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Microfluidic colorimetric biosensors have shown promising potential for detecting metal
cations, anions, organic dyes, drugs, pesticides. As for today, most colorimetric sensors
are read by a smartphone or professional optical imaging system, and there is still a lack
of an affordable and reliable colorimetric detector for the microfluidic chip. Integrating
those reading and detection capabilities into a microfluidic system is essential for point-
of-care (POC) detection and can enable more complex microfluidic operations, such as
lab-on-a-chip experiments or programmable microfluidics. We developed an open-
source colorimetric detection sensor board that can be integrated into the existing
microfluidic system. This sensor board has a built-in UV source that enables fluorescence
detection. With built-in USB and Wi-Fi connectivity and a set of simple APIs, microfluidic
systems can communicate directly with this sensor board, even wirelessly. The sensor was
designed for low-cost. With a total build cost of less than 12 EUR per unit, it is ideal for low-
cost systems and DIY microfluidic users. Along with the sensor board, we also designed a
companion microfluidic chip carrier cartridge which can be modified depending on the
chip’s dimension. To demonstrate the sensor, we also developed a cross-platform open-
source client application to demonstrate the communication APIs and the functionality
of the sensor board.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Specifications table
Hardware name
 ColoriSens
Subject area
 � Chemistry and biochemistry
� Medical (e.g., pharmaceutical science)
� Biological sciences (e.g., microbiology and biochemistry)
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(continued)
Hardware name
 ColoriSens

� Environmental, planetary and agricultural sciences
� Educational tools and open source alternatives to existing infrastructure
Hardware type
 � Measuring physical properties and in-lab sensors
� Biological sample handling and preparation
� Field measurements and sensors
Closest commercial analog
 No commercial analog is available.

Open source license
 Creative Commons Attribution-ShareAlike 4.0 (CC BY-SA 4.0)

Cost of hardware
 12 EUR

Source file repository
 https://doi.org/10.17605/OSF.IO/TCZJR
Hardware in context

Microfluidic devices couple classical fluid dynamics at the macro scale with the dominant surface tension forces at the
micro scale to precisely manipulate small volumes of fluid. This is highly advantageous when implementing sensing strate-
gies, as reagent consumption can be reduced, and individual operations can be performed in parallel, which in turn reduces
both analysis time and costs. As a result, these devices are finding use in a number of research and industrial areas such as
biomedical applications [1,2], environmental monitoring [3], and food processing [4]. Microfluidic colorimetric sensors, as
one type of microfluidic sensor, present a visible assay result in the form of intensity changes of colors. The changes can
be caused by UV–visible absorption [5], fluorescence [6], bioluminescence [7], or chemiluminescence [8]. Although colori-
metric analysis can be performed simply by visual comparison, this only provides qualitative information, and quantitative
measurements are highly dependent on bulky and costly equipment, which inevitably increases analysis time. Professional
colorimetric and fluorescence detection devices are inaccessible, bulky, and expensive.

In recent years, smartphones have been equipped with many remarkable features, making them a promising digital plat-
form for colorimetric detection. Many smartphone-based detection methods were proposed [9–11]. This rapid, simple, por-
table, ubiquitously available, and cost-effective technology enables minimally trained users to perform colorimetric analyses
in the field. However, this technology is still only intended to analyze the assay result. Integration into a complex microflu-
idic system is not available.

With the advances of microfluidic technology, complex, multi-layer microfluidics become the trend. Programmable
microfluidics were proposed [12–14], taking advantage of an actively controllable microfluidic device, where the routing
of fluids from different locations to different locations becomes possible. Even for low-cost 3D-printed microfluidic devices,
a control mechanism exists [15]. One essential task of programmable microfluidics is to detect the progress of an experiment
for control decision making. Thus, integrating sensors into the microfluidic system can be crucial to enable programmable
microfluidics, or lab-on-a-chip.

This work introduces a low-cost open-source colorimetric detection hardware – ColoriSens – that is tailored for microflu-
idic applications and can be integrated into existing microfluidic systems.

Hardware description

The ColoriSens is a board-shaped sensor of 10 � 60 � 100 mm that consists of a two-layer printed circuit board (PCB). It
provides Wi-Fi and USB connectivity for both wireless and wired communication. The communication happens via API calls.
On top of the board, a 3D-printed microfluidic chip cartridge holds the microfluidic chip at the designated area. ColoriSens
integrates two light sources: white and ultra-violet light that helps to illuminate the microfluidic chip and induce fluores-
cence on fluorescent probes. Upon API calls, ColoriSens reads the intensity of red, green, and blue of the designated reading
area and returns the readings, while the white and UV light source’s brightness can be individually adjusted and the readings
can be scaled. All settings, such as Wi-Fi credential, LED brightness, or reading scaling, will be saved on the hardware that
allows it, for instance, to automatically connect to the last connected Wi-Fi access point for each use.

The communication method (wired or wireless) can be easily switched by long-pressing the button on the hardware until
the LED indicator blinks. Wireless communication provides Wi-Fi direct communication and WLAN (Wireless Local Area
Network) communication modes. That means, depending on the usage and circumstances, the user can connect the device
(a microfluidic system, controller, computer, etc.) directly to the board using Wi-Fi without an intermediate Wi-Fi router, or
users can also let the hardware join their WLAN like a usual Wi-Fi capable device with a given Wi-Fi router. We provide a set
of convenient and straightforward APIs for wired and wireless communication methods to operate the hardware. ColoriSens
also provides additional GPIO pins that create the possibility to connect external modules that can interface with the device,
allowing users to add hardware modules that extend the device’s functionality. Fig. 1 depicts the pinout.
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Fig. 1. Pinout of ColoriSens.
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The entire hardware can be seen as being comprised of five major parts: (1) color sensor, (2) light sources, (3) SoC (System
on a Chip) microprocessor, (4) USB-to-UART bridge, and (5) 3D-printed microfluidic chip cartridge. We describe each part’s
functionality in more detail.

Color sensor

ColoriSens has an AMS-OSRAM TCS3200 as the color sensor to detect the intensity of different colors. The TCS3200 color
sensor detects red, green, and blue colors and outputs a square wave signal (50% duty cycle) with frequency directly propor-
tional to light intensity (irradiance). The output signal will be sent to the SoC microprocessor and further processed.

Light sources

Colorisens integrates two light sources: white light and ultra-violet light that help to illuminate the microfluidic chip. The
white light source consists of four white LEDs, and the ultra-violet light source consists of two ultra-violet C and ultra-violet
A (270–280 nm and 390–400 nm) combo LEDs. Both white and UV light sources can be controlled and adjusted individually.

SoC microprocessor

ColoriSens uses an Ai-Thinker ESP-12F module as the brain of the entire hardware. The ESP-12F module has an ESP8266 –
a high-performance wireless SoC – integrating the industry-leading Tensilica L106 ultra-low-power 32-bit microcontroller
unit (MCU). The integrated Wi-Fi supports the standard IEEE802.11b/g/n Wi-Fi protocol, a complete TCP/IP protocol stack.
The USB connection is ensured via Silicon Labs CP2102. The main task of the ESP-12F is to control and operate the
TCS3200 and the LEDs and process and respond to the API calls through Wi-Fi and USB connections.

USB-to-UART bridge

Colorisens has a Silicon Labs CP2102 USB bridge providing a virtual COM (serial) port interface via USB. Since the ESP-12F
only provides serial communication, the USB bridge is required to talk to ESP-12F through the USB connection. Hence, the
user can use this USB virtual COM port to send commands to and receive responses from the hardware.

Microfluidic chip cartridge

Full and half-size microfluidic chip cartridge designs are provided along with the board. The cartridge ensures that the
chip is stably located at the designated zone and that the color sensor is close to the sensing area of the chip.
3



Y. Zhang, Tsun-Ming Tseng and U. Schlichtmann HardwareX 11 (2022) e00312
ColoriSens’ main advantage over pre-existing colorimeters or smartphone-based color detection solutions [9,16,17] is its
lower cost, lower power usage, portability, small size, integrability into a microfluidic system, and ease of use. Its two com-
munication interfaces and low power usage make it very suitable for integration into the existing microfluidic system, such
as the low-cost portable microfluidic system PAMICON [15]. There is no existing solution for an integrable colorimetric read-
ing solution for microfluidic systems, which is highly important for programmable microfluidics and lab-on-a-chip. The main
contributions of ColoriSens include:

� ColoriSens provides two ways of communication and utilizes simple APIs to operate.
� ColoriSens can easily be integrated into the existing microfluidic system enabling programmable microfluidics and lab-
on-a-chip [13].

� The lightweight and small size allow it to be used in multiple scenarios such as POC.
� The low-cost idea helps the spread of microfluidics in general and could be suitable in fields of education.
� It is also ideal to use ColoriSens in other low-cost microfluidic scenarios, such as in combination with 3D-printed
microfluidics and low-cost microfluidic system.

Design files

All design files, including the hardware design, firmware, 3D models of the cartridge, and demo software, are made avail-
able as open-source and provided along with this article (Table 1). The design files consist of all the information needed to
produce, assemble, and run this hardware.
Table 1
List of design files made available with this article.

Design file name File type Open source license Location of the file

ColoriSens board PCB and schematic designs, Gerber, BOM,
and pick-and-place file

CC BY-SA 4.0 https://doi.org/10.17605/OSF.IO/TCZJR

Microfluidic chip cartridges CAD designs CC BY-SA 4.0 https://doi.org/10.17605/OSF.IO/TCZJR
ColoriSens firmware Binary and source code files CC BY-SA 4.0 https://doi.org/10.17605/OSF.IO/TCZJR
Demo client software Executable and source code files CC BY-SA 4.0 https://doi.org/10.17605/OSF.IO/TCZJR
Demo microfluidic chip CAD design CC BY-SA 4.0 https://doi.org/10.17605/OSF.IO/TCZJR
Electronics

The ColoriSens board files are provided in Altium Designer schematic and PCB layout as source files. Besides commercial
software, these files can also be read and modified with free software such as EasyEDA or KiCAD using free migration tools
such as Altium2kicad. We also provide the Gerber, BOM, and pick-and-place files for PCB fabrication and SMT assembly.
Fig. 2 shows the PCB layout. The schematic is split into eight labeled functional circuit groups: Power, white LEDs, UV LEDs,
RGB Sensor, Buttons, USB TTL, SoC, and Pins. Each group is described in detail:
Fig. 2. ColoriSens PCB layouts (top layer left; bottom layer right).
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Power
ColoriSens acquires its power from the Micro-USB port, which provides a 5 V power. Internally it has two power cir-

cuitries with different voltages (Fig. 3). The two voltages are 3.3 V and 5 V. The internal 5 V comes directly from the USB
connection. At the same time, 3.3 V is converted from 5 V through a voltage regulator AMS1117-3.3.
Fig. 3. Power circuit schematic.
White LEDs
The white light source consists of four white LEDs powered by 3.3 V with 220 X ballast resistors. These LEDs’ brightness

should be controllable via the SoC. Hence the control signal is amplified by an SS8050 transistor (Fig. 4).
Fig. 4. White LEDs circuit schematic.
UV LEDs
With two ultra-violet C and ultra-violet A combo LEDs, the ultra-violet light source is analogous to the white LEDs but

powered directly by 5 V and 3.3 V and controlled by a different signal input (Fig. 5).
Fig. 5. UV LEDs circuit schematic.
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RGB sensor:
The TCS3200 is powered by 3.3 V, and a decoupling capacitor is used to stabilize the power. Each pin is connected directly

to the SoC, except OE is connected to the ground (Fig. 6).
Fig. 6. RGB sensor circuit schematic.
Buttons
Two buttons are placed on the ColoriSens board. One button is used to reset the SoC and restart the firmware, and another

button is used to switch the communication mode. Pull-up/pull-down resistors are connected to these buttons (Fig. 7). It is
worth mentioning that the resistor R14 should only be populated when one wants to invoke the sleep function of the ESP-
12F SoC.
Fig. 7. Buttons circuit schematic.
USB TTL
The CP2102 USB bridge is connected between the SoC’s serial communication pins and the USB. ColoriSens provides a

Micro-USB port along with a four-pin header/hole that allows the user to directly solder a USB cable to the board (Fig. 8).
6



Fig. 8. USB bridge circuit schematic.
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SoC
The SoC ESP-12F links to all functional groups described above (Fig. 9). It has a built-in 32Mbit SPI Flash which stores the

firmware. Additional GPIO connections are linked to the pinholes on the board and provide further hardware extensibility.
Fig. 9. SoC circuit schematic.
Pins
The expansion pinholes allow the connection of additional hardware or sensors (Fig. 10). Fig. 1 shows the pinout of the

board.
7



Fig. 10. Pin headers schematic.
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3D-printing
We modeled all designs with Shapr3D CAD software. The microfluidic chip cartridge design files contain a full-size and a

half-size cartridge design (in STEP and STL format). The full-size cartridge has a size of 8 � 60 � 100 mm, which is designed
to cover the entire board (Fig. 11-a). A half-size cartridge has a size of 8 � 60 � 40 mm and only covers the sensing area
(Fig. 11-b). The cartridge should be placed on the board to hold the chip in the slot. Depending on the size, design, and appli-
cation of the chip, users are able to modify the cartridge designs freely. The designs can be fabricated with a 3D printer or
CNCmachining. A lid to cover the chip slot area is also provided and shall be modified depending on the need. For example, if
lab-on-a-chip experiments should be performed, the lid should provide hollowed space for chip in-/outlets. The lid should be
fabricated in white and can be used for white balancing and reading calibration depending on the configured light source
brightness.
Fig. 11. Construction of cartridges.
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The demo microfluidic chip design (provided in STEP and STL format) shows the chip we use in the hardware verification
process. It replicates a simple mixing application. We recommend using an SLA/DLP/LCD 3D printer to fabricate this chip. In
terms of running microfluidic applications, a bio-compatible resin, such as the MiiCraft BV-007, is recommended to print the
chip.

Software and firmware

The firmware is written in Arduino/C++. We make both the source code and the compiled binary file available. The binary
file can be directly flashed to the hardware with any ESP-flashing tool. The detailed APIs and commands this firmware pro-
vides and how to use the provided functionalities are described in the following sections. The cross-platform demo client
(Fig. 12) is written in Java. It runs on Windows, macOS, all Linux distributions, Solaris, FreeBSD, and OpenBSD and is inde-
pendent of the CPU architecture. We make both the source code and the compiled executable jar file available. The demo
client implements both the serial communication and the Wi-Fi web API and demonstrates how to operate the hardware
using them. This demo client can be used as a reference for integrating ColoriSens into the existing microfluidic control
software.
Fig. 12. Demo client application.
Bill of materials

Build instructions

ColoriSens PCB
The bare PCB can be acquired by uploading the Gerber file or design file to an online PCB manufacturing company. Many

of these PCB manufacturing companies also provide SMT assembly services. This service requires the upload of the BOM (bill
of materials) and pick-and-place file. The assembly service charges for the populated components, service fee, and tooling
setup fees. However, using the assembly service along with the PCB fabrication can save a significant amount of time and
cost. For ColoriSens, five ready-to-use units (except the firmware, which needs to be flashed afterward), including the fab-
rication of the five PCBs and their SMT assembly, cost in total about 57 EUR (shipping fee and customs clearance are not
included).

Manual assembly from the bare PCB would take, depending on the soldering method, approximately five hours per unit.
All components must be soldered by hand. It is recommended to use solder paste and stencil, which can be ordered along
with the PCB at many PCB manufacturing companies. Then assemble them using a reflow-oven. To assemble the hardware,
first, sort all components into labeled component bins referring to the bill of materials (Table 2). Second, place the side of PCB
where the silkscreen designators are visible to the top, and use the stencil, if available, to past the solder paste. Last, place
9



Table 2
Bill of materials. Total material cost for one unit is 9.62 EUR. All costs except the SMT assembly, shipping, and any additional handling fees. We paid about 57
EUR for five units, including the SMT assembly (shipping fee and customs clearance are not included).

Designator Component Quantity
per unit

Cost per
unit - EUR

Total
cost - EUR

Source of materials Material type

C1 0603 1uF (105) 10% 50 V 1 0.0080 0.0080 https://lcsc.com/ Electronics
C2, C5, C6 0402 10uF (106) 20% 6.3 V 3 0.0205 0.0615 https://lcsc.com/ Electronics
C3, C7, C9 0402 100nF (104) 10% 16 V 3 0.0045 0.0135 https://lcsc.com/ Electronics
C4 0805 10uF (106) 10% 25 V 1 0.1119 0.1119 https://lcsc.com/ Electronics
C8 3528 100uF (107) 10% 6.3 V 1 0.6332 0.6332 https://lcsc.com/ Electronics
D1, D2, D3, D4 0603 LED White 4 0.0157 0.0628 https://lcsc.com/ Electronics
D5 SOD-123 B5819W SL 1 0.0940 0.0940 https://lcsc.com/ Electronics
D6, D7 TZ35UVA + UVC02-016 2 0.6149 1.2298 https://lcsc.com/ Electronics
LED1 0603 LED Blue 1 0.0867 0.0867 https://lcsc.com/ Electronics
Q1, Q2, VT1, VT2 SOT-23 SS8050 Y1 4 0.0218 0.0872 https://lcsc.com/ Electronics
R1, R12, R13, R15 0402 470 X (4700) 1% 4 0.0015 0.0060 https://lcsc.com/ Electronics
R10, R24 0402 4.7 KX (4701) 1% 2 0.0018 0.0036 https://lcsc.com/ Electronics
R2, R9, R16, R17,

R18, R19, R20
0402 12 KX (1202) 1% 7 0.0014 0.0098 https://lcsc.com/ Electronics

R21 0402 100 KX (1003) 1% 1 0.0047 0.0047 https://lcsc.com/ Electronics
R22 0402 220 KX (2203) 1% 1 0.0040 0.0040 https://lcsc.com/ Electronics
R3, R4, R5, R6 0402 220 X (2200) 1% 4 0.0015 0.0060 https://lcsc.com/ Electronics
R7, R8, R11, R23 0402 10 KX (1002) 1% 4 0.0015 0.0060 https://lcsc.com/ Electronics
S1, S2 SHOU HAN TS342A2P-WZ 2 0.0519 0.1038 https://lcsc.com/ Electronics
U1 AMS TCS3200D-TR 1 2.8975 2.8975 https://lcsc.com/ Electronics
U2 CP2102-GMR 1 1.8797 1.8797 https://lcsc.com/ Electronics
U3 MicroUSB 1 0.0678 0.0678 https://lcsc.com/ Electronics
U4 Ai-Thinker ESP-12F (ESP8266MOD) 1 1.2187 1.2187 https://lcsc.com/ Electronics
VR1 SOT-223 AMS1117-3.3 1 0.1087 0.1087 https://lcsc.com/ Electronics
ColoriSens PCB 1.6 mm FR4-Standard Tg 130-140C PCB 1 0.3360 0.3360 https://jlcpcb.com/ PCB
Chip cartridge 3D-printing resin 1 0.5800 0.5800 Amazon 3D-printing

supplies
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each component according to the designator’s name and the polarization according to the silkscreen sign, then use the
reflow-oven or hot air gun to solder them onto the PCB. Fig. 13 shows the PCB with all components soldered.
Fig. 13. PCB with all components soldered.
List of equipment needed to build the PCB board (if not assembled):

� Soldering iron or reflow-oven/hot air gun
� Solder/solder paste
� Tweezers
� Flux pen
� Flux off
� Alcohol PCB cleaner
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Firmware
After the PCB assembly has been done, the firmware bin file can be uploaded using a Micro-USB cable and any ESP-

flashing software, such as the official Espressif Esptool [18]. Use the following command to accomplish the flashing process
when using the Esptool:

esptool.py --port<serial-port-of-ColoriSens>write_flash -fm dio 0x00000 firmware.bin

Cartridge
We recommend using an SLA/DLP/LCD resin printer to 3D-print the cartridge since it delivers the best quality. We also

recommend leveling up and turning the design about 20–30� in the printer’s slicing software and adding appropriate sup-
port. After the design has been printed, wash and cut off all supports and do a post-exposure for about 5–10 min. Fig. 14
shows a 3D-printed half-size cartridge.
Fig. 14. 3D-printed half-size cartridge mounted on PCB.
Operation instructions

Safety instruction: ColoriSens integrates a UV source. Exposure may cause eye damage. Do not operate without coverings.
Do not look into the UV source. Wear appropriate UV eye protection.

ColoriSens can be used in different scenarios. It can be integrated into the existing microfluidic system and controller. To
ease the use of ColoriSens, it provides a set of commands (API) for serial communication (wired) and a set of web APIs for Wi-
Fi communication. For integration usage, the microfluidic system’s software should implement the communication APIs to
operate with ColoriSens. ColoriSens comes initially set as serial communication mode out of the box (default setting in the
firmware). By long pressing the upper (unlabeled) button on ColoriSens for three seconds, until the upper right blue LED indi-
cator blinks, the communication mode will switch between serial and Wi-Fi. The upper right blue LED also indicates that
ColoriSens is powered on. The lower button is the reset button. Pressing the reset button restarts ColoriSens. We describe
the operation and API of each communication method in detail.

Serial communication

In serial communication mode, users need to connect ColoriSens and the client (computer, microfluidic system, etc.) with
a USB cable. The client will recognize it as a USB serial port. In order to communicate with ColoriSens, this serial port’s baud
rate should be set to 115200. ColoriSens communicates through a command-and-response fashion, which means that to a
command sent to it, ColoriSens will respond with a reply. Before integrating the API, we recommend manually sending the
command ‘‘HELP” to check out the API. Table 3 shows all serial APIs ColoriSens provides.
Table 3
Serial communication APIs. The scaling defines the output precision. Light brightness is defined as: 0 – darkest, 1023 – brightest.

Feature description Command Variable range Response example

Turn on/off the white LEDs SET WHITE state state: ON, OFF OK

Turn on/off the UV LEDs SET UV state state: ON, OFF OK

Change the brightness of the white LEDs SET WHITE LEVEL level level: [0 – 1023] OK

Change the brightness of the UV LEDs SET UV LEVEL level level: [0 – 1023] OK

Change the sensor output scaling SET SCAL scaling scaling: 2, 20, 100 OK

Get sensor data GET RGB [20,67,102]
Factory reset and clear all settings FACTORYRESET

11
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Wi-Fi communication

ColoriSens can also be used wirelessly. An external power supply, such as a USB power bank, is needed in this configu-
ration. Wi-Fi communication mode provides both Wi-Fi direct connection (AP mode) and WLAN connection (STA mode)
simultaneously. That means users can always connect to ColoriSens using Wi-Fi direct, even if it is connected to a WLAN.
ColoriSens exposes itself with the Wi-Fi name (SSID) ‘‘SensorBoard,” and to connect to it, the required Wi-Fi password is
‘‘magicword.” ColoriSens’ IP address for Wi-Fi direct connection is ‘‘192.168.4.1,” which should be used to establish the com-
munication. To let ColoriSens join a WLAN, connecting to ColoriSens using Wi-Fi direct beforehand is required. ColoriSens
provides an API to configure the WLAN connection, but it also provides a convenient website UI to configure. By opening
‘‘http://192.168.4.1/connectWifi” in the browser with a smartphone or computer connected to ColoriSens using Wi-Fi direct,
ColoriSens can be configured to join a WLAN by selecting the name of nearby WLAN from a list (Fig. 15). The IP address of
ColoriSens within theWLAN can be viewed through theWLAN router’s backend or by calling the API (see below). The API call
happens by using HTTP GET-Method with ‘‘http://[IP-address]/[API]” to fetch the response. Most of the APIs return a JSON as
the response body. Table 4 shows all web APIs provided. Opening the IP address of ColoriSens in a browser also shows the API
overview.
Fig. 15. WLAN configuration.

Table 4
Wi-Fi communication web APIs.

Feature description API Variable(s) range Response example

Connect the board to WLAN/Wifi /setWifi?ssid=MyWifiName

&pswd=WifiPassword

MyWifiName: Wi-Fi SSID

WifiPassword: Wi-Fi password

A website

Turn on/off the white LEDs /setWhite?state=state state: on, off {‘‘success”:‘‘true”}

Turn on/off the UV LEDs /setUV?state=state state: on, off {‘‘success”:‘‘true”}

Change the brightness of the white LEDs /setWhite?level=level level: [0 – 1023] {‘‘success”:‘‘true”}

Change the brightness of the UV LEDs /setUV?level=level level: [0 – 1023] {‘‘success”:‘‘true”}

Change the sensor output scaling /setScal?scaling=scaling scaling: 2, 20, 100 {‘‘success”:‘‘true”}

Get sensor data /getRGB {‘‘value”:{‘‘R”:45,‘‘G”:65,‘‘B”:102},
‘‘success”:‘‘true”}

Get the sensor board’s IP addresses /getIP {‘‘direct”:‘‘192.168.4.100 ,
”lan‘‘:”192.168.1.10100 ,
‘‘success”:‘‘true”}

Factory reset and clear all settings /factoryreset
ColoriSens saves the settings, such as connection mode, light brightness, or Wi-Fi credential. All settings can be cleared
and restored to default by calling the factory reset.

The reading of ColoriSens represents the detected light intensity of red, green, and blue. The reading can be scaled by 2%,
20%, and 100%. The scaling defines the reading precision. The lower the reading, the higher is the intensity. If the user wants
to turn the readings into a 24-bit RGB value, the user can do white balance calibration for the desired setting beforehand and
12
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use simple linear regression to map the values. To do a white balance calibration, users should turn on the white light to
desired brightness and put a piece of black paper to cover the chip slot. Record the reading [r1, g1, b1]. Then do it again with
a closed white lid or a piece of white paper and record the reading [r2, g2, b2]. The 24-bit RGB value [R, G, B] can be calcu-
lated from ColoriSens’ reading [r, g, b] as follows:
Fig. 16.
color. T
brightn
was pu
is refer
R rð Þ ¼ 255 � r � r1
r2� r1

;G gð Þ ¼ 255 � g � g1
g2� g1

; B bð Þ ¼ 255 � b� b1
b2� b1
Validation and characterization

In this section, we demonstrate the function of ColoriSens. We have implemented the demo client to demonstrate the
integrability of the hardware. The client software can operate ColoriSens and retrieve readings using API calls. Any microflu-
idic control software can implement these APIs to integrate ColoriSens.

Further, we 3D-printed a microfluidic chip with a chamber as a colorimetric biosensor. We filled the channel and the
chamber with different food dyes to simulate an assay result of a colorimetric biosensor (Fig. 16, sample 1–3). We also tested
the fluorescence reading by using fluorescence dye (Fig. 16, sample 4) with the integrated UV light source of ColoriSens. We
carried out all measurements with the demo client application. The following diagram shows the readings.
ColoriSens evaluation. Red, green, and blue bars represent the measured result of each color channel. The lower the reading, the more intensive the
he sample measures 1–3 are performed with white light at a brightness level of 460, while sample measure 4 is performed with UV light at a
ess level of 881. The scaling was set to 20%. Error bars represent the standard deviation of three replicate measurements of each sample. The chip
t into a half-size cartridge with the lid closed during the measurements. (For interpretation of the references to color in this figure legend, the reader
red to the web version of this article.)
We also tested the API response speed of ColoriSens. Both serial and Wi-Fi communication can reply up to 5 Hz (5
responses per second). That indicates that ColoriSens is capable of performing real-time lab-on-a-chip experiments. A con-
trol decision can be made instantly based on the fast response.

The power consumption was tested with a digital multimeter (JT-UM25C, Joy-IT/Simac Electronics GmbH). ColoriSens
consumes 1.08 W of power at both lights at maximum brightness. In a moderate scenario, where only white light is set
to brightness level 400, ColoriSens consumes 0.60 W of power.
Conclusion

In this paper, we have described the hardware design of ColoriSens – a color detector for microfluidics. We have given
instructions on the location of its open-source design files, the construction of two chip cartridges, and demonstrative client
software showing how to implement the APIs of the hardware and how to communicate with ColoriSens. ColoriSens can be
used for many different scenarios and applications, such as monitoring, POC, and programmable microfluidics. ColoriSens’
low cost, small size, low power operation, and simple construction help spread low-cost, portable microfluidics.
13
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