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The Development of Image Base, Portable
Microfluidic Paper-Based Analytical Device

Chuan-Pin Lu*, Bo-Xian Guo, Zi-Qing Fang, Shu-Chiang Chung
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Pingtung, Taiwan, R.O.C.
{chuan.pin.lu, k7773934, qoo831221, csc4824}@gmail.com

Abstract—Microfluidic paper-based analytical devices can be
used in preliminary screening and diagnosis of specific diseases.
It has the advantages of low costs and quick diagnosis. After
chemical reaction, the paper chip will display the disease's
relative status through color identification or electrochemistry
testing. When compared to electrochemistry testing, the non-
contact color identification method has the advantages of low
costs, reusability and not requiring cleaning. However since
research in the past have encountered many problems with the
color identification method, this has led to the negation of the
advantages of microfluidic paper-based analytical devices in
quick testing. For this reason, this study developed a portable
testing apparatus with image analysis as a foundation and uses a
self-designed imaging processing calculation method to
implement color identification. The hardware equipment
designed for image processing in this study uses a micro
embedded style system and imaging equipment as the hardware
framework, along with a Web application to implement a multi-
platform operating interface. Color quantization was used as the
foundation for the image processing method, to calculate the
paper chip's color. Furthermore, this study also carried out a
variety of color quantization methods to compare the color
quantization results of the microfluidic paper-based analytical
devices. Methods include uniform color quantization, median-cut
algorithm, k-means clustering algorithm and self-organizing
maps neural networks. During the experiment phase of this study,
we found that median-cut was superior to other methods in
application. This result is different from many other research
works conducted on color quantization. Lastly, the experiment
results showed the usability of this testing setup.

Keywords—microfluidic paper-based analytical devices; digital
image processing; color quantization; embedded system;

I. INTRODUCTION

The uPAD research is mainly conducted by the Whitesides
research team. Martinez et al. [1] of the Whitesides team
deployed artificial urine liquid following literature review.
They used the home-designed pPADs for glucose and protein
detection, used the camera or scanner in cellular phone for
image capturing to obtain the images on paper-based chips,
transformed the colors on paper chip into numerical signal
using Photoshop software and manual selection of color area,
and accessed the outcome using the Colorimetric Assays. This
method has several limitations, as it does not take into account
the differences in physical characteristics between imaging
equipment, thus it is difficult to determine the test reaction
area, and as a result, only the mean values of the colors can be
used. Other important literature related to the pPADs

development are listed as [2~7]. In Taiwan, Chen et al. [8]
performed an experiment in which the protein value in
simulated human urine was above the standard value; such
experiments can be used to reflect the human kidney diseases.
The test used bovine serum albumin as test specimens, which
can interact with tetrabromophenol blue (TBPB). The reaction
mechanism is based on the non-specific binding property of
TBPB with proteins. TBPB binds to proteins through the
combination of electrostatic (sulfonate) and hydrophobic
(biaryl quinone methide) interactions. Upon binding, TBPB
becomes deprotonated, and changes color from yellow to blue.
By adjusting the bovine serum albumin concentration, the
concentration-color relationship can be observed in the
detection area. Because the test results must be detected
immediately after the reaction of the detection liquid has
occurred on PPADs, corresponding detection devices are
needed according to the function of uPADs. Detection devices
must be portable and easy to use, but the detection method
cited by Martinez et al. in the literature [1] does not satisfy the
criterion of being portable, and many human error-related
problems were also present in their detection method for the
UPADs reaction. The pPAD research has become important in
recent years, and detection equipment, which determines the
results of pPADs reaction, plays as important a role as the
UPADs research. For this reason, in the present study, we
collaborated with the Chen research team, which is devoted to
the research and development of uPADs, to develop an image-
processing-based portable uPADs detection device, we aim to
resolve the current problems related to pPADs detection,
develop a device that is portable and to make the detection
process automatic.

Regarding the device, the present study utilized the
camera-based test as a tool, the low-cost system on chip (SoC)
chips as the core element, the Embedded Linux as operating
system which has low capacity, supports floating-point
operations and provides multimedia services, in combination
with ordinary home USB camera with LED lighting as image
capturing components, as well as home-designed design
device circuit and image processing algorithms to achieve the
goal of developing a portable pPADs detection device. The
detection device has three parts: a image-capturing unit
(camera and light), an image analysis unit (image processing
and result comparison), and a human-machine interface
(operation interface and communications links). The
consistency of image-capturing environment can ensure the
image quality and increase the success rate, therefore we used
a dark-colored plastic box as a small image-capturing chamber,



take like room, use a LED white ring lamp equipped with
Stabilizer as light source to avoid shadow or uneven lighting.
The image analysis unit is designed according to the uneven
color distribution in the pPADs reaction area. The color
analysis method is based on the color quantitative concept,
and can identify the representative color in the uPADs
reaction area. For the purpose of finding out the optimal image
detection method, we used a variety of color quantization
methods for analysis in this study. We compared the use of the
commonly used uniform color quantization[9], median-cut
algorithm[10], k-means clustering algorithm[11], and self-
organizing maps neural networks[12] along with other color
quantization methods.

To reduce equipment cost and improve usability, this
device is loaded with the Raspbian operating system and
wireless AP, equipped with the Node.js Server services, uses
HTML as operation interface, and the JavaScript
programming language to implement image processing
algorithms; as a result, through any device with a Web
browser, users can link this device to the network and operate.
Furthermore, efficiency of the browser used in the front-end
and the SoC computation of the back-end proposed by this
study will also be considered. Details of the methods will be
explained in the section below.

Il. METHOD

A. Device architecture

Regarding the construction of the device, the camera-based
detection method is adopted to build a portable pPADs
detection device (as shown in Figure 1), due to the advantages
of paper chip being low cost and easy to carry, the switch of
the detection device does not include the x86 hardware
schema, instead the lower cost SoC chip being used as core
element. This was because this device requires image
capturing, algorithm calculation, and provides
communications service, the Raspberry Pi 2 is used as the
central control unit. This chip can be loaded with the
Embedded Linux operating system Raspbian which has a
small capacity and supports floating-point operations and
provides multimedia services. This device uses the Raspberry
Pi 2 in combination with the Raspbian OS as operating core to
carry out pPADs response detection, the detection device has
three functional parts: the imaging unit, the image analysis
unit, and the human-machine interface unit.
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-
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Fig. 1. (a)The developed portable pPADs detection device. (b) Circuit
diagram.

B. Image Processing

Because in the ptPADs production process wax splashing
often occurs, prior to color quantization the noise (wax) image

must be deducted before image processing to obtain noise-free
images, this will ensure the color quantization results are not
tainted by shades of flow channels and wax spots. Flow
channel and wax noise on paper chip have obvious differences
in color compared with backgrounds, the binary method can
be used to remove most of the non-testing images from the
testing zone, this threshold of binarization was obtained using
the Otsu's threshold algorithm [13]; next, using the fast
connected-component labeling algorithm [14] for area tagging,
keeping only the central area for color quantization.

C. Color Quantization Methods

Color quantization was used in conjunction with pixel
filtering to determine the representative color of the detection
fluid. This method results in more accurate results than using
the color averaging method used in previous studies. There is
no way to accurately evaluate the main color from the reactive
area using the color averaging method, but by using the color
quantization method, choosing the reactive area and the main
color evaluation problem can be avoided. Color quantization is
mainly divided into two categories: clustering and segmented
calculation methods. The advantages of clustering is that it is
able to obtain a relatively optimal and precise quantization
results but it also takes a longer computation time
comparatively. At the same time, algorithm convergence and
the problem of calculation speed need to be considered.
Segmented calculation turns out to be the opposite, it has fast
calculation speed but the quantization quality is inferior to
clustering calculations. For the purpose of finding the most
applicable method, we carry out comparisons of the results
from various methods for color evaluation.

e "Uniform" quantization [9] is a commonly seen and
used method for image color quantization. The
advantage of this method is that processing is fast. This
method is used within the API function, but the
quantization results are not objective. Therefore it is
not suitable for use in applications that require high
precision in color evaluation.

e "Median-cut" algorithm was proposed by Heckbert in
1982 [10] and is a type of non-average color
quantization method. This method uses analysis
techniques to segment the color space repeatedly until
a similar color is reached. The surface is segmented
vertically with a single color axis, and the element with
the largest pixel difference range out of the three color
axis will be used as a standard for segmenting. Sorting
is used and then the middle gray scale value is used as
the segmenting point.

e "K-means Clustering" algorithm (KM) is a clustering
algorithm proposed by MacQueen in 1967. The amount
of clusters must be defined before using the algorithm.
Afterwards the center point of the cluster, the sum of
the distance between the vector points and the extreme
values need to be found to achieve the goal of optimal
clustering. In 1995 Verevka applied this method to
color quantization[11].

e "Self-organizing Maps" (SOM) neural networks, in
1994 Dekker proposed a color quantization method



using SOM[12]. It has relatively quick calculation time,
and is able to raise sample counts and significantly
improve quantization quality. This method mainly
employs a one dimensional self-organizing map where
the network contains every cluster's neurons. Through
a self-learning process, every neuron obtains a weight
vector which has representative value. After self-
learning, the pixels are also reflected in the nearest
weight vector.

D. Representative Color

Due to the fact that after color quantization, the coloring
is not only of one single color, in order to find the main color,
this method takes the color with the most pixels to be the
representative color for the examined section. This method
complies with the method recognized by testing personnel.

I11. EXPERIMENTAL RESULTS

In this study, 5 experiments were carried out to evaluate
the performance of the four types of color quantization
methods and a self-designed calculation method. The first
experiment uses a sample image with high texture variation
with quantization set as 256 and 6 quantization colors to carry
out RMSE comparison. The second experiment uses the
results of color quantization of an image with low texture
variation to undergo RMSE comparison. The goal of these two
experiments is to show the response of the four color
quantization methods using the two types of images.
Afterwards, we analyzed the repeatability of the color
quantization results in the third experiment. A pPAD sample is
used for color evaluation, and undergoes color quantization 3
times, using RMSE to evaluate the result's repeatability. The
fourth experiment is to compare the performance of the tests.
Besides comparing the similarity of standard colors with
specific concentration, the calculation time required for the
UPADs image processing is also considered. This experiment
also evaluates the time required for the Web front-end and the
SoC back-end platform. The front-end equipment consists a
HTC_One E9+ smartphone, while the back-end equipment
consists a Raspberry_Pi_Il. The last experiment is targeted at
the representative color characteristics proposed by this study
to find the most suitable color quantization amount. The
following are the results for the various experiments:

A. Experiment 1: Comparison of the RMSE Results for Color
Quantization of Images with High Texture Variation
This experiment used a 24-bit image for the 4 types of
quantization methods to be applied. Six color quantization was
used in this experiment and the results were compared using
RMSE with the original image. The 6 color quantization
results are shown in Table 1. The results from the 6 color
quantization clearly show that the Uniform quantization
method seriously lacks fidelity with a RMSE value as high as
60.97. This also indicates that when quantizing a small amount
of colors, the results from methods that segment colors evenly
are easily distorted. Median-cut and SOM quantization give
similar results while KM method's RMSE is the lowest.
B. Experiment 2: Comparison of the RMSE Results for Color
Quantization of Images with Low Texture Variation
This experiment used a 24-bit 320x240 pixel color
gradient image for quantization result evaluation. Compared to

the image in experiment 1 this image has lower texture
variation. It will be easy to see if the quantized image exhibits
a comparable gradient effect of the original image. This
experiment will also use the 4 quantization methods to carry
out 6 color quantization RMSE evaluations. The quantization
results are listed in Table 2.

In the results for the 6 color quantization for images with
low texture variation (Table 2), we can see that the Uniform
method is unable to deal with images with a small amount of
colors while KM and SOM results are also not ideal and are
unable to recreate the gradient effect of the original image.
This is because the initial weight vectors of KM and SOM
determine the results The Median-cut method is able to
produce reasonable quantization results, while its RMSE value
is also the best among the four methods.

C. Experiment 3: Comparison for uPADs Sample Color

Quantization Repeatability

The results for the tests of the same reagent should be
consistent to satisfy the testing requirements, and to give the
test personnel the required objective results. Hence, we carried
out the repeatability experiment for pPADs image sampling.
This experiment is targeted at the testing region after
background processing for color quantization (in the image in
Table 3, the background is black and will not undergo color
quantization). The image dimension is 480x380. Because of
the undesirable quantization results from the Uniform method,
the experiment will only use Median-cut, KM and SOM
methods for comparison. These three methods are also
commonly compared in many other studies. The experiment
results are shown in Table 3, with 6 color quantization. Due to
the calculation's characteristics, after repeating the experiment
3 times, the Median-cut quantization results are the same
while KM and SOM quantization results showed variations. In
practice it seems that the repeatability of SOM is the worst
with the highest variations followed by KM. In this
experiment, the RMSE value for SOM was the highest while
Median-cut had the best performance.

D. Experiment 4: Comparison of uPADs Sample Imaging
Testing Performance

This experiment used the representative color obtained
through the methods from the study and compared them with
manually selected standard colors. This is then quantified
using Euclidean distance. Furthermore, this experiment also
carried out analysis for calculation time. This part of the
experiment includes the front-end and back-end calculation
times. The front-end calculation refers to using the Chrome
browser on a smart phone and back-end calculation refers to
calculations by the SoC on the Node.js platform. The
calculation time is measured in units of milliseconds, and the
experiment includes 5 experiment sample images and the
results are shown in Table 4. From the similarities shown in
Table 4, using Median-cut as the foundation quantization
method, results in the optimal similarity with the original
image from the 4 samples. Another sample obtained the best
similarity with SOM. The back-end required 4 seconds to
carry out calculations which is acceptable and the front-end
browser only took 1 second. This is because the smart phone's
processor is faster than the Rasberry pi 2's. Calculation time:
Uniform<SOM<Median-cut<KM, the calculation time



required for SOM is indeed better than median-cut and KM as
indicated by Dekker.
E. Experiment 5: Analysis for the Most Suitable Median-cut

Color Quantization Amount

After realizing that the Median-cut color quantization
method is suitable for our application, this experiment is used
to target the representative color characteristics proposed by
this study, to find out the most suitable color quantization
amount. Through analysis of 30 sample images, with a
resolution of 480x380 pixels, 27 of the samples showed no
significant variance in their RMSE value after setting the color
guantization amount to 16. Hence 16 colors gives the best
results for Median-cut. Due to the constraints of space, we
have only listed the results for one sample on Table 5.

IV. CONCLUSIONS

This study developed a portable testing apparatus with
image analysis as a foundation and uses a self-designed
imaging processing calculation method to implement color
identification and found a suitable image processing method.
In terms of image processing, besides pre-processing and
representative color characteristics, color quantization quality
determines the test results. This study compared 4 quantization
methods and found through experiment that the quantization
quality of Uniform is unacceptable; Uniform is the method

TABLE 1.

used by previous studies. Furthermore, the three non-
averaging quantization methods that are frequently discussed,
obtained different results in our experiments when compared
to studies in the past (many studies indicate that the Median-
cut method is inferior to KM and SOM). We verified that KM
and SOM is superior to Median-cut when processing
quantization of images with rich texture variations, but it is a
different story when dealing with images with low texture
variations. Furthermore, in terms of application, Median-cut's
characteristics are also superior to KM and SOM in
quantization  result  repeatability. Because of the
aforementioned results, Median-cut was chosen as the color
quantization method in the setup. In future studies, we will use
the results obtained from this study to further apply to other
detection fluid testing, and continue to verify the applicability
of this setup.
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COMPARISON OF THE RMSE RESULTS FOR COLOR QUANTIZATION OF IMAGES WITH HIGH TEXTURE VARIATION (6 COLORS)

Uniform

Image

Median-cut KM SOM

RMSE:60.97

RMSE:25.99

RMSE:21.33 RMSE:25.71

TABLE II.

COMPARISON OF THE RMSE RESULTS FOR COLOR QUANTIZATION OF IMAGES WITH LOW TEXTURE VARIATION (6 COLORS)

Image Uniform

Median-cut KM SOM

RMSE:15.63 RMSE:10.20 RMSE:12.67 RMSE:10.54
TABLE IlI. COMPARISON FOR pPADS SAMPLE COLOR QUANTIZATION REPEATABILITY (6 COLORS)
1 PADs (Original Image) 1st 2nd 3rd
Median-cut

RMSE: 11.21 RMSE: 11.21 RMSE: 11.21

KM - -

RMSE: 19.20 RMSE: 15.34 RMSE: 19.38

RMSE: 38.27 RMSE: 29.27 RMSE: 23.06




TABLE IV.

COMPARISON FOR pPADS SAMPLE COLOR QUANTIZATION REPEATABILITY (6 COLORS/ SRGB:RGB OF THE STANDARD SAMPLE COLOR)

Samples Uniform

Median-cut

KM

SOM

back-end:245

back-end:2821

back-end:3210

back-end:2277

SRGB:(123,25,170) front-end:55

front-end:461

front-end:904

front-end:114

similarity:49.13

similarity:3.60

similarity:4.58

similarity:10.48

back-end:246

back-end:2861

back-end:3490

back-end:2220

SRGB:(123,25,170) front-end:50

front-end:487

front-end:928

front-end:121

similarity:49.13

similarity:5.19

similarity:40.60

similarity:7.87

back-end:241

back-end:2964

back-end:4353

back-end:2203

sRGB:(116,12,150) front-end:54

front-end:465

front-end:667

front-end:161

similarity:27.78

similarity:11.70

similarity:14.00

similarity:39.50

TABLE V.

ANALYSIS FOR THE MOST SUITABLE MEDIAN-CUT COLOR QUANTIZATION AMOUNT (CN: COLOR NUMBER)

CN: 4

CN:6

Sample

RMSE: 11.46

RMSE:10.42

RMSE:7.85

CN:8 CN:10 CN:12

RMSE:9.57

RMSE:7.85

CN:14 CN:16

RMSE: 9.44 RMSE: 5.72

CN:18

RMSE: 5.72

CN:20

RMSE: 5.72

(1]

[2

(3]

(4]

(5]

(6]
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ABSTRACT

Microfluidic paper-based analytical devices (uPADs)
are primarily used to perform preliminary screen checks
for specific diseases. The advantages are low cost and
high speed. They employ a specific detection reagent
that is dropped in the flow channel on a special paper
test strip and flows to the detection area through the
channel for initiating chemical reactions. The color of
uPADs change after the reaction, and the severity of the
tested disease can be determined according to the extent
of color change. The image detection methods used in
previous literature have some problems, with the test
results being neither accurate nor objective. For this
reason, the principal aims of the present study were to
develop an image processing-based portable device of
UPAD in response to the test need involving pPADs,
and design a suitable image processing algorithm for
UPAD color analysis to obtain better test results. This
device utilizes low-cost SoC chips as the core,
incorporates family PC camera and LED light as image
capturing elements, and has a color quantification-based
color analysis method in place to calculate the color
after pPAD reactions. For lowering the cost of the
device and improving its usability, the device can be
operated using instruments with page browsing function.
The use of the software and hardware of this device will
be demonstrated in the Experimental Results section of
this articles.

Keywords Microfluidic Paper-based Analytical Devices;

Digital Image Color  Quantization;

Embedded System,

Processing;

1. INTRODUCTION

Research on microfluidic paper-based analytical devices
(uPADs) started in 2008, and the main functions of the
research were to provide medical institutes with tests for
specific diseases or specific body functions, so that
medical personnel could obtain the current health
information of the patient according to the color change
on the paper strip in order to determine whether the
patient would need further tests with greater accuracy.
The uPADs have the advantages of being inexpensive,
fast, easy to use, and expensive equipment are not
required for the test. They are most suitable under
circumstances such as those with limited medical
resources, poor accessibility, lack of medical staff, poor
transportation, a large number of screenings in a short
time, and real-time testing or preliminary screening. The
pPAD method is a promising technology, the test
objectives can be achieved using low-cost substrate of
special paper and wax without the need for special
laboratory equipment and laboratory personnel, the
device can be discarded or burned after use, and the test
is free from the associated test errors encountered with
inadequate cleaning when using conventional chips .
The pPAD research is mainly conducted by the
Whitesides research team. Martinez et al. [1] of the
Whitesides team deployed artificial urine liquid
following literature review. They used the home-
designed pPADs for glucose and protein detection, used
the camera or scanner in cellular phone for image
capturing to obtain the images on paper-based chips,
transformed the colors on paper chip into numerical
signal using Photoshop software and manual selection of
color area, and accessed the outcome using the
Colorimetric  Assays. This method has several
limitations, as it does not take into account the
differences in physical characteristics between imaging
equipment, thus it is difficult to determine the test
reaction area, and as a result, only the mean values of



the colors can be used. In 2009, Carrilho et al. [2] of the
Whitesides team made progress on WPAD preparation
by using the Phaser 8560N wax spraying printer to load
pPADs. During that process, flow channels were first
painted with computer, flow channel lines were then
printed using the Phaser 8560N wax spraying printer,
followed by heating with a heating machine, which
melted the wax and facilitated the assimilation of wax
into the paper substratum, forming a hydrophobic wall
along the flow channel and allowing the test reagent to
flow along the designated line. That research showed
that the paper chips can be utilized for protein and
glucose detection. The pPADs design from that study is
shown in Figure 1. Martinez et al. of the Whitesides
team further developed multi-layer pPADs through
literature review, and successfully detected glucose and
protein [3]. Another related study by Chen and Liu
reported the development of an electrochemical reader
for determining the status of the test fluid on paper [4],
which is different from the camera-based detection
method utilized by the Whitesides team. Other important
literature related to the pnPADs development are listed as
[5~9]. In Taiwan, Chen et al. [10] performed an
experiment in which the protein value in simulated
human urine was above the standard value; such
experiments can be used to reflect the human kidney
diseases. The test used bovine serum albumin as test
specimens, which can interact with tetrabromophenol
blue (TBPB). The reaction mechanism is based on the
non-specific binding property of TBPB with proteins.
TBPB binds to proteins through the combination of
electrostatic  (sulfonate) and hydrophobic (biaryl
quinone methide) interactions. Upon binding, TBPB
becomes deprotonated, and changes color from yellow
to blue. By adjusting the bovine serum albumin
concentration, the concentration-color relationship can
be observed in the detection area. Because the test
results must be detected immediately after the reaction
of the detection liquid has occurred on PPAD:s,
corresponding detection devices are needed according to
the function of pPADs. Detection devices must be
portable and easy to use, but the detection method cited
by Martinez et al. in the literature [1] does not satisfy the
criterion of being portable, and many human error-
related problems were also present in their detection
method for the uPADs reaction. The puPAD research has
become important in recent years, and detection
equipment, which determines the results of pPADs
reaction, plays as important a role as the pPADs
research. For this reason, in the present study, we
collaborated with the Chen research team, which is
devoted to the research and development of pPADs, to
develop an image-processing-based portable pPADs
detection device, we aim to resolve the current problems
related to pPADs detection, develop a device that is
portable and to make the detection process automatic.

In the present study, the uPADs were made of
hydrophilic cellulose substrate formed in a single layer,

wax lines were printed on the substrate using computer
drawing and wax-spraying printer, after heating and
baking the wax melted and assimilated into the fibers in
the substrate to form a hydrophobic channel wall.
Phenolphthalein, of which pH detection is used in
corresponding experiments, was used for the detection
liquid. Phenolphthalein of pre-determined
concentrations will be applied to pPADs test area using
pipette, after dried the substrate will be tested with
Sodium hydroxide sodium solution of various
concentrations, the concentration and chromatic
relationship will be obtained by using different
concentrations of detection liquid. Regarding the device,
the present study utilized the camera-based test as a tool,
the low-cost system on chip (SoC) chips as the core
element, the Embedded Linux as operating system
which has low capacity, supports floating-point
operations and provides multimedia services, in
combination with ordinary home USB camera with LED
lighting as image capturing components, as well as
home-designed design device circuit and image
processing algorithms to achieve the goal of developing
a portable pPADs detection device. The detection
device has three parts: a image-capturing unit (camera
and light), an image analysis unit (image processing and
result comparison), and a human-machine interface
(operation interface and communications links). The
consistency of image-capturing environment can ensure
the image quality and increase the success rate, therefore
we used a dark-colored plastic box as a small image-
capturing chamber, take like room, use a LED white ring
lamp equipped with Stabilizer as light source to avoid
shadow or uneven lighting. The image analysis unit is
designed according to the uneven color distribution in
the pPADs reaction area. The color analysis method is
based on the color quantitative concept, and can identify
the representative color in the pPADs reaction area. The
overall procedure is as follows: first the experimental
image is pretreated (removal of background and flow
channel image), next the image color undergoes
quantitative processing, and the number of regional
pixel of each quantitative color is calculated. After
subtracting the value of the substrate, identify the color
with the maximum pixel in the color zone as the
representative color and find out the corresponding
concentration. To test the limitations of the SoC
hardware performance, the Media-cut splitting methods
[11] will be used directly as color quantization without
taking into account the clustering methods which
requires iterative calculation (such as Fuzzy C-mean
[12]). To reduce equipment cost and improve usability,
this device is loaded with the Raspbian operating system
[13] and wireless AP, equipped with the Node.js Server
services [14], uses HTML as operation interface, and the
JavaScript programming language to implement image
processing algorithms; as a result, through any device
with a Web browser, users can link this device to the



network and operate; details will be explained in the
following sections.

glucose assay  protein assay
—_——

hydrophobic

hydrophilic photoresist

I
5mm 1 mm

Fig. 1: A prototype of uPADs. [1]
2. METHOD

2.1. pPADs sample

The Whatman No.1 Filter Paper was used for the
pPADs samples used in this study as its substrate, with a
pore size of 11um, 0.18mm in thickness, liquid filtration
time being 40 seconds, and a medium particle size and
velocity. Starting with the drawing of flow channel on
the single-layer paper using the computer drawing
software AutoCAD, measured 4cmx3cm, prior to
printing, the substrate was cut into A4 size, lay the cut
substrate on top of an A4 paper, fix with adhesive tape
at the edge to avoid paper jams during the process of
photocopying. Print the pre-designed flow channel on
the paper substrate with way using printer, cut, heat the
paper at 150 degrees for 3° 30” with the total during of 7
minutes, making the wax melt and assimilate into the
substrate fiber and form hydrophobic wall that allows
the test reagent to flow only within the channel. The
prepared pPADs is shown in Figure 2.

(a) (b)
Fig. 2: uPADs: (a) single test zone type; (b) three test
zones type.

2.2. Device architecture

Regarding the construction of the device, the camera-
based detection method is adopted to build a portable
UPADs detection device, due to the advantages of paper
chip being low cost and easy to carry, the switch of the
detection device does not include the x86 hardware
schema, instead the lower cost SoC chip being used as
core element. This was because this device requires
image capturing, algorithm calculation, and provides
communications service, the Raspberry Pi 2 Compute
Application Module Development Kit [15] is used as the
central control unit (as shown in Figure 3), the SoC

equipped with this module is the Broadcom BCM2836
chip (containing 900 MHz Quad-core ARM Cortex-A7
CPU + Dual Core VideoCore IV Multimedia Co-
Processo GPU), 1GB LPDDR2 memory chip, the
microSD storage module, 40 GPIO pins, 4 USB2.0
interfaces, 10/100 RJ45 Ethernet communication port,
with a low power consumption of about 0.5W~1W This
chip can be loaded with the Embedded Linux operating
system Raspbian which has a small capacity and
supports  floating-point  operations and provides
multimedia services. Raspbian is developed by
Thompson and Green and is based on and the extension
of the Debian system. Thompson and Green made a
special Pi optimization and porting to the Debian system
based on the Raspberry Pi hardware, Raspbian is not
only an OS, it comes with 35,000 packages and
precompiled software, such operating system can
provide a complete and lightweight computing platform,
which is very important for the hardware support
required by portable devices. This device uses the
Raspberry Pi 2 in combination with the Raspbian OS as
operating core to carry out UPADs response detection,
the detection device has three functional parts: the
imaging unit, the image analysis unit, and the human-
machine interface unit. The three parts are described
below sections.

Fig. 3: Raspberry Pi 2 module. [15]

2.2.1. uPADs image-capturing unit

Because the Raspberry Pi 2 Module is equipped for
USB interface, and Raspbian also supports USB-based
camera drive, the ordinary computer-based USB camera
can be directly used, using this type of camera has
advantages such as easy access, and moderate cost,
durable, addition of lens is possible, and can be easily
replaced. In the experiment described in this articles, we
used the IPEVO P2V USB camera [16] for pPADs
imaging, this camera lens has little wide-angle effect and
therefore can capture images free of deformation. In
addition, to ensure the consistency of the imaging
environment and better image quality, as well as
increased success rate on color comparison, we used a
dark-colored plastic box as a small closed image
capturing chamber, in order to eliminate the interference
from the external light, angle shadow and uneven
lighting, LED white ring lamp equipped with stabilizer
was used as light source. Together these elements
formed the image capturing unit of this device (see
Figure 4).



2.2.2. uPADs image analysis unit

Based on the assumption proposed by the Whitesides
research team that the detection of uPADs reaction is
based on assessment of color of change [1], the present
research used image processing method for color
analysis, and through image pre-processing, Media-cut
color quantitative processing, removal of color area in
the substrate, and identification of the representing color
in the uPADs test are, the degree of similarity between
sample and reference colors was calculated using the
Euclidean distance, and the corresponding concentration
was deducted. Image processing chart is shown in

Figure 5.
q

Fig. 4; Two plctures of the developed portable uPADs
detection devices.
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Fig. 5: The flowchart of the pPADs image analysis.
Image pre-processing:

Because in the pPADs production process wax splashing
often occurs, prior to color quantization the noise (wax)
image must be deducted before image processing to
obtain noise-free images, this will ensure the color
quantization results are not tainted by shades of flow
channels and wax spots. Flow channel and wax noise on
paper chip have obvious differences in color compared
with backgrounds, the binary method can be used to
remove most of the non-testing images from the testing
zone, this threshold of binarization was obtained using
the Otsu's threshold algorithm [17]; next, using the fast

connected-component labeling algorithm [18] for area
tagging, keeping only the central area for color
guantization.

The Otsu's threshold algorithm is an adaptive
threshold. The goal of Otsu’s method is to find an
optimal threshold to separate the data into two clusters
according to the threshold by minimizing the within-
class variance of two clusters of data. In order to
separate edge lines from their background, the
thresholding operator was applied. If the threshold
satisfies either condition, it will be the optimal threshold.

The fast connected-component labeling algorithm
is a fast two-scan algorithm for labeling connected
components in binary images, which needs no parameter
setting. It is a more efficient labeling algorithm than the
traditional ones, such as multi-scan labeling algorithms,
hybrid labeling algorithms, and tracing-type labeling
algorithms. The method is very suitable for the real-time
mobile localization of an object on the image structure
map. The method of fast connection component labeling
can be used for the eight-connected connectivity or four-
connected connectivity to analyze the neighbor points.

Media-cut color quantization:

Color quantization algorithm in combination with the
screening of pixel number were used to analysis the
representative color of the detection fluid in the test area
as used as its color feature. This method is more
accurate than the color averaging method cited in
literature [11], and it is not difficult to observe in the test
areas in Figure 6 that the selection of test area is not
easy, the main color cannot be assessed accurately using
the color averaging method, but these two problems can
be avoided by using the color quantization method.
Color quantitative algorithm is roughly divided into two
types, the first one is grouping algorithm and splitting
algorithm; the advantage of grouping algorithm is that it
can get better and more precise quantitative results, but
its calculation time is longer and it requires the
consideration of calculus convergence and calculation
speed; in contrast, the split algorithm has higher
calculation speed but lower quantitative quality
compared with the grouping algorithm. In order to find
the most suitable method, we used two methods in color
experiments to compare the Media-cut algorithm and
Fuzzy C-mean algorithm, the results were similar; taking
into account the question of convergence algorithm and
calculation speed, the Media-cut split algorithm was
used in this study as the color quantization method.

A popular split algorithm of color quantization is
Media-cut algorithm; it was proposed by Heckbert in
1980 [11]. The algorithm partitions the image pixel
values divided into two three-dimensional rectangular
regions (RGB color model) according to the median
point of the image pixels with situated on the longest of
the three axes (R, G, and B components). Each region



must have an equal numbers of pixels. The process is
repeated until the original color space has been divided
into a given number of colors, which is denoted as c.
The procedure of the algorithm implementation is shown
as following steps:

1.  Finding the smallest three-dimensional rectangular
region which contains all the colors in the image.

2. Finding the longest of the three axes, and sorting
the enclosed colors along the longest axis of the
box.

3. Splitting the region into two parts at the median of
the sorted list.

4.  Repeating the above process until the original
color space has been divided into c regions.

5. Averaging the color of the pixels in each region
respectively, and assigning the new colors
(z,,...,z,) to the original pixels.

6.  Redrawing the original image.

where the notation ( z, ,..., z, ) is denoted as the

quantized colors and z (=(r,g,b)) is denoted as the

color of a pixel.

@ (b)
Fig. 6: Two test zone samples: () this study sample;
(b)the literature [1] sample.

Similarity degree computation:

Regarding  specimen-reference  comparison, the
Euclidean distance method was used for similarity
calculation [19], assuming that p is defined as the
representative color of sample, q defined as specific
concentrations of sample images, and d(p,q) defined as
the degree of similarity between p and q ; the
Euclidean distance (two-norm) was used for similarity
calculation and identification of the most matching
samples through comparison. The smaller the d(p,q)
value, the more similar between p and q. The two-
norm Euclidean distance is defined as:

d=(q,-p,)*+(a,—p,)* +(a,—P,)’ . (1)

2.2.3. Human-machine interface

In order to reduce the cost of the device and improve the
usability, this device is equipped with the Raspbian
operating system for the core operation, through any
device with a Web browser users can connect to the AP

on the device via wireless networks and operate the
device, eliminating the costs of a touch screen; therefore,
the man-machine interface of the device must have the
cross-platform features, for this purpose the Node.js
Web server is set up to provide Web services, the
HTML5 was used to develop the front-end interface, the
Node.js is backed by the-end JavaScript programming
language to perform the image analysis algorithms
described above and presents the results on a Web page
of the operator interface (see Figure 7).
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Fig. 7: The Human-machine interface of software.
3. EXPERIMENTAL RESULTS

Regarding experiment, to determine the feasibility of the
designed image detection method of this device, we
performed sample comparison using five different
concentrations of phenolphthalein and sodium hydroxide
reaction, we first identified the standard color for each
concentration through repeated sample calculation; next,
we used 15 samples of phenolphthalein with known
concentrations for testing; in these experiments,
triplicate samples of the same concentration were used,
the fixed area was used to calculate the average value of
the color, the method combining color quantification
with the size of area propose in this study was used to
assess the resulting color of the pPADs reaction, and the
two color calculations were compared with the standard
color for color similarity assessment. The results of the
experiments are listed in Table 1. The image processing
is shown in Figure 8. The experimental image size is
480x 380 pixels. It can be seen that the results generated
by the color quantization-based color detection method
in the test area are better. The overall experimental
results indicate that the method used in this device is
relatively accurate, objective, and adequate.

4. CONCLUSIONS

This research proposes the development of an image
detection-based portable uPADs detection device, this
device uses a Camera-based detection method and
designs a image processing algorithm suitable for the



SoC chip, it has also conducted comparison on
methods cited in literature, the results showed that
using the color quantization-based color analysis
method is more accurate, and objective and adequate
compared with the color average method. This
research confirms the hardware schema of the
portable pPADs detection device and the image
processing algorithm, in the future, we will further
expend the application of this device, such as the
detection of protein, glucose and other liquid, and
one by one work out image processing algorithm for
various liquids, user will be able to select image
detection method according to their detection needs
through the selection function of the interface.

=

Fig. 8: The digital image processing of pPADs.
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Table 1: The Experimental results (SRGB:RGB of the standard sample color; SD: similarity degree).

Original Image

Fixed Region / Color Average Method [1]

Non-fixed Region / Proposed Method

Sample 1
SRGB(123,25,170)
NaOH:0.03M
Phenolphthalein:0.1M

RGB (127,45,174)
SD:20.78

RGB (120,25,168)
SD:3.60

Sample 2
SRGB(123,25,170)
NaOH:0.03M
Phenolphthalein:0.1M

LA |

RGB (187,57,139)
SD:39.16

RGB (167,20,124)
SD:5.91

Sample 3
SRGB(179,144,217)
NaOH:0.13M
Phenolphthalein:0.01M

LA

RGB (169,115,214)
SD:38.06

RGB (171,130,212)
SD:23.79

Sample 4
sRGB(116,12,150)
NaOH:0.09M
Phenolphthalein:0.1M

L E |

RGB (131,38, 172)
SD:37.21

RGB (122,13,160)
SD:11.70

Sample 5
sRGB(178,151,213)
NaOH:0.07M
Phenolphthalein:0.01M

LE |

RGB (170,120,217)
SD: 32.89

RGB (175,128,221)
SD:24.10
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Abstract

This paper proposed an emergency assis-
tance device based up on internet of things
technology for home safety. The device can auto
The device can be used to auto assist people to
get help by speech and image recognition when
the accident occurred in the bathroom. The de-
veloped device uses information from some
sensors to determine environmental conditions in
the bathroom. It can automatically send accident
alarm to long-distance carrier by internet mes-
sage and simple text message. In additions, the
long-distance carrier also can use an App of
smart mobile phone to remote monitor and con-
trol the device through the Internet. The use of
the software and hardware of this device will be
described in the following sections of this arti-
cles.
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