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Lab-on-a-chip technologies and microfluidics have pushed miniaturized liquid handling to
unprecedented precision, integration, and automation, which improved the reaction effi-
ciency of immunoassays. However, most microfluidic immunoassay systems still require
bulky infrastructures, such as external pressure sources, pneumatic systems, and complex
manual tubing and interface connections. Such requirements prevent plug-and-play oper-
ation at the point-of-care (POC) settings. Here we present a fully automated handheld gen-
eral microfluidic liquid handling automation platform with a plug-and-play ‘clamshell-
style’ cartridge socket, a miniature electro-pneumatic controller, and injection-moldable
plastic cartridges. The system achieved multi-reagent switching, metering, and timing con-
trol on the valveless cartridge using electro-pneumatic pressure control. As a demonstra-
tion, a SARS-CoV-2 spike antibody sandwich fluorescent immunoassay (FIA) liquid
handling was performed on an acrylic cartridge without human intervention after sample
introduction. A fluorescence microscope was used to analyze the result. The assay showed
a limit of detection at 31.1 ng/mL, comparable to some previously reported enzyme-linked
immunosorbent assays (ELISA). In addition to automated liquid handling on the cartridge,
the system can operate as a 6-port pressure source for external microfluidic chips. A
rechargeable battery with a 12 V 3000 mAh capacity can power the system for 42 h. The
footprint of the system is 16.5 x 10.5 x 7 cm, and the weight is 801 g, including the battery.
The system can find many other POC and research applications requiring complex liquid
manipulation, such as molecular diagnostics, cell analysis, and on-demand
biomanufacturing.
© 2023 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/).
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(continued)
Hardware name Handheld plug-and-play microfluidic liquid handling automation platform
Closest commercial analog Elveflow OB1 MK3+ Microfluidic flow controller
Open source license GPLv3
Cost of hardware $1395
Source file repository https://doi.org/10.17632/mxr5zkg5fx.2

Hardware in context

The highly selective antigen-antibody interaction makes immunoassay a powerful analytical technique in clinical testing
and biomedical research [1,2]. Typical immunoassay experiments that provide highly sensitive and accurate quantitative
results, such as Enzyme-Linked Immunosorbent Assay (ELISA), require extensive liquid handling operations [3]. Traditional
robotic pipetting systems have been developed for high throughput and fully automated operations, which cost tens of thou-
sands of dollars (e.g., Opentrons, Parker’s automation) [4,5]. However, their sizes, weights, and power requirements make
them only available in benchtop or larger form factors. With the development of microfluidic technology, numerous efforts
have been put into combining it with immunoassay systems. With on-chip pumps and valves based on MEMS and elas-
tomeric (e.g., Polydimethylsiloxane (PDMS)) technologies, the sizes of the liquid handling subsystems (cartridges and chips)
are greatly reduced to centimeter scale [6-10]. The liquid manipulation resolution and accuracy are also improved by orders
of magnitude [11,12]. However, most current microfluidic setups still require bulky off-chip infrastructures such as pressure
sources, pneumatic controllers, and electronics, which often lead to non-portable systems. In addition, such PMDS chip-
based systems still rely on manual tubing connections, pressure source setup, and external sample reservoir connection.
Even some self-claimed automated systems cannot avoid all the hands-on steps, which makes plug-and-play operation
almost impossible for such microfluidic platforms [13-18]. Despite systems with the goal of being plug-and-play have been
developed, several important functionalities of microfluidic systems were compromised (e.g., precise pressure regulation,
parallel reagent control, and repeatable reagent switching), which limits the scope of application [19]. Moreover, the fabri-
cation processes of the chips/cartridges for the abovementioned systems require complex steps and equipment, which
results in high costs and lengthy turn-around times between conception and prototypes.

In this work, we demonstrate a fully automated plug-and-play handheld platform for liquid handling in generic microflu-
idic immunoassays, featuring a ’clamshell-style’ cartridge-manifold interfacing socket, a miniature electro-pneumatic con-
troller, and disposable plastic cartridges (Fig. 1). With the flexibility of 3 programmable dynamic/stable pressure outputs
and 6 parallel liquid manipulation lines, the system can achieve multi-reagent switching, metering, and timing control on
a valveless cartridge for assays with up to 6 reagents. The system exempts the end-user from tubing/needle/chip connection
and other setups, allowing a plug-and-play simplicity without sacrificing the merits of microfluidics-based immunoassays.

A B

Height: 7 cm
Weight: 801 g

Cartridge
manifold

®)Close & Lock
Cover (

16.5 cm

Air tank

Pump placement manifold

Fig. 1. (A) Picture of the handheld system. The footprint is 16.5 x 11.5 x 7 cm. (B) The drawing of the system shows the operation of a plug & play assay.
Inset: The expanded view shows the pump is located under the PCB, between the clamshell socket and the battery. A 3-step operation after sample loading
could start the assay and let it proceed automatically.
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In addition to the sample cartridge for automated assay conduction, an adapter cartridge was also demonstrated, which
turns the system into a six-port pressure source for general microfluidic applications. The cartridges could be manufactured
by one-step injection molding, which allows mass production hence reducing the cost of each test.

The function of this system could be exploited with different cartridge/manifold designs and integration with other
devices, such as readout sensors, heating/cooling systems, and wireless communication modules, through the abundant
power and signal interfaces on the system. With a 12 V 3000 mAh battery, the system can run continuously for 42 h (the
demonstrated assay) after a full charge. The footprint of this system is 16.5 x 11.5 x 7 cm (L x W x H), and the weight
is 801 g (battery included).

Hardware description

Fig. 1 (B) shows the layout and the operation procedure of the system for an automated operation. Except for automated
execution of the pre-loaded commands in the microSD card, the system can also be controlled via real-time commands
through a USB connection. The handheld assay system consists of three subsystems: (1) a pneumatic subsystem with a dia-
phragm pump, three air tanks, and an air tank manifold for the generation and control of three pressure levels; (2) a
microfluidic subsystem with a clamshell-style socket structure, a microfluidic cartridge, and a cartridge manifold; (3) an
electronic subsystem with a Teensy 4.1 development board, barometric sensors, IO expansion devices, liquid crystal display
(LCD), and power driver devices on a printed circuit board (PCB).

The block diagram of the system is shown in Fig. 2. Detailed descriptions of each subsystem are illustrated in subsequent
sections.

Pneumatic subsystem

As shown in Fig. 2, the pneumatic subsystem provides three programmable pressure levels (P1, P2, P3) from three air
tanks by utilizing a 4.5 V diaphragm pump, solenoid valves, and an air tank manifold. Each of these pressures could be
set and adjusted individually throughout the assay process. The output port and input port of the miniature pump are con-
nected to air tank 1 and air tank 3 to deliver and extract air correspondingly. The pressure stored in air tank 2 is gathered
from air tank 1. And the pressure stored in air tank 2 is also used to increase the pressure in air tank 3. P1 can range from 0 to
5.8 psi (39.98 kPa) and provide a buffer for the precise pressure output P2. P2 can range from 0 psi to the level of P1 to drive
the reagents. P3 can range from —5.8 psi (-39.98 kPa) to the level of P2. The negative P3 pressure output makes reversible
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Fig. 2. Block diagram of the system. The system consists of electronics, pneumatics, and microfluidic subsystem. The system is powered by a 12 V battery
and can provide three output pressure to drive multiple reagents. Detailed explanations of the subsystems are given in the main text.
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flow possible. Although the achieved pressure levels are sufficient for liquid driving in microfluidic channels, higher pressure
could be achieved with a more powerful pump to expand the liquid handling capability [6,20,21]. The air tanks are made of
acrylic tubes that are 110 mm long and 19 mm wide and high. A brass barbed connector is screwed on top of each air tank
and connected to the corresponding barometric sensor through silicone tubing. One side of the air tank is sealed, and the
other side is connected to the air tank manifold that has six 3-port (A, B, Common) solenoid latching valves for pressure sta-
bilizing and output (Fig. 3).

Output ports K-Solenoid Valves +6
Solenoid Valves
ports &
mounting holes

Air Routes

C1-Tank manifold

tank side
Air Tank slot C2-Tank manifold
& ports valve side
Pump ports
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atm ports

——

1 Port A, Common, B. Top to bottom

) [1 Mounting holes
J-Air tanks

Fig. 3. Demonstration of the pneumatic subsystem. Three air tanks and six solenoid valves are glued and mounted on the two-layer diffusion bonded
manifold. The pump ports and output ports are tapped and fitted with barbed connectors and elbow connectors, then connected to silicone tubing. The
magnified box shows the ports for solenoid valves on the manifold. The mounting holes are tapped to fit 2-56 screws to mount the solenoid valves.

Microfluidic subsystem

The handheld system is designed for a plug-and-play cartridge method. A clamp structure is utilized to immobilize the
cartridge, align the cartridge and cartridge manifold, and provide a hermetically sealed environment (Fig. 4). The cartridge
manifold is designed in a similar method to the air tank manifold, with two pieces of acrylic. A slot is machined out at the
bottom of the cartridge manifold to accommodate the elastomer gasket, the cylinders with air output ports in the middle will
be aligned to the reagent reservoirs’ positions across the gasket (Fig. 4. C). The spring stage will be pressed down after the
cover is closed and locked. The cartridge will be pushed to the cartridge manifold and elastomer gasket by the force of
springs, thus keeping the O-ring, gasket, and cartridge manifold in contact firmly and preventing air leakage. The compressed
air and vacuum in the three air tanks can be delivered to the reagent reservoirs to drive the reagents down to the channels
through the vertical via holes by connecting silicone tubing from the output ports on the air tank manifold to the input ports
on cartridge manifold. In the sample cartridge manifold, 6 solenoid valves are mounted to control the air output ports. The
common port of each solenoid valve is connected to the air output ports, while the port A is sealed, and the port B is con-
nected to the air input ports. Each output port could be controlled individually.

Instead of implementing the Quake-style valves used in multi-layer PDMS elastomeric microfluidic devices, we achieve
liquid switching, metering, and timing control functionality on a simple single-layer valveless cartridge by selectively cutting
off and sealing the reagent driving pressure in the cartridge manifold through the solenoid valves on it [6]. Only the channel
carrying the desired reagent for the current step is pressurized. Also, the pressures needed to flow the reagents are reduced
to less than 2 psi (13.79 kPa). This allows us to use a low-power 4.5 V miniature pump and low pump activation frequency to
achieve the desired functionality with reduced power consumption and cost.

Electronic subsystem

The electronic subsystem is based on a Teensy 4.1 development board that features an ARM Cortex-M7 processor. The
following tasks are carried out by the firmware programmed in the board: (1) Execute the command script that is pre-
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Fig. 4. Clamshell socket structure designed for cartridge plug-and-play operation, including immobilization, alignment, and air seal. (A) Cover unlocked, the
spring stage is supported by the springs under it. (B) Cover locked, the spring stage is pressed down. Air seal achieved. (C) Alignment of the cartridge
manifold, gasket, cartridge, and positioner. The gasket will be squeezed by force from springs to achieve an air seal once the cover is locked. The pressure
will be delivered to the reagent reservoirs.

loaded in the microSD card or received from a computer, (2) Receive data from the three barometric sensors, (3) Adjust and
stabilize pressures in three air tanks with 10 expansion chips (Diodes Incorporated PI4I0OE5) and H-bridge drivers (Toshiba
TB6612FNG), (4) display and store pressure and assay information on the LCD and microSD card. The firmware works fol-
lowing a tick method to execute the above-mentioned tasks every 30 ms. Three pressure readings are retrieved from the
sensors through the SPI interface at the beginning of each tick. Two 10 expansion chips’ inputs are connected to two I°C inter-
faces on the board to expand the I?C ports to 96 GPIO, and the output ports of IO expanders are connected to 10 H-bridge
chips’ input ports to control up to 20 solenoid valves or pumps. The on/off status of the pump, solenoid valves on the two
manifolds will be updated through the I°C protocol by comparing the pressure readings and the target pressures set by the
user. After these functions are done, pressure readings, current assay procedure, and operation notice will be uploaded to the
2-inch LCD through a second SPI interface.

The electrical subsystem is powered by a 3000 mAh power bank with 12 V and USB output capability. The USB output
port is connected to the Teensy 4.1 board and provides a 5 V and 3.3 V power rail for the barometric sensors, I0 expanders,
and signal rails of the H-bridges. The power rails of H-bridge chips could be selectively connected to 12 V or 5 V output indi-
vidually to supply the solenoid valves and diaphragm pump. A 5 V voltage regulator on the PCB can also be used to supply
the Teensy board and aforementioned components through the 12 V rail. Several extra power rails are provided to allow
external power sources connection for component compatibility and system customizability.

The proposed hardware provides several advantages:

e Plug-and-play automation ease is offered without compromising the important functionalities and merits of microfluidic
systems.

e Sample immunoassay on a cartridge offer sensitivity and accuracy comparable to some previously reported ELISA con-
ducted on standard 96-well plates.

e Thermoplastic cartridges are compatible with surface functionalization for diverse assay types.

e One-layer cartridge design compatible with injection molding fabrication reducing the cost per test.

e Modular design and additional power/signal interfaces allow modifications and extensions for different applications in
POC and research circumstances.

e The compact size, lightweight, and battery make the system suitable for various working situations.
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Design files summary

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

Al-Base STL GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
A2-Cover STL GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
A3-Cover lock STL GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
A4-SpringStage STL GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
A5-Positioner STL GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
B1-Cartridge_manifold_top STEP GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
B2-Cartridge_manifold_bottom STEP GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
C1-Tank_manifold_tank STEP GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
C2-Tank_manifold_valve STEP GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
D1-Assay_cartridge STEP GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
D2-Adapter_cartridge STEP GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
Board.zip sch and brd GPLv3 10.17632/mxr5zkg5fx.2

Firmware ZIP GPLv3 https://doi.org/10.17632/mxr5zkg5fx.2
ElectronicsBOM Ccsv GPLv3 10.17632/mxr5zkg5fx.2

SampleLua Lua GPLv3 10.17632/mxr5zkg5fx.2

The STL and STEP folders contain the 3D printed and CNC machined parts, respectively. The Board.zip file contains the sche-
matic and board layout for the PCB. The ElectronicsBOM.csv file records the electronic components on the PCB board,
excludes the Teensy board, button, JST connectors, and pressure sensors.

The firmware.zip should be extracted and opened through the PlatformIO extension in Visual Studio Code software to
program the Teensy board. The sample Lua script was used for the sample SARS-CoV-2 assay. Detailed function explanation
can be found in Firmware/lib/LuaExt/src/CustomLib.cpp.

Bill of materials summary

Designator Component Number Cost per unit Total cost - Source of Material type
- currency currency materials
3D printing filament Z-Ultrat 1 $59 $59 Zortrax Polymer
E-Spring Die spring 1 $5.35 $5.35 Amazon Metal
F-3 mm rod 3 mm rod 1* $5.49 $5.49 Amazon Metal
G-4 mm rod 4 mm rod 1* $5.49 $5.49 Amazon Metal
H-Flat Screw 2-56 screw 1* $8.87 $8.87 McMaster Metal
[-Self-tapping screw 2-28 self-tapping 1* $4.88 $4.88 Amazon Metal
screw
Teensy Teensy 4.1 1 $37.5 $37.5 Amazon Semiconductor/
Other
PCB Mainboard 1 $8 $8 JLCPCB Semiconductor/
Other
Electronic components  Electronic 1 $35 $35 Digikey Semiconductor/
components on Other
PCB*
LCD Display Waveshare 2 in. 1 $14.75 $14.74 Amazon Semiconductor/
LCD Other
Pressure sensor Pressure sensor $62.6 $187.8 Digikey Other
Button Push button 1 $8.99 $8.99 Amazon Other
switch kit
JST Connectors Wire connectors 1 $18.99 $18.99 Amazon Other
on PCB
B-Cartridge manifold/C- Acrylic sheet 1 $18.38 $18.38 McMaster Polymer

Air tank manifold


https://doi.org/10.17632/mxr5zkg5fx.2
https://doi.org/10.17632/mxr5zkg5fx.2
https://doi.org/10.17632/mxr5zkg5fx.2
https://doi.org/10.17632/mxr5zkg5fx.2
https://doi.org/10.17632/mxr5zkg5fx.2
https://doi.org/10.17632/mxr5zkg5fx.2
https://doi.org/10.17632/mxr5zkg5fx.2
https://doi.org/10.17632/mxr5zkg5fx.2
https://doi.org/10.17632/mxr5zkg5fx.2
https://doi.org/10.17632/mxr5zkg5fx.2
https://doi.org/10.17632/mxr5zkg5fx.2
http://10.17632/mxr5zkg5fx.2
https://doi.org/10.17632/mxr5zkg5fx.2
http://10.17632/mxr5zkg5fx.2
http://10.17632/mxr5zkg5fx.2
https://store.zortrax.com/materials/m200-z-ultrat
https://www.amazon.com/Printer-Spring-Compression-Springs-Creality/dp/B08GHNVNVF/ref=sr_1_1_sspa?crid=2AYUD4BI9ONSG%26keywords=die%2bspring%26qid=1665889599%26qu=eyJxc2MiOiI0LjYxIiwicXNhIjoiNC4wOCIsInFzcCI6IjMuNTYifQ%253D%253D%26sprefix=die%2bspring%252Caps%252C45%26sr=8-1-spons%26psc=1
https://www.amazon.com/uxcell-Stainless-Support-Fasten-Elements/dp/B07M63LW8M/ref=sr_1_4?crid=2TKLIPZVBY3R6%26keywords=4mm%2bmetal%2bpin%26qid=1665896261%26qu=eyJxc2MiOiIwLjAwIiwicXNhIjoiMC4wMCIsInFzcCI6IjAuMDAifQ%253D%253D%26sprefix=4mm%2bmetal%2bpin%252Caps%252C61%26sr=8-4
https://www.mcmaster.com/91251A079/
https://www.amazon.com/Thread-Rolling-Plastic-Plated-Phillips/dp/B00GDXU4WM/ref=sr_1_1?content-id=amzn1.sym.918a99dd-4826-4c0a-be33-a6705d69c4cf%3aamzn1.sym.918a99dd-4826-4c0a-be33-a6705d69c4cf%26crid=2KXZ2R400DHFL%26keywords=Screws%26pd_rd_r=acbe8706-9a80-4348-ab4f-afa20f11ac18%26pd_rd_w=SacWL%26pd_rd_wg=Ts5Vk%26pf_rd_p=918a99dd-4826-4c0a-be33-a6705d69c4cf%26pf_rd_r=JEP6CWZFP6528NJ1W8P9%26pid=2FDZTvE%26qid=1666137915%26qu=eyJxc2MiOiI2LjY4IiwicXNhIjoiNC44MCIsInFzcCI6IjQuNDEifQ%253D%253D%26refinements=p_n_feature_fourteen_browse-bin%3a17910830011%252Cp_n_feature_twenty-eight_browse-bin%3a19043645011%26s=industrial%26sprefix=2-28%2bself%2btapping%252Caps%252C57%26sr=1-1
https://www.amazon.com/PJRC-Teensy-4-1-Without-Pins/dp/B088D3FWR7/ref=sr_1_4?crid=1JI7TP2TORVTB%26keywords=teensy%2b4.1%26qid=1665870045%26qu=eyJxc2MiOiIzLjkwIiwicXNhIjoiMy4yNiIsInFzcCI6IjMuMTkifQ%253D%253D%26sprefix=teensy%2b4.1%252Caps%252C72%26sr=8-4
https://jlcpcb.com/VGB?gclid=CjwKCAjwtKmaBhBMEiwAyINuwPXl1fKYjz5wdGnMHwTtb4X7V-nlPCqVPr6x4GSAF0jpyRuXam3X4RoC6zoQAvD_BwE
https://www.digikey.com/?utm_adgroup=DigiKey%26utm_source=google%26utm_medium=cpc%26utm_campaign=EN_Brand_Digi-Key%26utm_term=digikey%26utm_content=DigiKey%26gclid=CjwKCAjwtKmaBhBMEiwAyINuwP2gD8JJLcdhvdPL_0f46_oEqnKsQnufX6hBQxwxwoyK_Sxzv0vX7xoC9GYQAvD_BwE
https://www.amazon.com/240%c3%97320-Resolution-Raspberry-Interface-Operating/dp/B09N2MZ2MY/ref=sr_1_4?crid=1NWJ9HBMARIK0%26keywords=waveshare%2b2%2binch%2blcd%26qid=1665894378%26qu=eyJxc2MiOiIwLjk5IiwicXNhIjoiMC45MiIsInFzcCI6IjAuMDAifQ%253D%253D%26sprefix=waveshare%2b2%2binch%2blcd%252Caps%252C55%26sr=8-4
https://www.digikey.com/en/products/detail/honeywell-sensing-and-productivity-solutions/HSCDRRN001BDSA3/3934751
https://www.amazon.com/TWTADE-Momentary-Tactile-Button-12x12x12mm/dp/B07CG7VTGD/ref=sr_1_10?crid=2HXL2LLPEZEL4%26keywords=through%252Bhole%252Bpush%252Bbutton%26qid=1665872005%26qu=eyJxc2MiOiIyLjE0IiwicXNhIjoiMi4yMCIsInFzcCI6IjEuMDAifQ%253D%253D%26sprefix=through%252Bhole%252Bpush%252Bbutton%252Caps%252C75%26sr=8-10%26th=1
https://www.amazon.com/1-25mm-Connectors-Pre-Crimped-Pixhawk-Silicone/dp/B07S18D3RN/ref=sr_1_7_sspa?crid=1CEUGOEQH7Y1O%26keywords=jst%2bph%2b1.25%26qid=1665888938%26qu=eyJxc2MiOiIyLjE1IiwicXNhIjoiMS4zOSIsInFzcCI6IjEuNTAifQ%253D%253D%26sprefix=jst%2bph%2b1.25%252Caps%252C56%26sr=8-7-spons%26psc=1
https://www.mcmaster.com/8560K354/
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(continued)
Designator Component Number Cost per unit Total cost - Source of Material type
- currency currency materials

J-Air tank Acrylic Tube 1 $6.8 $6.8 McMaster Polymer

K-Solenoid valve LHLA1221111H 12 $71.05 $852.6 Lee.co Other

L-Check Valve 3/16” Check valve 1 $2.5 $2.5 Amazon Other

M—Pump Boxer pump 1 €49.83 €49.83 Boxer Other
22000.011

Fitting connector 1 EB25 fitting 2 $1.91 $3.82 Pneumadyne Metal

Fitting connector 2 EA-LB10-SLOT 3 $5.27 $15.81 Pneumadyne Metal
fitting

Fitting connector 3 3-56 to 1/16” 5 $0.51 $2.55 Airengr Metal
fitting

Tubing 1 3/32” ID tubing 1* $7.99 $7.99 Amazon Other

Tubing 2 1/16” ID tubing 1* $5.49 $5.49 Amazon Other

12 V battery 12 V battery 1 $28.79 $28.79 Amazon Other

*Sold in bulk, actual cost should be less.
**Please see electronicBOM.csv for detailed BOM of electronic components on PCB.

Build instructions
Pre-assembly

PCB soldering
Solder the electronic components and pressure sensors to the PCB with a soldering iron per the layout in the board file.

3D printing
The clamping structures require 3D-printed parts. These parts were printed with Z-Ultrat filament using a Zortrax M200
printer, with the default settings in the Zortrax software. Print all the parts in the STL folder for assembly.

Laser cutting (optional)

Cut the acrylic sheet into stocks in the appropriate sizes (please refer to CAD files) using a laser engraver (Universal Laser
System) for computer numerical control (CNC) milling and air tank bottom sealing. The 65 W CO2 laser’s movement speed in
the cutting program (UCP) should be set to 0.6% of its maximum speed at 100% power output. The chopped stocks make CNC
programming less complicated. Parts can be milled directly from the acrylic sheet if a laser machine is unavailable.

CNC milling

A milling machine is needed to create the parts for the tank manifold (2 pieces), cartridge manifold (2 pieces), and sample
cartridges. Use the Autodesk Fusion360 program to generate the toolpaths and G-codes for the milling machine. Machine all
the parts in the STEP folder for assembly.

Gasket fabrication
RTV 615 (Momentive) is used to make the gasket. Part A and part B should be mixed in a 10:1 ratio before being poured
into the bottom piece of the cartridge manifold (part B2). To cure, bake the mixture for two hours at 80 °C.

Drilling/Tapping

Create the mounting threads for solenoid valves and pneumatic fitting connectors. The detailed tap sizes are shown in
Fig. 5(A). Taps enter from the closer side. Before tapping, a 2 mm drill bit needs to be used to drill the hole in the air tank
tube.

Bonding/gluing

Use diffusion bonding to make the tank manifold and cartridge manifold by combining two separate pieces into a single
unit [22]. Align and place the manifolds in a heat press, then apply heat at 120 °C from both sides for 30 min. Apply superglue
to seal one side of the air tank tube with a 19 x 19 mm acrylic piece and bond the other side to the tank manifold. Fig. 3 and
Fig. 4 depict how the manifolds and tanks are laid out.


https://www.mcmaster.com/8516K35/
https://www.theleeco.com/product/lhl-series-3-way-control-solenoid-valves/
https://www.amazon.com/Feelers-Inline-Non-Return-One-Way-Resistance/dp/B08FYHFDNL/ref=sr_1_31?crid=167URELNNQUSI%26keywords=plastic%252Bcheck%252Bvalve%26qid=1666031108%26qu=eyJxc2MiOiI0Ljc1IiwicXNhIjoiNC4yNSIsInFzcCI6IjQuMDYifQ%253D%253D%26sprefix=plastic%252Bcheck%252Bvalve%252Caps%252C66%26sr=8-31%26th=1
https://box-it.boxerpumps.com/detail/index/sArticle/25/sCategory/5?number=22000.011
https://www.pneumadyne.com/332-tube-id-barb-straight-connectors-10-32-unf-p-1782.html
https://www.pneumadyne.com/564-tube-id-adjustable-elbows-10-32-p-1936.html
https://www.airengr.com/store/11750-2-BLK.html
https://www.amazon.com/uxcell-Plastic-Tubing-Length-White/dp/B082S3BKSS/ref=sr_1_9?crid=13581IN6HKX72%26keywords=3%252F32%252Btubing%26qid=1666031619%26qu=eyJxc2MiOiIzLjQ1IiwicXNhIjoiMy4yNCIsInFzcCI6IjIuNTIifQ%253D%253D%26s=industrial%26sprefix=3%252F32%252Btubing%252Cindustrial%252C51%26sr=1-9%26th=1
https://www.amazon.com/uxcell-Silicone-Flexible-Silicon-Transfer/dp/B07PPQ7YHC/ref=sr_1_6?crid=3KKTHZMLA6ILF%26keywords=1%252F16%2btubing%26qid=1666031687%26qu=eyJxc2MiOiI0LjE0IiwicXNhIjoiNC4xMCIsInFzcCI6IjQuMDcifQ%253D%253D%26s=industrial%26sprefix=1%252F16%2btubing%252Cindustrial%252C53%26sr=1-6
https://www.amazon.com/TalentCell-Rechargeable-3000mAh-Lithium-External/dp/B01M7Z9Z1N/ref=pd_day0fbt_sccl_1/138-5856005-2918763?pd_rd_w=hTsMt%26content-id=amzn1.sym.9b14949a-3979-4b7d-b182-b07adcc4c0e7%26pf_rd_p=9b14949a-3979-4b7d-b182-b07adcc4c0e7%26pf_rd_r=NDCTFE3TC23G2JZV9KAD%26pd_rd_wg=yJZ3r%26pd_rd_r=51e84802-26d4-483e-8162-65eb205d331d%26pd_rd_i=B01M7Z9Z1N%26psc=1
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A
® 2-56 for solenoid valve screw
® 3-56 for fitting connector 3
@ 10-32 for fitting connector 1
10-32 for fitting connector 2
B
D
F

Fig. 5. Mechanical assembly guide. (A) Drilling and tapping (B) Base holds the 4 mm rod and die spring. (C) Screw the solenoid valves on the cartridge
manifold, then attach the cartridge manifold to the cover. Join the cover and the cover lock with a 3 mm rod. (D) Screw the positioner on the spring stage.
Then fit the stage into the base. The stage will be supported by the springs. (E) Join the assembled cover and base with a 3 mm rod. (F) The adapter cartridge
can turn the system into a general-purpose pressure source with six output ports. Insert six 22-gauge needles into the output ports of the cartridge. Use
silicone tubing with proper inner diameter to connect the system to external microfluidic chips. Parts are labeled as follows: A1-Base, A2-Cover, A3-Cover
lock, B1-Top piece of cartridge manifold, C1-Tank side piece of tank manifold, C2-Valve side piece of tank manifold, E-Spring, F-3 mm rod, G-4 mm rod, H-
Flat screw, I-Self tapping screw, J-Air tank, K-Solenoid valves.

Install fitting connectors
Install the proper fitting connectors on the tank manifold, cartridge manifold, and air tanks, as shown in Fig. 5(A).
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Assembly

Socket structure

Step 1 (Fig. 5(B)): Place the base (part A1) on a flat surface and insert the 4 mm rods (part G) into the slots on the base.
Then install the springs (part E).

Step 2 (Fig. 5(C)): Attach the cartridge manifold’s six solenoid valves (part K) with seven flat screws first (part H). Connect
the jumper wires on the solenoid valves before using eight self-tapping screws (part I) to secure the manifold to the cover
(part A2) from the lower side. After that, join the cover and cover lock (part A3) using a 3 mm rod.

Step 3 (Fig. 5(D)): Mount the positioner (part A5) onto the spring stage (part A4) with four self-tapping screws (Part I).
Then the spring stage can be located and supported by the springs through the holes under it.

Step 4 (Fig. 5(E)): Join the base (part A1) and cover (part A2) using a 3 mm rod (part F). The socket structure is ready for
the assay cartridge.

Step 5 (Fig. 5(F)) (optional): If the pressure source mode is preferred, the adapter cartridge needs to be prepared by insert-
ing six 22-gauge needles and proper tubing that fit the external microfluidic chip [13,23]. Insert the cartridge into the posi-
tioner, and the system is ready to work as a general-purpose pressure source with six output ports.

Electrical wiring and pneumatic tubing connection

In the arrangement shown in Fig. 6, connect the solenoid valves on the tank manifold to ports A-F and the solenoid valves
on the cartridge manifold to ports 1-6. Connect port 8 to the pump. Connect the 12 V power rail from the battery to the 12 V
port on the PCB. The polarity for each port is documented in the pressurecontroller.hpp file in the firmware file. Connect the
air tanks to the pressure sensors using the 1/16” tubing. Connect the pump, check valve and the tank manifold using 3/32”
tubing. The cartridge manifold should be attached to the appropriate output ports of the air tanks with 1/16” tubing. In the
demonstrated configuration, the input port for solenoid valves 1-5 is connected to the output port of P2, and the input port
for solenoid 6 is connected to the atmosphere.

Four I?C ports and three additional power rails are provided for extension. Additional devices, such as sensors, heating
elements, wireless communication modules, could be added to the system through these ports.

C-Tank manifold

JfAhgank

To Port 8
:l Redundant 12C port for extension

Redundant power rail input

D 12V battery input
—— Electric connection

321456

A2-Cover —— Pneumatic tubing connection

Fig. 6. Electric and pneumatic connection. The LCD and solenoid valves are connected to the ports on the top side of the PCB. The pump and 12 V input from
the battery is connected to the connectors on the bottom side of the PCB. The input port of the pump is connected to the air tank 3. The output port of the
pump is connected to air tank 1 after going through a check valve. The three controlled air tank outputs should be connected to the air input ports on the
cartridge manifold. P2 was connected to the input port for valve 1-5 for the illustrated test and experiment. Redundant I*C port and power rail inputs can be
used for system extension with additional devices.
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Operation instructions
Step 1: Open the firmware using Visual Studio Code software and the PlatformlIO extension. Then upload the firmware to

the Teensy board. Detailed documentation for this step can be found on the PlatformIO website for the Teensy platforms
[24].

Step 2: Load the Lua script files into a microSD card, then insert the microSD card into the Teensy board.

Step 3: Connect the 12 V and USB port on the battery to the 12 V port on the PCB and the micro-USB port on the Teensy
board. Then switch on the battery to power the system.

Step 4: Insert the cartridge into the system. Then lock the cover and push the green button to choose the sample Lua script
file. The commands in the script will then be executed automatically to carry out the work.

Optional: In step 3, connect the Teensy board to a PC instead of the battery. Then commands can be sent using any serial
port control program (e.g., PlatformlO terminal, Arduino serial monitor, PuTTY). This feature can be used to troubleshoot,

debug, and manually control the system in real-time.

Validation and characterization

Pressure stabilization performance

A series of characterizations of the pneumatic performance were performed. The achievable pressure range of air tank 1
and 2, the leakage rate of air tank 1, and the pressure stability of the air tanks were tested. The tests were conducted under
the most duty-intensive scenario: a bottom-sealed sample assay cartridge without reagents, where the solenoid valves on
the air tank manifold and the pump will be activated most frequently. The open frequency of the solenoid valves on the car-
tridge manifold was configured at once per 30 s to match the SARS-CoV-2 spike antibody immunoassay demonstrated below.
The maximum achievable pressure was 5.8 psi (40 kPa), which could be improved by changing to a more powerful pump.
The pressure range setting for the air tank was 1-1.6 psi (6.89-11 kPa), while air tank 2 was set to 0.2-0.22 psi (1.38-
1.52 kPa).

The test results in Fig. 7 show that it took about 2.6 s for the pump to increase the pressure in air tank 1 to 1.6 psi (6.89-
11 kPa) and 0.7 s for pressure in air tank 2 to reach 0.24 psi (1.65 kPa) by activating a solenoid valve to deliver air from air
tank 1. The starting pressure was not 0 since the test was done right after a previous test to simulate a continuous working

situation.

Pressure test of P1 & P2

1 8 T T T T
P1
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Fig. 7. Pneumatic performance test. P1 was set to 1-1.6 psi (6.89-11 kPa). P2 was set to 0.2-0.22 psi (1.38-1.52 kPa). One solenoid valve on the cartridge
manifold, which was connected to P2, was opened for 50 ms every 30 s to simulate the SARS-CoV-2 spike antibody immunoassay. The test lasted for 360 s.
The system achieved the programmed pressure levels in 1.6 s. The stabilization time for P2 was 0.4 s.
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A pressure drop on the P1 line was observed every 30 s, which matched the solenoid valve’s open interval. A steep rise to
around 0.26 psi (1.79 kPa) was observed at the same time when the P1 dropped to increase P2 through a solenoid valve on
the air tank manifold. The sudden change can be stabilized to the target range in 0.4 s. Although a slow leakage from air tank
1 to air tank 2 led to the ‘air tank 2 to the atmosphere’ solenoid valve being switched around every 8 s to stabilize the pres-
sure in air tank 2, the pressure levels of the two air tanks were maintained in range.

In this test condition, P1 dropped from 1.6 psi (11 kPa) to 1 psi (6.89 kPa) in around 128 s, and then the pump restored the
pressure to 1.6 psi (11 kPa) in 2 s. Improving the sealing of the pneumatic subsystem could improve performance and reduce
power consumption.

SARS-CoV-2 spike antibody immunoassay

A bead-based SARS-CoV-2 anti-spike IgG antibody fluorescence immunoassay (FIA) was conducted on the sample car-
tridge (Fig. 8 (A-C)) as a demonstration of the system. Two 6.35 mm diameter hemisphere (67 ulL) reservoirs for reagent
1 and reagent 2 are located on the top side of the cartridge; a 490 uL reservoir for reagent 3 and an 860 uL waste reservoir
are on the bottom side of the cartridge. A series of 0.4 mm hemisphere channels were milled on the bottom side of the car-
tridge for reagents to flow at a precise flow rate. A vertical via hole was drilled in every reagent reservoir to provide a path for
air and reagents. Three buffering channels (1.2 mm width, 1 mm height) were inserted between the flow channels and each
reagent reservoir to provide error tolerance and prevent undesired reagent flow into the flow channel. A 1.5 mm diameter,
0.3 mm height beads chamber where all reactions happen was placed at the end of the flow channel. Six O-rings on the top of
the cartridge provide alignment to the cartridge manifold and improve air tightness. The prepared beads and reagents were
loaded into the cartridge with a pipette. The information about the reagents, cartridge preparation, and assay protocol can be
found in the supplementary document.

A‘ @ ff:\\ﬁ Via hole |

Reservoir 2/ Goat Anti+
human IgG-Alexa 488
@@ Reservoir 1/ Spike
L IgG antibody Y

C Reservoir 3/ PBS-T Buffering channel Flow channel

=

o o ——-SA AU
:J‘Lﬁ:ﬁ@%%mw*

b - - 1. SARS-CoV-2 spike IgG Antibody flowing
2 |] 2. PBS-T washing === SARS-CoV-2 Spike IgG Antibody
J 3. Goat anti-human IgG Antibody-Alexa Goat anti-human IgG Antibody-Alexa 488
488 flowing
Waste Reservoir Beads chamber 4. PBS-T washing m= PBS-T

SARS-CoV-2 Spike

F
1 2 3 Streptavidin-coated
J'k / beads /)k\ 1gG Antibody
,}k\ s Biotin Goat anti-human IgG
Antibody -Alexa 488
Y Spike protein

Fig. 8. A bead-based SARS-CoV-2 spike antibody immunoassay on the sample cartridge. (A) Isometric view of the cartridge with one O-ring pointed. (B) Top
view with vertical hole and hemisphere reservoirs pointed. (C) Bottom view with two non-hemisphere reservoirs, buffering channel, flow channel, and
beads chamber pointed. (D)Simulated assay with food dye to demonstrate reagent switching and liquid handling. (1) Anti-spike IgG antibody (Blue) flowing
(2) PBS-t washing buffer (Red) washing (3) Goat Anti-human IgG Antibody-Alexa 488 fluorescent detection antibody (Green) flowing (4) PBS-T washing
buffer (Red) final washing. (E) Ideal flow paths of the reagents (top view), while the real result could be different because of air leakage and previous flow
steps. (F) The schematic diagrams of the beads after (1) Spike protein functionalization (2) Spike IgG antibody bind to spike protein (3) Alexa 488 conjugated
goat anti-human IgG antibody bind to Spike IgG antibody. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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The reagent flowing procedure and routes are shown in Fig. 8 (D, E). The schematic diagrams of the beads complex for
each procedure are shown in Fig. 8 (F). A slow-release method was used to flow the anti-spike IgG antibody and Goat
anti-human IgG - Alexa 488 detection antibody. The open time of the solenoid valves was set to 50 ms; hence the reagent
reservoirs were connected to air tanks to gain pressure for 50 ms and disconnected to stay sealed, then the pressure that just
built up decreased while pushing the reagents. At every 30 s, the solenoid valve was switched on and off once during the
reagent pushing period. By employing such a method, a 10-minute incubation time was achieved with 50 uL reagent. For
the PBS-T washing buffer, a higher pressure was used, and the solenoid valve was always open during the flow period.
The concentrations of the SARS-CoV-2 anti-spike IgG antibody solutions were 100 ng/mL, 500 ng/mL, 1 ug/mL, 2 ug/mL.
Phosphate-buffered saline (PBS) was used as the negative control. The concentration of the detection antibody was 10 ug/
mL. The whole assay took about 30 min to complete.

Once the assay ended, the cartridge was taken out from the system and fit into the glass slide holder for fluorescence
readout on an Olympus [X71 microscope. The mean intensities of the background and beads were calculated. The net fluo-
rescence intensity (subtract background intensity from beads intensity) result is shown in Fig. 9. The limit of detection (LoD)
is 31.1 ng/mL (207 pM), which is comparable to some previously reported ELISAs (LoDs range from 25 ng/mL to 300 ng/mL)
[25-28]. By using reagents that have undergone rigorous development and testing, the LoD could be further reduced.
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Fig. 9. SARS-CoV-2 immunoassay fluoresce intensity mean and standard deviation. 12 data points per group for the negative control, 100 ng/mL, 500 ng/mL
groups,16 data points per group for 1000 ng/mL and 2000 ng/mL groups. Two bead images show results of 100 ng/mL and 2ug/mL of SARS-CoV-2 anti-spike
IgG antibody. The LoD is 31.1 ng/mL (207 pM).

Discussion

The goal of this research is to develop a miniaturized plug-and-play microfluidic liquid handling automation platform.
The demonstrated handheld system minimizes human operations in conventional immunoassay experiments with a small
footprint and less power consumption, which makes it hand-holdable to fit into point-of-care, research laboratories, and spe-
cial circumstances.

Recently, automated liquid/reagent handling systems have made advances in miniaturization and ease of use. However,
most of these systems are still relatively bulky and require external power sources [16-19]. Some systems act as a controller,
which requires an external pneumatic system [17,18]. Some integrated system still requires extensive liquid transferring
preparation and continuous human monitoring, which might not be desired for out-of-lab usage [16]. Some systems lack
regulated pressure control for liquid flowing and only allow a one-time switch for one reagent, which might narrow its appli-
cations. Also, the cartridges used in such systems require complex manufacturing processes, which may increase the test
cost [19].
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Table 1
Comparison of available automated microfluidic liquid handling system/module.
Platform Type Size/weight External instrument requirement Pressure control
method
this work Standalone liquid 16.5 x 11.5 x 7cm/ 801 g Self-contained, plug & play Regulated air
handling system with battery
MCSP [18] Controller/driver module 9.65 x 9.65 cm/NA Require external pneumatic system, NA
power source, and microfluidic chip
KATARA [17] Controller/driver module 19.3 x 11.7 x 6.1 cm/ NA Require external pneumatic system, NA
power source, and microfluidic chip
All-in-one [16] Automated microfluidic 30.5 x 17.8 x8.7 cm/ NA Require external power source, Regulated air
control system microfluidic chip
Hu, et al [19] Standalone immunoassay system 33 x 19 x 19 cm/ 4 kg Require external power source Pump motor speed

To address these problems, we have developed a handheld plug-and-play microfluidic liquid handling automation plat-
form for immunoassays that is suitable for use inside and outside of a professional laboratory. Unlike robotic pipetting sys-
tems, our platform does not require complex mechanical moving parts. With a smaller footprint and lower power
consumption, it is highly applicable for a wider range of application scenarios.

The demonstrated system is compared with the above-mentioned automated microfluidic liquid handling systems in
terms of system type, size and weight, external instrument requirement, and pressure control method (Table 1). Also, the
cost of each test is reduced by making the cartridge easy to mass-produce by injection molding.

In future work, the cross-contamination between cartridge to cartridge should be rigorously evaluated. Comprehensive
investigation and verification should be done to ensure there is no cross-contamination. A miniaturized fluorescence (or
chemiluminescence or absorption) readout module could be integrated to upgrade this liquid handling system into a self-
contained, automated immunoassay device and potentially support actual point-of-care operations.

Conclusion

We have demonstrated a fully automated, modularized, cartridge-based plug-and-play handheld microfluidic liquid han-
dling system. With appropriate cartridge design and modification, the system could accommodate types of immunoassays or
work as a stand-alone microfluidics pressure source [29-31]. Beyond COVID-19, there are applications that require highly
sensitive and quantitative assays, such as cardiac Troponin tests for heart attack detection. In addition, automated liquid
handling can be used in many analytical assays, such as qPCR, sequencing, and flow cytometry.

The demonstrated system can minimize human operations in the widely used immunoassays and other microfluidic
experiments with a small footprint and low power consumption, which makes it handheld to serve applications from
point-of-care diagnostics to basic biomedical research.
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