devices use electric circuit which is expensive and not

disposable. Using disposable wearable devices can be low-cost as it requires inex-

pensive materials such as paper. Paper-based microfluidics analytical technology

is used as a disposable approach and has received extensive interest from many re-

searchers in material science. This study aims to develop paper-based microfluidic

modules to allow users to customize and use their own wearable sensing device to

make a real-time screening health test. The device depends on detecting analytes

in sweat on the skin’s surface non-invasively. The wearable device will use paper

and colorimetric indicators as the main materials. This approach is expected to

provide a customized, real-time, low-cost, and disposable wearable device that

monitors essential analytes non-invasively.
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wearable, health monitoring, modules, paper-based microfluidics, sweat, coloro-

matric analysis
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Chapter 1

Introduction

1.1. Background

Body fluid’s analytes are anything that can be used as an indicator for a body

health condition such as vitamins, electrolytes, and metabolites. Their alteration

can be an indication of a critical health condition. Therefore, regular testing is

essential. However, most of the analytes tests are done in a medical lab and based

on blood samples, which is considered invasive, and can be expensive. Clinical

laboratories tests remain to be a central component of people health care, but they

are now complemented by tests performed outside of the clinical laboratory [11].

Screening tests can be done by users anywhere using point-of-care devices.

1.1.1 Wearable Medical Devices

Some point-of-care devices can be integrated into wearables. [12]. A wearable med-

ical device can be defined as an independent, non-invasive system that performs

a specific medical function such as monitoring or support. The term “wearable”

implies that the device is either attached directly to the human body or a piece of

clothing and has an appropriate design enabling its prolonged use as a wearable

accessory [13]. Wearable medical devices have the advantage that they can be

worn in comfort for a long time while making daily activities. However, most

health monitoring wearable devices use digital sensors which are expensive and

required power source and maintenance.

1.1.2 Microfluidics

Microfluidics are widely used in chemistry and biology specially for disease diag-

nosis. One of the main advantages of microfluidic devices is the ability to employ

1



1. Introduction 1.1. Background

small sample volumes in analytical tests [14]. Using a non-electrical device can

provide a low cost, real-time, customizable, lightweight, and more environment-

friendly device. This can be done by implementing paper-based microfluidic tech-

nology that uses paper as the main material. Papers do not require pumps as the

liquid will flow due to capillary action. In addition, paper microfluidic is flexible

and can be folded to create different designs. The sensing function in paper-based

microfluidics is implemented by taking the advantage of colorimetric indicators

that initiates a reaction with a specific analyte resulting in a color change. Col-

orimetric indicators provide easy-to-understand results. The user only compares

the color result with the indicator’s color scale. In addition, paper-based microflu-

idic engaged for developing point-of-care devices [15].

1.1.3 Human Sweat

A sweat sample can be used as a non-invasive approach for medical tests as it

can be collected on the skin’s surface. Sweat samples are composed mostly of

water in addition to different analytes such as sodium, potassium, and chloride

electrolytes, inhibitors, anti-gens, antibodies, and different xenobiotics such as

drugs, cosmetics, and ethanol (Figure 1.1). Diseases can change sweat composition

either by altering the concentration of common components or reporting new

components that, in any case, could act as biomarkers of the given disease [16].

Sweat is used to diagnose diseases such as cystic fibrosis (CF), where sodium and

chloride can be easily measured in this body fluid [17].

Figure 1.1 Composition of Sweat

2



1. Introduction 1.2. Motivation

Sweat glands are distributed all over the skin the largest organ in the human

body. “The skin is the largest organ of the human body and provides a very large

surface for the placement of and interface with a sensor.”

The sweat rate differs among body regions (Figure1.2) [1].

Figure 1.2 Mapping of Sweat in Human Body [1]

1.2. Motivation

In medieval Europe, they use to know that child who tastes salty from a kiss on

the brow will die soon [18]. This is because salty sweat is an indicator of a high

level of sodium chloride, which is a diagnosis of cystic fibrosis disease that damages

the lungs, digestive tract, and other organs leading to death, if not treated. Many

people do not know that the diagnosis of a deadly disease can be as simple as a

kiss on a child’s brow. To this end, health monitoring can be delivered to people

in a very simple and enjoyable way. If they enjoy the experience they will likely

adopt it to their daily life and it will be part of their routine. This approach has

the potential of preventing them from having serious health problems due to a

late diagnosis and give them the chance to react before it is too late.

3



1. Introduction 1.3. Objectives

1.3. Objectives

This study aims to develop paper-based microfluidic modules that allow users to

customize and use their own wearable sensing device to make a real-time screening

health test. The device will use the sweat as a test sample to provide a non-

invasive approach. Paper-based microfluidic modules will provide an enjoyable

and fun user experience. In addition, to the visual feedback that will be provided

by the colorimetric indicators. As the paper will be the main material of the

device it will be low-cost, flexible, foldable and more environmentally friendly.

The device will not appear as a medical tool but as a fashion component.

1.4. Thesis Outline

This thesis is organized into different chapters, and each is described as follows:

• Chapter 1 provides a general background, motivation and the objectives for

this thesis.

• Chapter 2 presents some work related to this thesis with their limitations

and is divided into four different categories.

• Chapter 3 gives a general overview of technologies and materials that were

used to make the prototypes. It also introduces subsequently the method-

ology and implementation of different prototypes developed with their eval-

uations.

• Chapter 4 presents the final developed prototype. In addition, this chapter

presents a user study implemented with the analyses of the results using

charts and tables to provide detailed information. At the end of this chapter,

a discussion is presented.

• Chapter 5 summarizes the thesis and also suggests how the thesis topic could

be extended in the future.

4



Chapter 2

Literature Review

This study is related to research in wearable sensing devices, analytes sensing and

customizable interfaces.

2.1. Digital Wearable Devices

Digital wearable devices widely used nowadays spatially for health monitoring.

In SkinKit research, a construction toolkit for on-skin interfaces was developed

to be used for different applications, such as in health to monitor body temperature

or detecting breaths, safety, social, notification, fashion, dance and sport [2].The

kit contains flexible printed circuits board blocks with different types such as

sensor, actuator, modifier and power module. The blocks can be connected in

three different ways: PCB connection with flaps, PCB connection without flaps

or wire connection (Figure 2.1).

Figure 2.1 SkinKit [2]

5



2. Literature Review 2.2. Permanent Tattoo for Analytes Test

Rose et al. developed a radio-frequency identification (RFID) sensor bandage

for sensing of electrolytes, such as magnesium, potassium and chloride in sweat,

by integrating a commercial RFID sensor in a bandage. The study proposed

two ways to collect and allow the sweat sample to reach the sensor using paper

microfluidics wick to allow the flow of swear from the skin to the sensor, or placing

the sensor directly on the skin [19].

A low-power, highly responsive and reusable sweat pH monitoring device was

developed by Wang et al. [20]. The device contains a flexible and fast reactive

pH sweat sensor that can be integrated into a pulse oximeter that was fabricated

using polyaniline polymer. The pH sensor is made using a material that changes

color when mixed with sweat. By integrating the customed pH sensor and the

developed pH sensing algorithm into existing fitness devices such as smartwatches

that already have a pulse oximeter, the watch can monitor the pH value of a user’s

sweat, heart rate, and blood oxygen levels all together in real-time, with accuracy,

reaches 90 percent.

The main limitations for digital wearable devices are the expensive price and

the need of maintenance and power supply.

2.2. Permanent Tattoo for Analytes Test

Permanent tattoo provides a better approach for health monitoring, as it does not

require power supply or maintenance.

In Dermal Abyss project, researchers focused on human skin to be used as an

”interactive display” by applying biosensors on the skin as ink for permanent

tattoo patterns [21]. The research focused mainly on detecting sodium, glucose,

and pH of the skin’s interstitial fluid. The ink used for the tattoo was colorimetric

and fluorescent biosensors. The research clarifies that using biosensors in wearable

materials can be safer, comfortable to use, and easier to improve and maintain.

On the other hand, it can be difficult to use since it will not be close to the body

biomarkers. The research used diaza-15-crown-5 to detect sodium ions and it

changes color from yellow to red when sodium ions are detected. In a research done

by Viirj Kan et al. organic materials that are working as detectors by changing

color, smell, and shape when mixed with acid or alkaline were introduced [22].

6



2. Literature Review 2.3. Design Tools

One of the applications for these materials is to sense lactic acid in sweat.

The challenges for permanent tattoo is the difficulty of maintaining the indicator

accuracy after sometime. Also, the indicator is applied directly on the skin which

may not be a safe approach. The permanent tattoo patter can be selected once

and it will be difficult to change.

2.3. Design Tools

The design tools provide a customized method for making different design pat-

terns.

Many methods for developing design tools were studied. Some of the studies

focused on building a design tool for printing circuits directly on the skin while

others focused on developing a design tool to customize patterns to make flexible

devices.

Youngkyung Choi et al. developed a body printer to make conductive circuits

on the skin [3]. The printer depends on a software to provide a graphical interface

to make custom shapes, which can be directly printed on the skin (Figure 2.2).

The software is programmed with Java and hardware, which are controlled with

an Arduino microcontroller. In a research study done by Muling Huang et al. the

tattoo customization design“ColorGuardian” system was developed to design and

print a customized temporary tattoo for children with vitiligo [4]. The system is

Figure 2.2 Design Tool and Printer for Tattoo Printing [3]

7



2. Literature Review 2.3. Design Tools

divided into two main parts (Figure 2.3). The first part is tattoo pattern design

Figure 2.3 Design Tool and Printer for Children with Vitiligo [4]

or pattern selection customization, while the second part is pattern printing. The

printer uses as a safe ink for children. In the FoldTronics project, new software

was introduced to design 3D models [23]. Their approach starts with a 2D plastic

sheet that should be folded to make a 3D shape. Daniel Groeger et al. introduced

a LASEC design tool that enables users to customize the stretchability and stretch

direction of a material [24]. Paredes et al. presented a system that enables the

design and fabrication of customized functional hand electronic wearables [25].

It is designed to generate a printable pattern for fabrication which can be used

to detect a hand’s motion, orientation, or tracking vital signs. DeChiara et al.

introduced an open software platform for the automated design of paper-based

microfuidic devices called AutoPAD (Figure 2.4) [5]. AutoPAD is an open source

Figure 2.4 AutoPAD Software [5]

8



2. Literature Review 2.4. Microfluidic Interfaces

for researchers in laboratories and school students.

The disadvantages of using design tool as a customization approach are that it

needs knowledge to use the software, equipment like laser cutter and materials for

fabrication.

2.4. Microfluidic Interfaces

Microfluidic approach allows to make a non-digital device that can be used for

different application such as analytes monitoring.

Many research focused on creating new methods to make microfluidics.

In the Flowcuits project, a DIY fabrication approach was presented to make

physical, interactive, and functional electrical components using liquid metals [26].

Three D-printed stamps are used to make channels on moldable material such as

‘Blu Tack’. Then a conductive liquid metal is applied to the channels to connect

between electronic components placed at the start and endpoints of the channels.

In another research by Jingyu Xiao et al. a wearable microfluidic chip for detecting

glucose from sweat was developed as a noninvasive approach [27]. It was fabricated

using polydimethysiloxane (PDMS) as the main material. The chip consists of

four layers, sensing layer, balance tunnel layer, cavity layer, and adhesive layer.

The research used sweat for testing glucose in the human body because it can be

collected noninvasively from the surface of the skin.

Koh et al. focuseed on making a similar microfluidic chip with four outlets,

to detect glucose, pH, chloride and lactate (Figure 2.5) [6]. Venous Materials

Figure 2.5 Microfluidic Chip [6]

project [7] introduced a design tool to allow users to easily design geometry for

9



2. Literature Review 2.4. Microfluidic Interfaces

a variety of applications (Figure 2.6). The design tool was built in Rhinoceros 6

editor and Grasshopper environment. The user first selects a geometry pattern.

Then, the user can configure the geometry by drawing the area in which the

geometry will be generated. After that, the user defines the flow direction by

setting a starting and ending points. Finally, the chosen pattern is automatically

generated. Silicone Devices study presents a fabrication workflow for making

Figure 2.6 Venous Project [7]

stretchable silicon devices using a CO2 laser cutter [8]. The microfluidics circuits

are created by designing silicone channels directly and filling them with conductive

liquid metal (Figure 2.7).

Figure 2.7 Flowcuits Project [8]

Microfluidic devices can be fabricated using different materials such as silicone

and PDMS. However, the most cost-effective approach is paper.

10



2. Literature Review 2.4. Microfluidic Interfaces

2.4.1 Paper Based Microfluidics

Paper-based microfluidics provides a low-cost approach for making microfluidic

devices. Paper-based microfluidic analytical devices are used to detect analytes

(biomarkers, etc) in different body fluids such as saliva [28], tears [29], wound’s

interstitial fluid [30] and sweat [31–33].

There are many technologies that can be used to make a microfluidic patterns on

paper such as photolithography, flexographic printing, wax printing [34], plotting,

plasma etching, laser cutting [35,36] and other technologies [37].

Gang Xiao et al. introduced, a wearable, cotton thread/paper-based microflu-

idic device that senses glucose in sweat [38]. The developed µTPAD contains

three main parts which are the absorbent part, a hydrophilic cotton thread, and a

functionalized filter paper. Chitosan, GOD, HRP, and TMB were used as glucose

indicators. The absorbent cotton patch is attached to one side of waterproof fabric

and directly close to the human skin as a store to collect sweat. The glucose indi-

cator is dropped on the other side of the fabric to avoid any cross-contamination

of the sweat sample. The hydrophilic thread is sewed on the fabric. A mobile ap-

plication (Color Grab) is used to analyze the color change and gave a quantitative

result of the glucose level in the sweat sample.

Abbasiasl et al. proposed a method to fabricate a wearable paper-integrated

microfluidic device for sequential analysis of sweat based on capillary action to

conduct colorimetric analysis for glucose and pH in sweat. The device consist of

five layers: capping layer, filter paper, microfluidic layer, bottom layer and skin

adhesive, which is sticked to epidermis [39].

2.4.2 Modular Based Microfluidics

Modular-based microfluidics continuously receive attention from researchersas it

provides a customizable method to build microfluidic devices.

Microfluidics LEGO bricks were developed by MIT researchers (Figure 2.8) [9].

Jing Nie et al. introduced a method to make Lego blocks using 3D printer that

were designed with CAD software [40]. The 3D printed Lego blocks has channels

where the capillary materials is applied.

Yuen et al. made a reconfigurable stick-n-play modular microfluidic system
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Figure 2.8 Lego Microfluidic bricks [9]

using magnetic interconnects [41].

Ampli project, introduced a modular paper-fluidics [10], which is similar to

my modular approach. It is based on using different types of blocks, including

connected together. There are six types of blocks sample, transport, conjugate,

absorbent, protein carrier, and battery block (Figure 2.9).

Figure 2.9 Ampli Reconfigurable Blocks [10]
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2.5. Summary

Some of the highlighted studies focus on making digital wearable devices using

electronic circuits, which is considered expensive, and required power source and

maintenance.

The developed method in making a permanent tattoo for health monitoring is

a good approach as the indicator will be directly on the skin and close to body

analytes however, the disadvantages of this approach is that the efficiency of the

indicator in the tattoo ink is reduced after some time. Also, the tattoo design will

be fixed and cannot be changed easily and for some people, the tattoo ink may

cause skin allergies.

The proposed approaches for making microfluidic interfaces are useful. How-

ever, it requires special materials, which are costly and require many steps. In

addition, a small hole on the surface can cause liquid leaks.

Modular microfluidics blocks allow customization for building different microflu-

idic devices however, extra efforts must be made to overcome the weaknesses of

leaking and aligning between individual modules [40]. Moreover, the blocks are

not flexible and cannot be applied to make a wearable device.

In contrast, this study approach is to implement microfluidic technology using

paper and colorimetric indicators which will be suitable for making a customizable

and flexible wearable device at a low cost, and liquid is not leaked after soaking.
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Chapter 3

Concept Design

In this chapter, the research materials and technologies are explained. Many pro-

totypes were developed to overcome the weaknesses of the previous one and make

an easy-to-make customizable paper-based microfluidic wearable device. The de-

sign and fabrication process for different prototype versions with their evaluations

are presented.

3.1. Pre-User Study and Interview

3.1.1 Interview with clinical biochemistry specialist

To get an overview of the current situation for the analytes’ tests, challenges, and

opportunities, an interview with a clinical biochemistry specialist was conducted.

The specialist explained that point-of-care testing is good for a screening test

where users can have a general idea about their overall health condition and not

for the diagnosis, as it is not accurate and precise. The specialist added that

commonly used points of care teasing is for glucose and pregnancy hormone.

Currently, colorimetric strips are used for urine test samples for pregnancy or

for babies that have some symptoms and are expected to have lactose intolerance.

3.1.2 Pre-User Study

An online user study was conducted to know if people are interested in making

their own wearable sensing device. The user study was divided into three parts.

In the first part, an introduction to the research was given. In the second part,

participants were asked to make some patterns that they would like to have as

wearable devices using pen and paper. Then, participants were asked to color
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their patterns, cut them, and stick them on their bodies using transparent tape.

After that, the patterns were collected. In the last part of the user study, partic-

ipants were asked to fill out a survey. The survey consists of three main sections

demographic, health condition, and design section (Figure 3.1).

Figure 3.1 Survey’s Contents

The user study was conducted on three participants. In general, the pattern

designed by participants can be divided into three main categories, which are

geometric, natural, and emojis (Figure 3.2). The survey showed that all partici-
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Figure 3.2 User Patterns

pants are interested in making their own wearable sensing device. Moreover, all

participants would like to monitor analytes levels in their bodies noninvasively.

3.2. Technologies and Materials

In order to make a customizable wearable sensing device, different technologies

were used (Figure 3.3). The device is based on microfluidic technology that allows

Figure 3.3 Technologies Implemented

the flow of small values of liquid from the start point of collecting the liquid to

the endpoint of analyzing and sensing. Specifically, the paper-based microfluidic

method was employed using hydrophilic paper to allow the flow of liquid with

capillary action. The Modular patterns were used as a customizable approach. For

the sensing functionality, colorimetric indicators were combined with the paper-

based microfluidic modules.
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3.2.1 Filter Paper

Advantec qualitative filter papers grade 1 was used in this research 3.4. It is

made of cotton cellulose and has a fast flow rate and thickness of 0.20 (mm).

Grade 1 Filter Paper was selected to be the main material because it is the most

commonly used paper for the fabrication of analytical devices in laboratories such

as Paper-based analytical devices (µPADs) [42].

Figure 3.4 Advantec Filter Paper

3.2.2 Colorimetric Indicators

Health Monitoring Indicator

pH indicator can be used for health monitoring. It measures how acidic or alkaline

a sample is. Sweat pH gave information about if the body is dehydrated for

example as the sodium will be highly concentrated and that will cause a high pH

value. Moreover, sweat pH can help in the diagnosis of skin conditions, such as

dermatitis, acne, and other skin conditions. In addition, for diabetic patients,

sweat pH may provide a good indication of another life-threatening status, for

example, a high sweat pH during extreme sweating at night may be caused by a

long period of low blood glucose that required medical intervention [20].

To make the sensing modules, universal pH indicator strips were used. The

universal indicator has four reaction zones. Only the third zone (4-9) was used as
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it reacts to a pH level around neutral pH 7, which is the case for the human sweat

pH range (Figure 3.5). Human sweat’s normal pH range is between 4.5 and 7.0,

which is relatively acidic to neutral pH [43].

Figure 3.5 pH indicator

Glucose levels also can be monitored from sweat samples. Therefore, a glucose

strip indicator was used to give the user the choice of making a multi-indicator

device. The indicator range between 0 to 2000 mg/L 3.6. The normal range of

glucose in human sweat is between 0.06 and 0.2 mM, which corresponds to 2.76

mg/L and 9.2 mg/L respectively [44].

Figure 3.6 Glucose Indicator Color Scale

Sample Flow Indicator

In order to show the flow of the sweat in the micro-channels potential of differ-

ent colorimetric indicators was studied. A sweat colorimetric Ninhydrin-based

reaction was found to be not suitable for a direct short-time reaction as it needs

around one hour for the color change to be observed. Another potential indicator

is the hydrochromic ink that changes color or becomes transparent when exposed

to water. The hydrochromic paste ink was used by mixing it with water then the
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paper modules were inundation in the hydrochromic liquid after that it was dried.

However, when the hydrochromic ink was applied to the pattern it makes a layer

that reduces the liquid flow in the paper module (Figure 3.7). Finally, a water

Figure 3.7 Liquid Flow When Hydrochromic Ink is Used

erasable ink was used to provide a direct reaction 3.8. The erasable ink will be

Figure 3.8 Erasable Ink

removed when the sweat sample flow in the micro-channels. The erasable ink was

applied only to the transport modules so it does not affect the detection in the

sensing module. Also, it was not used in the absorption module because it may

color the skin or the wearable as it is not covered from one side for the absorption

purpose and it will be hidden so it will not be observed anyway.
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3.3. First Prototype

A design tool was developed to allow users to design wearable devices intuitively,

using a 3D CAD software, Rhinoceros, and its add-on, Grasshopper. First, the

user creates an arbitrary 3D model (figure 3.9 a). The finished object consists

of a waterproof layer and a hydrophilic layer that can easily absorb liquids. The

Figure 3.9 Prototype 1

user sets the start and endpoints for the liquid diffusion. The starting point is

where the liquid will be absorbed, and the endpoint is where the pH indicator will

be applied. Two liquid pH indicators were used Anthocyanins and Bromothymol

blue. Both points are generated by drawing a line through the center of each mesh

using the Graph theory and then developing the shortest path using the Dijkstra

method.
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This approach may not be used by people who do not have an access to laser

cutters. Therefore, developing a kit with modules can be used by everyone.

3.4. Second Prototype

In the second prototype, paper-based microfluidic modules were designed. Figure

3.10 shows the use case diagram for using a kit of paper-based microfluidic mod-

ules. Each user can customize their own wearable sensing device using the kit for

paper-based microfluidic modules. The customized wearable sensing device can

be attached to the wearable to make the daily wearable an interface for health or

it can be an independent wearable. It can be placed on nearly any skin touching

area on the human body: wrist, ankle, waist, chest, arm, legs, etc. After that,

they should make any activity that makes them sweat such as exercising that will

change the color of the indicator in the device based on the level of analyte de-

tected. Then, the user should compare the color change with the indicator color

scale. If the result color is within the normal range, it will be an indication of

being healthy. Otherwise, the user should react depending on the analyte that

was detected by taking supplements, drinking more water, or making an accurate

test in a medical lab. The user may keep the device in their diary to track their

health over time.

Figure 3.10 Use Case Diagram

The device has a start point, where the sweat is collected, and an end point
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where the analyte will be detected. The end-point act as the sensing point, where

a liquid ink is applied (Figure 3.11). However, uncovered modules do not keep the

Figure 3.11 Prototype 2.1

sample for a long time, as it will be evaporated and become contaminated from

the outside environment. Therefore, the prototype was fully covered except for

the absorption module (Figure 3.12). First, the modules were connected together

Figure 3.12 Prototype 2.2

with a double-sided tape. Then a cling wrap was used to cover the connected

patterns by applying heat for the lamination. In addition, the liquid indicator was

replaced with a strip indicator to insure accurate results. Covering the device fully
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with cling wrap after connecting the modules does not allow having independent

modules. Therefore, this weakness was addressed in the next prototype.

3.5. Third Prototype

Many different modules shapes were designed 3.13. All the designed shapes were

simple, as they will be used as a module for simple disposable devices. The shape

Figure 3.13 Other Module Shapes

of a regular octagon (regular polygon with eight sides) that has four wings was

selected to be used as the main shape in this study (Figure 3.14). The four wings

Figure 3.14 Modules Sizes

design provides four liquid flow directions. Three types of modules were fabricated
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to be used for different purposes including absorption, sensing, and transport

module (Figure 3.15). The transparent tape is used to cover the modules [45–47].

Figure 3.15 Modules Design Structure

It will provide a hydrophobic layer because it is transparent and flexible, which

allows observing the sweat flow and color change and keeps the flexibility and

foldability of paper while protecting it from being catted easily. The modules

were designed in PowerPoint and saved in scalpel vector graphics format (svg).

Then, the svg file was opened in Laserbox software and some modifications to the

size were made. After that, the designs were catted using a laser cutter. Figure

3.16 shows the modules cutting process. The designs were catted on a qualitative

Figure 3.16 Cutting the Modules
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Advantec filter paper grade 1 with a thickness of 0.20 (mm). A transparent

tape was used to cover the modules to avoid contamination and evaporation of

the collected sweat sample. For the sensing module, universal pH and Glucose

indicator strips were used. In order to connect two modules, a tissue double-sided

tape is used because the material of tissue tape will not block the flow of liquid

between the two connected modules (Figure 3.17).

Figure 3.17 Connecting Two Modules

The absorption module is used to absorb sweat samples on the skin and is

considered the start point for the flow. Therefore, it should be at a touch point

with the skin surface. It is covered with transparent tape from the top side only to

give the paper modules support and avoid sample evaporation and contamination.

However, the wings are not covered to allow the liquid flow when connecting

modules. The sensing module contains the colorimetric indicator and represents

the endpoint for the sample flow. It is covered from both sides and has a small

window (hole) for the indicator strip 3.18. The transport module is the module

Figure 3.18 Area of Sensing Module

that can be used to connect between absorption and sensing modules. It is covered

from both sides. There are three different shapes of the transport module: single,

double, and tribal to allow customization for more patterns (Figure 3.19). Figure

3.20 shows examples of devices attached to a hand watch and collar.
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Figure 3.19 Transport Modules

Figure 3.20 Device Attached to Watch and Collar
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3.5.1 Flow Experiment

There are many different ways to control the flow time for the paper-based mi-

crofluidic such as changing the paper thickness, or channel dimensions [48]. Usu-

ally, one of the main ways to control the flow time for the paper-based microfluidic

is by changing the width of the microchannels. Wider microchannels mean less

flow time and narrow microchannels mean more flow time [49].

In this research, different transport patterns with different channels width were

fabricated. In order to get narrower channels and make a nice design, a hole was

made in the middle of the modules. Figure 3.21 shows the area calculated for dif-

ferent transport modules.

Figure 3.21 Modules Area

Regular polygon area formula was used to get the area for the regular octagon.

Which state that for a regular n -gon whose side length is L, the area is

Area =
nL2

4tan(180
n
)

where tan is the tangent function calculated in degrees.

27



3. Concept Design 3.5. Third Prototype

The time that the liquid took from the beginning of the module to the end was

measured. The flow in the wider channels was faster and took less time compared

with narrower channels. For the single and double modules, the difference was 16

and 17 seconds respectively whereas the difference for the triple module was 51

seconds. Figure 3.22 demonstrate the total flow time for each pattern. The user

can use the patterns based on the activity they will make and the time. In order

to get results faster, patterns with wide channels should be used. The flow will

also be affected by other facts not addressed in detail in this thesis, for example,

if the device is folded, then this will also affect the flow time.

Figure 3.22 Comparison of Absorption Time for Different Modules
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3.5.2 Third Prototype Evaluation

In this user study the device was evaluated from four different aspects: design

customizability, enjoyability, usability and its effect on the lifestyle.

User Study Setup

Fifteen participants aged between 20-30 participated in the user study. The study

was divided into three days. The first day is the workshop day, where the partic-

ipants were introduced to the device and the materials were distributed (Figure

3.23). The materials are the three types of fabricated modules: absorption, trans-

port, and sensing modules. For the sensing part, two types of indicators were

used: pH and glucose indicators. Also, three types of transport modules were dis-

tributed: single, double, and triple. In addition, some waterproof modules were

given, to help user make an independent device. Then, the participants were asked

Figure 3.23 Patterns

to make a sketch of the device they want to make and use to gave them chance for

brainstorming(Figure 3.24). Before making their first device the participant filled
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Figure 3.24 Some of Participants Sketches

out a before-use questionnaire in google forms that they had to fill based on their

expectation of such a device. After that, the participants start with a hands-on

activity where they made their first device (Figure 3.25). At the end of the first

day, the participants took the materials and the device they made with them and

were asked to use it and make two more devices for the next two days. On the

third day, an after-use questionnaire was sent to the participants as a google forms

link to fill out and upload pictures of their devices. Also, some participants were

interviewed online with a zoom application.
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Figure 3.25 Workshop

Device Customizablility

The customizability of the device was evaluated based on the different devices

produced using the papaer-based microfluidic modules. The devices that were

made by participants can be divided into five different categories: on hand, on

face and neck, on a shirt, on foot, and others. Based on the user study results,

hand wearables were the most designed among users (Figure 3.26). Some users

mentioned that because it is easy to make an independent device on hand like

rings and hand bands. However, placing the device close to the hand’s palm will

Figure 3.26 On hand Devices
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increase the possibility of contamination of the sweat sample as people use the

palm of the hand to touch and carry things. On the face and neck were the second

most designed devices, where users attached the device to their masks, eyeglasses,

headband, chain, and the neck (Figure 3.27). Some users attached their devices to

Figure 3.27 On Face and Neck Devices

their shirts (Figure 3.28). Three users attached the device to their socks (Figures

Figure 3.28 On shirt and belt Devices

3.29). In addition, a user thought about using the device, not as wearable but

attaching it to attaching point to be on a mobile cover. Another user wants to

use the device like a hair clip. The hair clip can not be a device to detect sweat

as it is not with a teaching point with the skin. Different users want to make

3D shape devices without specifying where to be placed (Figure 3.30). Based on
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Figure 3.29 On Foot Devices

the produced devices, the modules allowed users to make 2D and 3D shapes by

folding the device on a wearable or connecting the device to be into 3D shape.

Figure 3.31 demonstrates that most of the participants agreed that they can use

Figure 3.30 Other Devices

the paper-based modules to make any combination of patterns with 60 percent.

27 percent of participants strongly agreed. This result shows that the modules

allow the customizability of the device.

Some of the produced devices may not be proper to be a sensing devices for

analytes in sweat. Such as devices on the rings, mobile covers, and hair clips.

However, the purpose of this part of this study is to test the customizability of

the paper-based modules to get inspiration from participants’ design creativity.

Also, to know the preferred location on the human body for wearable devices.
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Figure 3.31 Customizability Results

Device Enjoyability

The participants were asked if they find the device enjoyable to make. Around 50

percent of participants agreed that they had an enjoyable experience making the

device. In addition 14 percent strongly agreed (Figure 3.32).

User Impressions:

“I found the process of making the device very enjoyable because I’m into craft

and art.”

“I loved using this device.”

“I liked using this device. Interesting.”

“it’s cool”

“It feels a little bit like a puzzle to me, so it’s fun.”

“I really like the idea.”
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Figure 3.32 Enjoyability Results

Device Usability

System Usability Scale (SUS) of a 10-item questionnaire with five response options

from ”1” strongly disagree to ”5” strongly agree was used to test the device’s

usability two times. The first time was before using the device based on their

expectation after the introduction and explanation they got. The usability score

was calculated by subtracting one from the odd number questions and subtracting

the even number questions from the number five. Then, the results numbers

were added to get the total for each user. Finally, the total for each user was

multiplied by 2.5 to get the score for each user. To get the score for the usability

test the average was calculated (Table 3.1). The score was 66.83333 which is

corresponded to ”Poor” usability. The second time was after the participants used

the device the score was 64.16667 which corresponded also to ”Poor” usability. As

per participants’ feedback, this is because they do not know if the sweat reaches

the sensing module or not. Also, some of them said that they do not have an idea

about the device they should make. In addition, some of the participants find it

difficult to stick the double-sided tape on the modules as they are small. Another

challenge they face is that the double-sided tape connecting the modules will not
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Table 3.1 SUS for All Participants

be strong to connect the modules when the patterns are wet.

Few number of participants with around 20 percent disagree that the device was

comfortable to wear (Figure 3.33). Based on their feedback they were not sure

where should they place it. Also, the weak connection between the modules when

the device is wet did not make them feel comfortable while wearing the device.

User Impressions:

“I think the device is a little bit small, so some people might feel hard when

connect different parts together.”

“The devices were smaller than I thought.”

“The device is small and delicate, this could become troublesome for daily use.”

“The connection is kinda fragile, hope it can be connected more sturdy”

“Maybe different ways of connecting the parts of the device. This can make the

experience more enjoyable.”

Based on the user impressions during making the device, the small size of the

paper-based modules can be a challenge for some people. In addition, the double

sided tape was not stable after the modules are wet. These challenges affected

the usability of the device.
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Figure 3.33 Comfortability of Wearing the Device

Improvement for better experience:

“I am thinking if we use it every day, we can stick all the results on a dairy

book! It will be so cute”

“The device making is really good. But maybe even customization can be done

by the design tool.”

“maybe try different materials to increase the user experience because the wear-

ing feelings are different if users wear it in different locations on their body”

“Maybe different sizes (and different shapes) for the module would be great be-

sides the joint modules, also more color options (different indicators). If there

is a possibility to make the module automatically attach (i.e. velcro) then all the

better.”

“When my husband saw the device he was interested to see the color change but

he was not interested in making the device”

Participants gave some suggestions to improve the user experience when making

the device. Some of the participants would like to have more shapes of modules

and different colors. In addition, improving the connection method was suggested.

Another participant would like to stick all the results on a dairy book to record
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their health condition in a fun way. Another user suggested having an option

to design the device using design software. In addition, some people may be

interested in using a ready customized device. In this case, some ready customized

devices may be added into the kit in addition to a design tool option where the

user can make their own design and cut it on filter paper and use colorimetric

indicators in the kit.

Device Effect on the Lifestyle

Figure 3.34 shows that most participants were encouraged to monitor their health

Figure 3.34 Encouragement for Health Monitoring

when using the device. However, one participant strongly disagree and said “I

think that constant monitoring of my health can cause me anxiety.”.
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Chapter 4

Prove of Concept

In this chapter, the final prototype is presented, tested and evaluated from two

different aspects:usability and enjoyability. It also contains the thesis discussion.

4.1. Final Prototype

The third prototype did not have any indication for the sweat flow in the device,

making it difficult for the user to follow up with the device’s functionality in

absorbing and detecting analytes. Therefore, the prototype was improved by

applying an erasable ink to show the liquid flow in the transport modules. In figure

4.1 a device consisting only of absorption and sensing modules was customized

and then folded and attached to a hand watch to test the flow of sweat while using

an erasable ink. It took 5 minutes and 55 seconds for the sweat to flow from the

absorption point to the sensing point.

Figure 4.1 Sweat Flow in a Device
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Figure 4.2 illustrates the fabrication process for the three types of modules:

absorption, transport, and sensing from cutting the patterns to the final device is

ready to be attached to a wearable. The designed modules will allow users to make

Figure 4.2 Fabrication Process

different customized devices. The device can contain multi-sensing modules to

sense different analyses (Figure 4.3 a). It can also have multi-absorption modules

to absorb sweat from different points to collect more amount of sweat samples

(Figure 4.3 b). Two devices with the same number of modules were made to

compare the flow of liquid with different channels width. The first device that has

narrower channels took around 16 minutes and 6 seconds for the liquid to flow

from the absorption module to the sensing module (Figure 4.4). While for the

second device that has a wider channel it took around 12 minutes with around 4

minutes difference between the two devices (Figure 4.5).
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Figure 4.3 Modular Devices

Figure 4.4 Liquid Flow in a Device with Time for Narrow Channels

Figure 4.5 Liquid Flow in a Device with Time for Wide Channel
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4.1.1 Final Prototype Evaluation

In this user study, there were two groups of participants.

Group One

Group one had nine participants and they made the device and used it. The study

setup was prepared considering the feedback of the previous study. Based on the

previous study, users want more support and guidelines for making the device.

This issue was addressed by developing an instruction website using Wix builder

(Figure 4.6) . The website contains videos, pictures, and examples of how to make

Figure 4.6 Website

some devices. It explains in detail all the processes from the required modules to

the color change indication.
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System Usability Scale (SUS)

The first group was asked to go through the website with all instructions and

details about the paper-based microfluidic modules and the device. Then they

were asked to make a device that they want to use (Figure 4.7) .After they make

Figure 4.7 User Study Group 1

their device a questionnaire was sent to them using google forms link to be filled

out after using the device. The system usability score was calculated using the

same method in the previous user study by finding the SUS for each user and

then getting the average as shown in table 4.1. The system usability score was

improved compared with the usability study for the third prototype with score of

71.944444 which corresponds to ”Good” usability.

Table 4.1 SUS for Group One Participants
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Group Two

Group number two contains four athlete participants were given ready customized

devices attached to a hand band to use during a football match (Figure 4.8). Hand

band was selected based on the results of the customizability part for the third

prototype user study, where most participants preferred to make devices placed

on hand wearables. A super glue was used to connect different modules from

Figure 4.8 Ready Customized Devices Attached to Hand Band

the two borders of wings to insure stable connection between the modules for the

user devices (Figure 4.9).

Figure 4.9 Connecting Modules Using Super Glue
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System Usability Scale (SUS)

Table 4.2 represents the SUS score for each participant with the corresponding

grade. The average system usability scale shows an ”Excellent” score of 83.125.

Table 4.2 SUS for Group Two Participants

Enjoyability

Two of the user agreed that it was an enjoyable experience using the device. While

one of the users strongly agreed (Figure 4.10).

Figure 4.10 Device Enjoyability

Figure 4.11, shows the users devices after being used.

The participants express their excitement to observe the sample absorption

and color change. After using the device in the match the devices gave inter-

individual variation of colors which is an indication that the pH indicator react
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4. Prove of Concept 4.1. Final Prototype

Figure 4.11 Devices After Use

based on different levels of pH. Figure 4.12 shows two of the devices that changed

color after use. For user A the device change color from light green to orange

which indicate a sweat pH level between 4 and 4.5. While for user B the color

changed to yellow which indicate a pH of 5. One of the users said that it was fun

Figure 4.12 pH indicator Color Change

when the blue color (erasable ink) started to disappear. Another user added that

he was glad to know that his sweat pH is within the normal range and his skin

with good condition. Where other user expressed his interest in using other types

of indicators.
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4. Prove of Concept 4.2. Discussion

4.2. Discussion

Based on the prototype testing and the evaluation, the fabricated modules suc-

cessfully enabled developing a customized wearable device for monitoring pH in

sweat, as a body analyte. The device was able to absorb the sweat from the

skin surface. The capillary action in paper allowed the flow of sweat from the

absorption to the sensing modules passing through different transport modules.

The sensing module with a colorimetric indicator showed color change based on

the analyte level detected.

The developed paper-based microfluidic modules overcome some limitation re-

ported in previous approaches. The main advantage of a paper-based microfluidic

modules kit is its low-cost making it affordable compared with other health mon-

itoring digital-based devices. Compared with other module approaches, a paper-

based approach overcome the leakage problem that appears in the module blokes,

where the leakage can occur when connecting different blokes or when blokes are

broken. The flexibility and foldability of the paper-based modules will make it

possible to use them as wearable devices, which is not possible with plastic blocks.

As it is disposable, users will be able to use a new device every day and the in-

dicator functionality will not be reduced, which is the case in using permanent

patterns. In addition, the indicator will be away from the skin, which will avoid

any possibility of allergy. The ability to select the indicator will enable the user to

test different analytes which is not possible with the microfluidic sticker approach

with fixed indicators. The kit will be easy to use by all people from different ages

and backgrounds as they will need only to connect different modules. This will

overcome the limitation of using a design tool that may require some knowledge

and equipment such as a laser cutter, which is not available for everyone.

Having such a device at a low cost can provide an enjoyable and fun experience

for making a health monitoring device. Where the user can select the indicator,

customize the shape and attach it to a wearable based on their preference. In

addition, this device does not appear as a medical device, it will be seen as a

fashion component. In the long-term, this device can provide a healthy lifestyle

for users as they will be aware of the level of essential analyets. It will be an alarm

to remind them to take supplements, drink more water or go to make a medical

accurate test.
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4. Prove of Concept 4.2. Discussion

During testing and user study some hardware limitation were detected. The

double sided tissue tape used to connect two modules was not strong enough

to make the device connected after the modules become wet. Therefore, users

in the second user study group two were given a device connected using super

glue. This can be solved by testing different adhesive double-side tapes in the

market to find a suitable tape that makes a strong connection while not blocking

the flow between the modules. Regarding the indicators for analytes detection,

there was a difficulty in finding existing indicators detecting analyses spatially in

sweat.Therefore, only pH universal indicator was used as a functional indicator. In

some cases, the results may make a confusion of distinguishing between some colors

like yellow and light orange for instance. Thus, a mobile application can be used.

The modules were fabricated to reduce the possibility of sample evaporation and

contamination. However, evaporation and contamination will not be prevented

as the absorption module is covered only from the top and the wings connecting

modules are not covered. This device will be suitable for anyone except for people

who have Anhidrosis, which is a medical term for the condition of not sweating. On

the other hand people with Hyperhidrosis, excessive sweating that is not related

to heat [50], may find it easy to use the device as they do not need to exercise to

sweat.

In addition to detecting the levels of analytes in sweat, this device can be

used to measure the amount of sweat loss. It also can be used for other body

fluids like tears and saliva. The microfluidic paper-based modules can be used for

educational purposes as well to encourage children from young age to monitor their

health frequently in an enjoyable way. In addition to the main purpose of using the

paper-based microfluidic modules to make a wearable sensing device, this device

has also the potential to be used in a laboratory as a low-cost, customizable, and

disposable analytical device.
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Chapter 5

Conclusion and Future Work

This thesis focused on developing a kit for flexible, simple, low cost and dispos-

able paper-based microfluidic modules. The modules can be connected to make

a customizable health-monitoring wearable device and provide an enjoyable ex-

perience. Different modules were fabricated to allow the flow of sweat samples

and prevent possible evaporation and contamination. The device monitors the

analytes in sweat using colorimetric indicators. The modules prototypes were

evaluated by conducting user studies as they were improved sequentially. In the

user study customizability, usability, enjoyability, and effect on the lifestyle of the

modules kit were evaluated. The usability of making and using the device using

the modular kit improved from ”Poor” to ”Good”. In addition, the usability of

only using the device was ”Excellent” for the last device prototype evaluation.

This research can be extended in the future by addressing how to prevent evapo-

ration and contamination of the sweat sample. Adopting more types of indicators

will highly affect the performance of the device and widen the scope of its ap-

plications and implementations. This requires developing more accurate, highly

sensitive, and safe sweat colorimetric indicators. In addition, other types of visual

indicators will be worth exploring such as fluorescence. The connection between

different modules can be improved by comparing different types of double-sided

tape in the market or proposing a different approach to connect the modules. The

modules can also be used to make devices for different purposes such as monitor-

ing other body fluids for instance tears and saliva spatially for babies. It can be an

educational kit to encourage kids to monitor their health in an enjoyable context.

Moreover, it can be used in laboratories and the field as a customizable, low cost

paper-based analytical device (µPad).

49



References

[1] Smith and G C.J.and Havenith. Body mapping of sweating patterns in

male athletes in mild exercise-induced hyperthermia. https://doi.org/10.

1007/s00421-010-1744-8, 2011.

[2] Pin-Sung Ku, MD. Tahmidul IslamMollZand Kunpeng Huang, Priya Kattap-

purath, Krithik Ranjan, and Hsin-Liu (Cindy) Kao. Skinkit: Construction

kit for on-skin interface prototyping. https://doi.org/10.1145/3494989,

2021.

[3] Youngkyung Choi, Neung Ryu, Myung Jin Kim, Artem Dementyev, and

Andrea Bianchi. Bodyprinter: Fabricating circuits directly on the skin at

arbitrary locations using a wearable compact plotter. https://dl.acm.org/

doi/10.1145/3379337.3415840, 2020.

[4] Muling Huang, Lingyan Zhang, Lijuan Liu, Pinqi Zhu, Chao Zhang,

Pitchayapat Sonchaeng, Weiqiang Ying, Pinhao Wang, Yuqi Hu, Fangtian

Ying, and Cheng Yao. Color guardian:customize skin tattoos for children

with vitiligo. https://doi.org/10.1145/3411763.3451615, 2020.

[5] Nicholas S, Daniel J DeChiara, Wilson, and Charles R. Mace. An open soft-

ware platform for the automated design of paper-based microfuidic devices,

2017.

[6] Ahyeon Koh, Daeshik Kang, Yeguang Xue, Seungmin Lee, Rafal M. Pielak,

Jeonghyun Kim, Taehwan Hwang, Seunghwan Min, Anthony Banks, Philippe

Bastien, Megan C. Manco, Liang Wang, Kaitlyn R. Ammann, Kyung-In

Jang, Phillip Won, Seungyong Han, Roozbeh Ghaffari, Ungyu Paik, Mar-

vin J. Slepian, Guive Balooch, and 3 John A. Rogers Yonggang Huang. A

soft, wearable microfluidic device for the capture, storage, and colorimetric

sensing of sweat, 2016.

50

https://doi.org/10.1007/s00421-010-1744-8
https://doi.org/10.1007/s00421-010-1744-8
https://doi.org/10.1145/3494989
https://dl.acm.org/doi/10.1145/3379337.3415840
https://dl.acm.org/doi/10.1145/3379337.3415840
https://doi.org/10.1145/3411763.3451615


References

[7] Hila Mor, Ken Nakagaki, Benjamin Harvey Miller, Yichen Jia, and Hiroshi

Ishii. Venous materials: Towards interactive fluidic mechanisms. http://

dx.doi.org/10.1145/3313831.3376129, 2020.

[8] Steven Nagels, Raf Ramakers, Kris Luyten, and Wim Deferme. Silicone de-

vices: A scalable diy approach for fabricating self-contained multi-layered soft

circuits using microfluidics. https://doi.org/10.1145/3173574.3173762,

2018.

[9] Jennifer Chu. Microfluidics from lego bricks, 2018.

[10] Nikolas Albarran Jonah Butler Elizabeth Phillips, Anna K. Young, Kaira Lu-

jan, Kimberly Hamad-Schifferli, and Jose Gomez-Marquez. Ampli: A con-

struction set for paperfluidic systems. https://dspace.mit.edu/handle/

1721.1/123852, 2018.

[11] Point-of-care testing, 2021.

[12] Sajal Shrivastava, Tran Quang Trung, and Nae-Eung Lee. Recent progress,

challenges, and prospects of fully integrated mobile and wearable point-of-

care testing systems for self-testing, 2019.

[13] Dimitrios I. Fotiadis Constantine Glaros. Intelligent Paradigms for Health-

care Enterprises. Springer, Berlin, Heidelberg, 2005.

[14] Erika J Fong, Chao Huang, Julie Hamilton, William J, Benett, Mihail Bora,

Alison Burklund, Thomas, Metz, and Maxim Shusteff. A microfluidic plat-

form for precision small-volume sample processing and its use to size separate

biological particles with an acoustic microdevice, 2015.

[15] Sherine, Cheung, Samantha, Cheng, Daniel, and Kamei. Paper-based sys-

tems for point-of-care biosensing, 2015.

[16] A.Mena-Bravo and M.D.Luque de Castro. Sweat: A sample with limited

present applications and promising future in metabolomics. , 2013.

[17] Avantika Mishra, Ronda Greaves, and John Massie. The relevance of sweat

testing for the diagnosis of cystic fibrosis in the genomic era, 2005.

51

http://dx.doi.org/10.1145/3313831.3376129
http://dx.doi.org/10.1145/3313831.3376129
https://doi.org/10.1145/3173574.3173762
https://dspace.mit.edu/handle/1721.1/123852
https://dspace.mit.edu/handle/1721.1/123852


References

[18] Elaine Yu and Sandeep Sharma. Cystic fibrosis, 2021.

[19] Daniel P. Rose, Michael E. Ratterman, Daniel K. Griffin, Linlin Hou, Nancy

Kelley-Loughnane, Rajesh R. Naik, Ian Papautsky Joshua A. Hagen, Senior

Member, and Jason C. Heikenfeld. Adhesive rfid sensor patch for monitoring

of sweat electrolytes, 2015.

[20] Wang Bo, Chen Yuan, Ananta Narayanan Balaji, and Shao Huilin. A low-

power, highly responsive and reusable sweat ph monitor, 2020.

[21] Katia Vega, Nan Jiang, Xin Liu, Viirj Kan, Nick Barry, Pattie Maes, Ali

Yetisen, and Joe Paradiso. The dermal abyss: Interfacing with the skin by

tattooing biosensors. https://doi.org/10.1145/3123021.3123039, 2017.

[22] Viirj Kan, Emma Vargo, Noa Machover, Hiroshi Ishii, Serena Pan, Weixuan

Chen, and Yasuaki Kakehi. Organic primitives: Synthesis and design of ph-

reactive materials using molecular i/o for sensing, actuation, and interaction.

http://dx.doi.org/10.1145/3025453.3025952, 2017.

[23] Junichi Yamaoka, Mustafa Doga Dogan, Katarina Bulovic, Kazuya Saito,

Yoshihiro Kawahara, Yasuaki Kakehi, and Stefanie Mueller. Foldtronics:

Creating 3d objects with integrated electronics using foldable honeycomb

structures. https://doi.org/10.1145/3290605.3300858, 2019.

[24] Daniel Groeger and Jürgen Steimle. Lasec: Instant fabrication of stretchable

circuits using a laser cutter. https://doi.org/10.1145/3290605.3300929,

2019.

[25] Luis Paredes, Sai Swarup Reddy, Subramanian Chidambaram, Devashri

Vagholkar, Yunbo Zhang, Bedrich Benes, and Karthik Ramani. Fabhandwear

: An end-to-end pipeline from design to fabrication of customized functional

hand wearables. https://dl.acm.org/doi/10.1145/3463518, 2021.

[26] Yutaka Tokuda, Deepak Ranjan Sahoo, Matt Jones, Sriram Subramanian,

and Anusha Withana. Flowcuits: Crafting tangible and interactive elec-

trical components with liquid metal circuits. https://doi.org/10.1145/

3430524.3440654, 2021.

52

https://doi.org/10.1145/3123021.3123039
http://dx.doi.org/10.1145/3025453.3025952
https://doi.org/10.1145/3290605.3300858
https://doi.org/10.1145/3290605.3300929
https://dl.acm.org/doi/10.1145/3463518
https://doi.org/10.1145/3430524.3440654
https://doi.org/10.1145/3430524.3440654


References

[27] Jingyu Xiao, Yang Liu, Lei Su, Dan Zhao, Liang Zhao, and Xueji Zhang.

Microfluidic chip-based wearable colorimetric sensor for simple and facile de-

tection of sweat glucose, 2019.

[28] Samir A. Bhaktaa, Rubiane Borba, Mario Taba Jr, Carlos D., Garciaa, and

Emanuel Carrilho. Determination of nitrite in saliva using microfluidic paper-

based analytical devices, 2014.

[29] Ali K Yetisen, Nan Jiang, Ali Tamayol, Guillermo U Ruiz-Esparza, Yu Shrike

Zhang, Sof́ıa Medina-Pando, Aditi Gupta, James S Wolffsohn, Haider Butt,

Ali Khademhosseini, and Seok-Hyun Yun. Paper-based microfluidic system

for tear electrolyte analysis, 2017.

[30] Ting Yang, Shin-Chen Pan, and Chao-Min Cheng. Paper-based detection

device for chronic wound monitoring, 2020.

[31] Thamarasee Jeewandara. Wearable plasmonic paper-based microfluidics for

sweat analysis, 2022.

[32] Tatiana G, Choleva, Christina Matiakiand Afroditi Sfakianaki, Athanasios G,

Vlessidis, and Dimosthenis L. Giokas. Paper-based device for sweat chloride

testing based on the photochemical response of silver halide nanocrystals,

2021.

[33] Hongcheng Wang, Kai Xu, Haihao Xu, Along Huang, Zecong Fang, Yifan

Zhang, Ze’en Wang, Kai Lu, Fei Wan, Zihao Bai, Qiao Wang, Linan Zhang,

and Liqun Wu. A one-dollar, disposable, paper-based microfluidic chip for

real-time monitoring of sweat rate, 2022.

[34] Emanuel Carrilho, Andres W. Martinez, and George M. Whitesides. Un-

derstanding wax printing: A simple micropatterning process for paper-based

microfluidics, 2009.

[35] Md. Almostasim Mahmud, Moufeed Kaddoura Eric J. M. Blondeel, and Bren-

dan D. MacDonald. Features in microfluidic paper-based devices made by

laser cutting: How small can they be?, 2018.

53



References

[36] Rajesh Ghosh, Saranya Gopalakrishnan, Rangasamy Savitha, Thiruven-

gadam Renganathan, and Subramanium Pushpavanam. Fabrication of laser

printed microfuidic paper-based analytical devices (lp-µpads) for point-ofcare
applications, 2018.

[37] Soheil Malekghasemi, Enver Kahveci, and Memed Duman. Rapid and al-

ternative fabrication method for microfluidic paper based analytical devices,

2016.

[38] Gang Xiao, Jing He, Xiaodie Chen, Yan Qiao, Feng Wang, Qingyou Xia, Ling

Yu, and Zhisong Lu. A wearable, cotton thread/paper-based microfluidic

device coupled with smartphone for sweat glucose sensing. https://doi.

org/10.1007/s10570-019-02396-y, 2018.

[39] Taher Abbasiasl, Fariborz Mirlou, Emin Istif, Hatice Ceylan Koydemir cd,

and Levent Beker. A wearable paper-integrated microfluidic device for se-

quential analysis of sweat based on capillary action, 2022.

[40] Jing Nie, Qing Gao1, Jing jiang Qiu1, Miao Sun, An Liu, Lei Shao1, Jian

zhong Fu1, Peng Zhao, and Yong He. 3d printed lego®-like modular mi-

crofluidic devices based on capillary driving, 2018.

[41] Po Ki Yuen. A reconfigurable stick-n-play modular microfluidic system using

magnetic interconnects, 2016.

[42] Lori Shayne Alamo Busa, Saeed Mohammadi, Masatoshi Maeki, Akihiko

Ishida, Hirofumi Tani, and Manabu Tokeshi. Advances in microfluidic paper-

based analytical devices for food and water analysis, 2016.

[43] Bandodkar AJ, Hung VZ, Jia W, Ramirez GV, Windmiller JR, Martinez AG,

Ramirez J, Chan G, Kagan K, and Wang J. Tattoo-based potentiometric ion-

selective sensors for epidermal ph monitoring, 2013.

[44] James Moyer, Donald Wilson, Bruce Wong Irina Finkelshtein, and Russell

Potts. Correlation between sweat glucose and blood glucose in subjects with

diabetes, 2012.

54

https://doi.org/10.1007/s10570-019-02396-y
https://doi.org/10.1007/s10570-019-02396-y


References

[45] Peng Yu, Muhan Deng, and Yi Yang. New single-layered paper-based mi-

crofluidic devices for the analysis of nitrite and glucose built via deposition

of adhesive tape, 2019.

[46] Andres W. Martinez, Scott T. Phillips, and George M. Whitesides. Three-

dimensional microfluidic devices fabricated in layered paper and tape, 2008.

[47] Yundong Ren, Subhrodeep Ray, and Yuxiang Liu. Reconfgurable acrylic-tape

hybrid microfuidics, 2018.

[48] Siddhant Jaitpal and Debjani Paul. Flow control in paper-based microfluidic

devices, 2019.

[49] Md. Almostasim Mahmud, Eric J. M. Blondeel, Moufeed Kaddoura, and

Brendan D. MacDonald. Features in microfluidic paper-based devices made

by laser cutting: How small can they be?, 2018.

[50] Kyoko Nakahigashi, Takashi Nomura, Yoshiki Miyachi, and Kenji

Kabashima. Reduction of skin ph during treatment for palmoplantar hy-

perhidrosis: A conjecture on the role of ph-regulated water channel, i.e.

aquaporin, 2013.

55



Appendices

A. Pre-Study Interview with clinical biochemistry

specialist

1. What are the sample types used for testing minerals, vitamins and glucose

levels)? Noninvasive: In criminal field, hear and body fluids like saliva are

used to test levels of minerals and vitamins. In hospitals sweat is used to

test for (NaCl) and urine for some elements and vitamins. Invasive: Blood

is usually used as the main sample test type.

2. Are there any tests based on sweat, tears, saliva and exhaled breath are used

in hospital labs?

• Sweat for testing NaCl Cystic fibrosis

• Tears for minerals and infections

• Exhaled breath is used to test pH, Alcohol and diagnosis of Helicobacter

pylori infection.

• Saliva for minerals.

In general they are many noninvasive tests using sweat, tears, saliva and

exhaled breath as sample test but they are not used in the hospital lab

because the hospital labs use only standard tests that are internationally

approved to make sure the results are accurate and precise.

3. What are the methods used to make these tests do you use colorimetric

methods or other please specify? Spectrophotometer similar to colorimetric

Colorimetric strips using urine as sample (for pregnancy or for babies have

some symptoms and expect to have Lactose Intolerance.) Stone Machine
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4. Are the tests expensive in term of equipment and tools used? Some very

expensive test they send it to be tested outside the country. Some other

tests also are very expensive.

5. What are the limitations of the current test tools in term of shape, cost, and

personalization? The Shape of the device used to collect the sweat samples

for children are not comfortable. Some tests are very expensive in term of

equipment used.

6. What are the diseases require frequent minerals, vitamins and glucose tests?

And what are the most common one? Diabetes -¿ glucose. Problems in en-

zyme that works partially may make some problem like vitamin D deficiency

and other.

7. How regular the tests are required? Depends on the each patient case it can

be monthly or weekly or after 3 months and other.

8. What are the tests that can be conducted for patients on their own at home?

Glucose and Pregnancy hormone.

9. Do you think that a wearable sensing device would be beneficial for moni-

toring the levels of analytes for patients? Why? It can be good for screening

tests where the user can have a general idea about their overall health con-

dition. But it is not effective to be used in hospital as in public hospital

they focus on cost effectiveness when buying the equipment and tools. Also

in hospital they are focusing on results to be accurate and precise.

10. Advantages and disadvantages of point of care testing? It is good for a

screening test and not for diagnosis test because it is not accurate. If the

test is not accurate it can make more people to go to hospital labs.
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Appendices B. Prototype 2 User Guide

B. Prototype 2 User Guide

Figure B.1 Prototype 2 User Guide

C. Different Channels widths

Figure C.1 Different Channels Widths and Totally Flow Time
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D. Website

Figure D.1 Website
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