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Figure 1: RElectrode is a multi-purpose sensing device made of microfluidic channels: a) grid electrode pattern; b) capacitive
sensing; c) spiral coil pattern; d) inductive sensing; e) pH sensing; f) temperature sensing.

ABSTRACT

In this paper, we propose a reconfigurable electrode, RElectrode,
using a microfluidic technique that can change the geometry and
material properties of the electrode to satisfy the needs for sensing
a variety of different types of user input through touch/touchless
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gestures, pressure, temperature, and distinguish between differ-
ent types of objects or liquids. Unlike the existing approaches,
which depend on the specific-shaped electrode for particular sens-
ing (e.g., coil for inductive sensing), RElectrode enables capacity,
inductance, resistance/pressure, temperature, pH sensings all in
a single package. We demonstrate the design and fabrication of
the microfluidic structure of our RElectrode, evaluate its sensing
performance through several studies, and provide some unique
applications. RElectrode demonstrates technical feasibility and ap-
plication values of integrating physical and biochemical properties
of microfluidics into novel sensing interfaces.
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1 INTRODUCTION

Adoption of smart sensors led to the evolution of human-computer
interfaces giving rise to a wide variety of new applications such
as environment / everyday object sensing [4, 25], gesture/activity
recognition [23, 24, 29], and personal health monitoring [30, 44].
Among those, electronic sensors are ubiquitously applied and con-
tinue to rapidly evolve, including familiar conductive, capacitive,
resistive sensing, etc. Conventional electrodes of the sensors, or
electric conductors, are usually metal and used as electrically con-
ducting medium.

Though electrodes are of various forms, their metallic and solid
nature restricts modification in sensing functionalities. The pattern
and material properties of an electrode are normally defined by
specific sensing principles, tasks and requirements. For instance,
inductive sensing has been used in metal objects detection and
position [4, 5], etc. An inductor of inductive sensing typically con-
sists of an insulated wire wound into a coil around a core, e.g., a
circular spiral. Another example is capacitive sensing. Interactive
applications using capacitive sensing have been shown in touch
and touchless gesture input, liquid level sensing, and non-metallic
object recognition [6, 12, 32, 34, 36, 37], etc. An inductor on a ca-
pacitive sensing board is usually composed of a plate capacitor or a
electrode grid. Sensor patterns for inductive, capacitive and other
sensing apparatus have been thoroughly researched, but switch-
ing such physical properties of an electrode on demand are rarely
studied in the literature.

This paper presents RElectrode, an electrode prototype that lever-
ages microfluidic channels and is functionally reconfigurable with
simple control units. Microfluidics is a science to move and manipu-
late fluids precisely on a small scale. For its flexible and stretchable
nature, microfluidics gains popularity in development of biochem-
ical sensors [22]. The capabilities to alter flow parameters such
as rate, temperature and geometry have been shown essential for
developing microfluidic devices [40]. Inspired by these properties,
this work proposed a reconfigurable microfluidic platform that
allows a variety types of electronic and biochemical sensing on
a single board. With the designed microstructure, RElectrode is
able to reconfigure the pattern (i.e., a circular spiral, an electrode
grid, or both) and material (i.e., liquid metal, red ink) of the sen-
sor (Figure 1). With such unique capabilities, RElectrode can be
immediately reconfigured, acting as an inductive sensor, capacitive
sensor, resistive pressure sensor, thermal sensor and pH sensor.

These novel functions of RElectrode allow us to explore in-
teraction based on multi-purpose sensing.. We demonstrate that
REletrode can be used for contextual interactions, being able to
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recognize both metallic and non-metallic objects. It can support
gesture interactions, including contact and mid-air hand input such
as touch (with pressure) and swipe. Additionally, it integrates a
liquid channel, resulting in unique characteristics that cannot be
obtained with conventional electrodes: monitoring thermal and pH
values. RElectrode was made based on standard soft lithography
techniques. With a series of evaluations, we show that RElectrode
is easy to adapt and reliable in performing the sensing functions.
RElectrode demonstrates a feasible way to fabricate electronic sen-
sors with reconfigurable functions.

This paper made the following contributions: i) RElectrode as
the first functionally reconfigurable sensor on a chip based on
microfluidics; ii) structural design to achieve agile switch between
a circular spiral type sensor and an electrode grid type sensors; iii)
validation of using RElectrode for the compound measurement
of inductive, capacitive, pressure, temperature and pH values; iv)
example scenarios to demonstrate the advantage of RElectrode in
interaction design.

2 RELATED WORK

RElectrode is a microfluidic platform that adapts to multi-purpose
sensing. Here we looked into previous work on object and ges-
ture sensing interfaces, and recent progress in electrode design
and fabrication. We also reviewed sensors and actuators based on
microfluidics.

2.1 Electrical Sensing Interface

Various electric sensing techniques have been used to innovate the
design of advanced interfaces. A rich set of previous work looked
into novel ways to enable touch and gesture input via electromag-
netic [13, 47, 48], radio frequency [8], as well as bioelectric signals
[2, 19, 31, 35]. Zhang et al. [46] leveraged the principle of Electri-
cal Impedance Tomography (EIT) for hand gesture sensing, with
surface electrodes attached around a user’s arm. Hsieh et al. [8]
developed 2D touch pad based on the ultra-high frequency RFID.
Wu et al. [42] showed that touchless swipe gestures are possible
on interactive fabrics using Doppler motion sensing.

Recently there is growing interest in deploying the sensing func-
tion in smart object and activity recognition. Capacitive sensing has
been shown to be effective in detecting and measuring proximity,
pressure, position and displacement, humidity and fluid level [21].
The electrodes can be embedded or integrated into flexible conduc-
tive surfaces to enrich its applying scenarios. For instance, Wu et al.
[42] made capacitive sensing enabled fabric by sewing patterned
electrodes on it. Resistant sensing is responsive to an applied force,
pressure, and mechanical stress, and is thus often used to detect
plastic deformation with a given material [38]. Aigner et al. [1]
presented an embroidered way to implement resistive textile sensor
patches on top of existing weaves or knits. Inductive sensing has
been widely used to measure position or speed. It induces eddy
current to conductive objects, especially metallic ones, and has been
shown effective in contextual aware interactions [4, 5], e.g., object
detection and recognition.

RElectrode got inspired by these works on developing smart
sensing interfaces, e.g., gesture and context-aware interactions. Its
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innovation focuses on enabling multi-purpose sensing with a re-
configurable electrode, enriching proposed applications as well as
supporting novel sensing capabilities beyond conventional elec-
trodes.

2.2 Electrode Design, Material and Fabrication

The electrode material and patterns are essential to the sensor’s
function and performance to match specific applications. For in-
stance, a piezo electrode is of various patterns such as solid, wrap-
around, side tab, insulation band, bull’s-eye, and custom-designed
ones [41]. The electrodes of the projected capacitive touch panel
are usually made of indium or fluorine tin oxide due to their high
electrical conductivity and concurrent high transparency. The elec-
trode lines are coated on each side of a dielectric layer, horizontally
and vertically respectively. Typically, they are patterned in rectan-
gular or interlocking diamonds ways to improve touch sensitivity
[16]. The inductive sensor senses the change in inductance caused
by the movement of a conductive target through the senor’s AC
magnetic field, thus the inductor shape is an important character-
istic as it determines the shape of the generated magnetic field
[14]. A circular spiral generates a more symmetrical magnetic field
than other shapes. For other applications, different shapes may be
more suitable. For example, rectangular coils can be used to sense
accurate movement of the target object [14]. As the electrodes are
typically made of conductive material, e..g., copper, different sen-
sors can barely used together, otherwise inducing mutual affect on
the generated signals.

Like typical circuits, electrodes are manufactured by rigid metal-
lic material like copper. Recent breakthroughs in the area of stretch-
able electronics open up new avenues to design and manufac-
ture flexible electrodes and other electronic components based
on nanoscale materials, organic materials, and microfabrication,
suggesting the potential for broader applications [33]. Meanwhile,
researchers have experimented with integrating electronic compo-
nents with textiles and produced a fabric-based electrode to help
enhance the sensing capabilities of everyday objects [23, 24, 27-29].

RElectrode is the first attempt to design and fabricate function-
ally reconfigurable electrode (e.g., shape and material) based on
microfluidic techniques.

2.3 Microfluidics Sensor

The field of microfluidics has grown enormously in the past decade,
providing integrated platforms for the development of portable,
easy-to-use, and sensitive lab-on-a-chip (LOC) devices for real-
time detections in areas ranging widely from physics to chem-
istry to biotechnology to microelectronic [22]. Researchers have
invented microfluidic based biosensors for dynamic sweat secretion
analysis[11], rapid detection of salmonella in food [10], epidermal
pH monitoring [39], and diabetes monitoring and therapy [15], etc.
Microfluidic assemblies of sensors and circuits offer the potential
to revolutionize electronic system architecture, advanced manufac-
turing processes, and flexible hybrid semiconductor [33]. Gao et al.
[3] demonstrated a microfluidic tactile diaphragm pressure sensor
based on embedded Galinstan micro-channels , which is capable
of heart-rate monitoring. Researchers also proposed "liquid state
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electronics” where conductive liquids are embedded into elastomer
microchannels to form sensors [17, 26, 45].

Potential integration of microfluidics and advanced interface
design has been explored by HCI researchers in recent years. Mil-
liMorph [18] presented a design space of creating fluidic chambers
and channels at millimeter scale for tangible actuated interfaces.
Later, Mor et al. [20] utilized fluidic channels to design venous
structures that respond to deformation by mechanical inputs from
the user. Microfluidic techniques have also been used to design
on-skin haptic interfaces, such as shown in HapBead [7].

This work exploited another characteristic of microfluidics, that
the directed transport of minute volumes of liquids can be precisely
controlled and the liquids in the channels can be switched. An
innovative method has been provided to make the sensor have
a unique feature that cannot be obtained by traditional devices:
functional reconfigurability.

3 SHAPE-RECONFIGURABLE ELECTRODE

We propose RElectrode as a new sensing interface for use of multiple
purposes. Different electrode patterns can be achieved by altering
the flow path, while the liquid can be switched to support both
electronic and biochemical sensing. This section outlines the design
of the microfluidic structure to direct the flow path, and in our case,
it is capable of transforming from a grid pattern to a spiral pattern,
and vice versa. In other words, RElectrode supports both capacitive
and inductive sensing on demand. Additionally, the compound
electrode pattern enables the device to detect resistance, as well as
thermal and pH values.

3.1 Principle & Design

The RElectrode design starts at a basic unit as illustrated in Figure
2. The key concept involves interconnected flow channels and grid
chambers. The structures above are the grid chambers, while the
structure below is the flow channel of the microfluidic setting. The
tunnels in-between connect those two structures. Filling the struc-
tures in different ways (i.e., the channel only, grid chamber only,
both) reconfigures the status of the electrode. A dedicated driving
unit manipulates the liquid flow, as well as the air inside the cham-
bers. Indeed, the air inside the chamber balances the pressure and
prevents the liquid to flow in. Only when the chamber is vacuumed,
the liquid flow can fill the chamber. We leveraged this phenomenon
and designed the operation logic as follows:

To fill the channel only, the driving unit pushes the liquid from
the inlet and draws it from the outlet simultaneously (Figure 2a); To
fill both the channel and the grid chamber, the unit first extracts air
from structures to create a relative vacuum space, and then injects
the liquid that will fill up both the channel and the grid chamber
(Figure 2c). To fill the grid chamber after the state is shown in
Figure 2c, a different insoluble liquid (used as the cleaning liquid)
is injected into the channel, with relatively small pumping and
drawing force from the inlet and outlet, respectively. This causes
the membrane to deform slightly without squeezing the liquid metal
out of the chamber. To empty the structures, the drawing force from
the outlet gets increased, while the unit keeps pumping the cleaning
liquid from the inlet.
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Figure 2: Procedure to fill up different part of a basic unit.

3.2 Circular vs. Rectangular

Circular and rectangular channel shape have been both considered,
and circular shape has been selected to develop the prototype. This
is because the rectangular-shaped channels have many corners,
making it hard to empty the fluid inside (i.e., need more pressure
from the pump) to fulfill the configurations.

3.3 Valve

We designed a water-driven valve based on Eco-flex material, which
is more stretchable and resilient than PDMS (3). To turn on the valve,
we simply pump water to the valve to stretch the Eco-flex membrane
built in channel to close the gap in the channel. When turning off
the valve, we cut off the air supply. The resilience of Eco-flex allows,
this membrane to deform back to the starting position.

- -
membrane membrane
OFF ON

Figure 3: Schematic of the water-driven valve.

3.4 Liquid Metal

We conducted a few experiments on the choice of conductive liquids
e.g. Ionic liquid, Mercury, liquid metal, etc. At last, liquid metal
seemed to be the optimal choice. With high electrical conductivity, it
can provide better sensing performance than ionic liquids. Without
tremendous hazards to health, it is much safer to use than mercury.
A drawback, however, is that liquid metal might form an oxidized
layer when exposed to air which hampers its flowing property.
To solve the problem, we applied hydrochloric acid to clean and
remove this obstacle.

4 RELECTRODE PROTOTYPE

The prototype of RElectrode includes two parts: the electrode and
the fluid driving unit. It is capable of altering the liquid inside the
channels, and directing the transport of the flow. RElectrode can be
programmable reconfigured to achieve multi-purpose sensing (i.e.,
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inductive, capacitive, resistant, temperature and pH). This section
will first discuss the form factor, the fabrication process, as well as
the driving units of the prototype, and then elaborate on how the
sensing functions are realized on the platform.

Figure 4: The overall RElectrode system presentation: a) Mi-
crofluidic chip; b) Sensor circuit board; c¢) Arduino Uno; d)
PC; e) Split syringe pump; f) Split syringe pump controller;
g) Pump; h) 3-way solenoid valve; i) valve controller; j) Fluid
collection jar.

4.1 Form Factor

The design of RElectrode comprises a three-layer structure (Figure
5). The bottom layer, measured 75mm X 2mm thickness, embeds the
circular spiral-shaped channel (i.e., flat coil), whose cross-section
is 2mm. This allows the liquid metal and the ink to move freely
inside the channel. When filled with liquid metal, the coil electrode
is of outer diameter 60mm, 10 turns, and spacing between traces of
1mm. The middle layer consists of interconnection tubes, measured
1.5mm in height with cross-section of 0.8mm. The grid chambers
made the top layer. Each chamber is a cylinder with a diameter of
7mm and a height of 1mm. The overall thickness of the device is
6mm. This is based on the spiral patterned layer (2mm) plus the
grid chamber patterned layer (3mm) plus the superstrate (1mm).
The device is of round shape, measured 75mm in diameter.

4.2 Fabrication

The prototype is fabricated by the standard soft lithography tech-
niques while part of the fabrication sequence and process is im-
proved due to the design characteristics of the device. The SU-8-Si
masters for polydimethylsiloxane (PDMS) spiral-channel and grid-
pad casting were designed using L-Edit software and fabricated by
photolithography (Figure 6a). For each of them, a 4-inch silicon
wafer was coated with SU-8 2150 photo-resist and soft-baked at
65°C for 10 minutes and 95°C for 2 hours, respectively. The photo-
resist was patterned by Karl Suss MA6 Contact Aligner, followed
by UV exposure (600m] at 365nm) with a photo-mask. After expo-
sure, a post-exposure bake was applied at 65°Cfor 5 minutes and
at 95°Cfor 30 minutes, respectively. Finally, a patterned wafer was
developed in SU-8 developer for 30 minutes.
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VA -

Figure 5: Structure Design of REelectrode: a) grid chamber,
b) spriral channel, c) pipe inlet and outlet, d) empty state, e)
coil only state, ) grid electrode state.

Next, PDMS (Dow and Corning’s Sylgard 184) with A cross-
linker/curing agent B = 10:1 was used to cast and mold the de-
vices. The ratio was determined empirically to maintain a balanced
rigidity level of the final produced PDMS layers. Eco-Flex, another
commonly used substrate material for flexible electronics manufac-
turing, has also been considered. However, the Eco-Flex layers were
found to be less rigid to stand for the flow of pressurized liquid or
the shape recovery. The PDMS was stirred in a flask for over 5 min-
utes until visually milky with tiny air bubbles to ensure thorough
mixing. The prepared PDMS was then cast into the SU-8-Si master
and degassed in a vacuum desiccator for 10 minutes to remove
the air bubbles. The clean and transparent PDMS was cured in an
oven (85°C for 3 hours), form into a thin layer of film which can
be peeled away easily from the mold (Figure 6c). So far, both the
spiral patterned layer and the grid-patterned layer were ready. The
superstrate was developed in the same way using a smooth silicon
wafer.

Interconnect tinned copper wire was bonded neatly on the sub-
strates, covered with thin membranes (Figure 6d). Next, the sub-
strates and the superstrate need to be bonded permanently to pro-
vide strong barriers against internal liquid pressure (Figure 61). The
PDMS layers were exposed to oxygen plasma (Ming Heng, PDC-
MG) for 60 seconds for activation. Then the activated PDMS surface
was placed on another PDMS layer as soon as possible to form a per-
manent bond. A post-bake (55°C hours) is essential to increase the
success rate. At last, Tygon tubing was adhered to the ports using
PDMS and the joint was reinforced by the post-bake procedure.

In our work, soft lithography techniques and devices were adopted
to ensure surface smoothness, size precision, and durability. There
are other fabrication possibilities. 3D printing, as an alternative
method, has been tested at the early prototyping stage. Differ-
ently, another fabrication process has been provided by 3D printing;
PDMS (Dow and Corning’s Sylgard 184) with A cross-linker/curing
agent B = 10:1 was used to cast and mold the molds, and copper
wire was interconnected tinned.
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Figure 6: Fabrication process of RElectrode (main steps): a)
mold for each mask; b) bake the SU-8; c) lithography; d) de-
velop the pattern; e) prepare PDMS mix Sylgard 184; f) pour
the PDMS into the mold; g) cure the PDMS; h) plasma bond-
ing; i) RElectrode.

4.3 Fluid Driving Unit

The RElectrode prototype consists of a customized control circuit
(Figure 7), driven by a dedicated microfluidic pumping unit. Specif-
ically, three reservoirs are used to store liquid metal, hydrochloric
acid solution (w(CL) = 20%), and red ink, respectively. The selected
liquid is pumped to a group of 2 solenoid valves (DN 1.2mm, up
to 3bar, opening/closing 3ms) connected to the inlet of the device.
Another two solenoid valves are used to control the outlet of the
flow, to transport the liquid to three new reservoirs, one for each
liquid as well. The pressure pumps and the valves are controlled by
a Python application. We modulated the push/pull and open/close
switch through the inlet and outlet, to create electrodes of various
geometry and material properties on RElectrode.

To avoid switching and refilling liquid frequently, we devised a
liquid circulation system based on microfluidic flow switch matrices
(EVEFLOW MUX) and a whisper valve. This valve has three ports
and on/off two states. As Figure 7 shows, when the valve is on, B
and C are opened; when valve is closed, A and B are opened. In
the injection terminal, we connect both liquid metal, hydrochloric
acid, and other required liquids to ports B. At the "ON" state, we
can inject required liquid to the microfluidic channel connected to
Port A. At the "OFF" state, the refill process can be completed by
using an individual syringe through Port C. At the exit terminal,
a similar logic applies. Syringes connect to microfluidic channel
through Port A, "ON" state, to extract remaining liquid inside the
channel. Through Port C, in the "OFF" state, the syringe can empty
used liquid to reservoir for future possible reuses. Each liquid has
its own reservoir, except for liquid metal and hydrochloric acid. For
their distinct properties and reactions, liquid metal sinks to bottom
and hydrochloric acid floats at the top within a reservoir container.
Thus, we connect liquid metal input and hydrochloric acid input
syringe respectively to the bottom and the top.

5 SENSING CAPABILITIES

Given the capabilities of changing the geometry and material prop-
erties of the electrode, RElectrode satisfies the need for sensing a
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& Liquid metal @ Hydrochloric acid solution

Figure 7: Schematic of the driving unit.
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Liquid metal ‘ Hydrochloric acid solution

Figure 8: Configurations of different states of RElectrode: a)
empty; b) both; c) spiral coil; d) grid eletrodes.

variety of different types of user input through touch/touchless
gestures, pressure, temperature, as well as distinguish between
different types of objects or liquids.

5.1 Inductive Sensing

RElectrode functions as an inductive sensor when it changes to the
spiral pattern. Filled with liquid metal, it has no difference from a
flat coil inductor. Filling up this spiral shape, we follow the principle
discussed in Section 3.1. The start and the endpoints of the spiral are
connected with wires (Figure 9). As illustrated in Figure 8c, we first
inject hydrochloric acid to fill up the channel and the grid chamber.
Then liquid metal gets pumped in to push hydrochloric acid in the
spiral channel away. Thus, we can keep liquid from accidentally
entering the grid chambers. Paralleled with a capacitor the device
forms an L-C tank oscillator, which can be used to generate an AC
magnetic field. Whenever a conductor gets close, eddy currents
are induced on the conductor’s surface. That induced currents will
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Figure 9: A schematic view of the sensing system.

Figure 10: Overview of wire connection on microfluidic chip.

flow in a manner to oppose the magnetic field, which weakens
the original magnetic field. An inductive-to-digital converter can
be used to measure the shift in resonance. Inductive sensing has
been used to develop contextual interactions [5], e.g., metal object
recognition. Here, we demonstrate RElectrode can be used in a
similar way via inductive sensing. RElectrode is connected to an
LDC1614 evaluation board!, which fulfills the functional needs to
establish inductive sensing.

5.2 Capacitive Sensing

Capacitive sensing is achievable when RElectrode turns to the grid
pattern. To do so, we first fill both channel and the grid chamber
with liquid metal. Then, via injecting hydrochloric acid into the
channel that washes away liquid metal inside the channel, we can
acquire 16 filled up grid chambers as shown in Figure 8 (same lo-
gistic as Section 3.1). The current implementation of RElectrode
possess 16 electrodes to sense self-capacitance [43], which are or-
ganized as 4 X 4 grids matrix and each has an independent wire
connecting to the circuit (Figure9). According to capacitive sensing

https://www.ti.com/tool/LDC1614EVM
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pattern and principles [43], Relectrode can be used to identify non-
metal items such as plastic, paper, fruit, etc. Besides, the capacitive
sensing capabilities allow us to identify finger touch (including
touch on the 16 individual points, sliding motion between those
points) and gestures in the air (e.g., palm approaching, leaving the
pad; sliding right and left). To support RElectrode’s capacitive sens-
ing function, we applied 4 pieces of FDC2214EVM evaluation board
from Texas Instrument ? to measure the values. Though using only
one FDC2214 board shall be adequate for measurement purpose via
routing signal to the multiplexer in circuit construction according
to [5], we used 4 of them to remove circuit signal interference and
to enhance the sensing stability and functionality. In order to make
4 FDC2214 chips work simultaneously, we used the TCA9548A 12C
Multiplexer module 3 to tackle potential address conflict problems.

5.3 Resistant Force Sensing

RElectrode can be used as a resistant force sensor. When the liquid
metal fills both the spiral channel and the grid chambers, compres-
sion of finger on each grid will cause deformation of the surface
and cross-section of the liquid metal, which results in a change in
resistance. The method we applied to fill up the channel and the
grids were as described in Section 3.1. Since the RElectrode’s sur-
face is soft and stretchable, when heavy-compression takes place,
the deformation might block the channel lying underneath. This
will cause a notable rise in voltage at that breakpoint, which can
be used to justify which button being pressed at what magnitude.
The system uses an Arduino Uno board to detect the voltage of
each channel, and via capturing these minor changes in resistance,
the RElectrode can tell which grid the user is touching or pressing,
as well as derive the magnitude of the finger touch pressure. And
sensing pressure using resistive sensing does not need training.

5.4 Temperature Sensing

RElectrode is also capable of detecting temperature by switching
the liquid to red ink. At the exit of the channel, we inject red ink and
an equal amount of air into the channel. As we know, the PDMS has
favorable heat conductivity, the mixer of air and liquid can rapidly
expand or contract with temperature changes. This thermal expan-
sion or contraction can be captured by four TCS34725 color sensors
footnotehttps://www.adafruit.com/product/1334 we applied at the
outlet. As Figure 11 illustrated, there are two color sensors at each
side of solenoid valve: Sensor 1 and 2 (Figure 11 Group b) to detect
inflation (when temperature is above room temperature); Sensor 3
and 4 (Figure 11 Group a)to detect contraction(when temperature
is below room temperature). Based on the time elapsed for liquid
traveling from one sensor to the other, we can induce the current
environment temperature. We used the TCA9548A 12C Multiplexer
module to fix address-conflicting problems.

5.5 pH Sensing

RElectrode can be used to indicate pH value. At the inlet of the
microfluidic chip, there is a small storage bud, lying behind and
connected with the channel. It is designed to store indicator liquid

https://www.ti.com/tool/FDC2214EVM
3https://learn.adafruit.com/adafruit-tca9548a-1-to-8-i2c-multiplexer-
breakout/overview
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Figure 11: Temperature Sensing logic graph.

for pH testing. The mentioned water-driven valve was located
under the channel right between the storage bud and the inlet,
which is designed for liquid separation. When pH indicator liquid
(three different types with range:) gets injected into the channel,
the water-driven valve is open. At the outlet, four TCS34725 chips,
which were used in the temperature module, were applied to detect
the color change in the liquid mixer, which provided corresponding
pH values.

5.6 Data Processing

To collect data from the Arduino board, we created a Python pro-
gram on the receiving computer. We used the same program to
analyzes the data in two stages: data pre-processing and classifi-
cation. And the program also manages the Microfluidic driving
unit.

For the inductive and capacitive sensing, the raw data from the
coil was smoothed using a low pass filter to reduce the fluctuations
in sensor readings. For capacitive sensing, when an object gets close
to the sensor, the sensor reports a 4™4 array of capacitance values.
The capacitive signal is easily interfered with by the surrounding
environment. To address this issue, we subtracted background noise
from the sensor reading for all data by creating a noise profile,
which represented the background noise across the entire sensor.
The noise profile was trained by taking the average value of all
the sensor readings in a sliding time window of 5 seconds. The
noise profile was constantly updated as long as there was no object
detected or no threshold values exceeded. Our system only reports
the presence of the object and initiate the identification process
when the average of all sensors’ reading is beyond the threshold
value and the standard deviation is below.

For the Resistant Force Sensing, Temperature Sensing and pH
Sensing, their raw data was robust enough for feature extraction.
Thus we used the raw data. When changes exceed threshold values,
the identification process will automatically initiate.

5.7 Feature Extraction and Machine Learning

Object recognition can be powered by various Machine Learning
algorithms( e.g. Random Forest, Hidden Markov Models, Convo-
lutional Neural Network, etc). All can serve our purpose. Among
them, we chose SVM, because of its reliability and accuracy in small
sample data set training, which was a great fit for our demand. Fea-
tures and information for training and classification were based on


https://3https://learn.adafruit.com/adafruit-tca9548a-1-to-8-i2c-multiplexer
https://2https://www.ti.com/tool/FDC2214EVM
https://footnotehttps://www.adafruit.com/product/1334
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different data we acquired. Details are listed below.[4, 43] (Inductive
sensing: Material Related Features: Mean, Variance, Max, Median.
Capacitive sensing: Local Binary Pattern, Number of pixels the
object covers, Number of pixels the object’s edge covers, number
of blobs, the average diameter of blobs, max object’s pixel value
of load mode, Local Maximum Numbers, median, quantiles, count
above/below mean, variance, absolute energy of the object’s pixel
values.)

5.8 Gesture Detection

Gestures normally fall into two categories: one is a touch-less ges-
ture (e.g sliding right or left in the air) and the other is a touch
gesture (e.g pressing on the surface). With RElectrode, for touch
gestures, we can identify 6 hand movements (i.e., sliding right, slid-
ing left, sliding up, sliding down, clockwise and anti-clockwise),
and touches on the 16 grid electrodes. For touch-less gestures, we
can identify palm approaching and fading in the vertical direction,
and moving from left to right and right to left (Figure 12).All ges-
tures we chose here are for feasibility test. Some more fine-grained
gestures can be defined and applied in further studies.
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Figure 12: Demonstrations of touch gestures from a to f;
Demonstrations of touch-less gestures above pad from g to
j; Demonstrations of pressing button 1-16 in «.

6 EVALUATIONS

We carried out a series of tests to evaluate the performance of
RElectrode in different sensing scenarios.

6.1 Reconfiguration Cost

We test the reconfiguration time cost that mode switching from
empty to spiral only, from spiral only to both, and then to grid only.
The changing time costs are 4, 2, 4 secs with liquid metal on average,
respectively. The setup time of temperature and pH sensing was
about 3 and 2 secs, respectively, due to lower liquid density. We
also test the liquid cost that fills out the spiral only, grid only and
both. The average cost is 1.9, 0.4, 2.3 ml liquid, respectively.

6.2 Inductive Sensing

To evaluate the performance of inductive sensing, we used 5 con-
ductive objects (Figure 13 a,b,c,d,e) that are common in workplaces.
Some were metallic, while others were electronic devices with built-
in metallic components. The data was collected by a volunteer with
the RElectrode. The volunteer was asked to place an object on the
RElectrode in random orientations and locations inside the sensing
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Figure 13: The full list of tested objects: a) AirPods with wire-
less charging; b) credit card with chip; c) phone; d) key; e)
spoon; f) card without chip; g) apple; h) peach; i) sanitizer; j)
cup.

a b f g h i j

X3 00 00|00 32|00 00
0.0 0.0 00| 00 0.0 0.0
0.0 0.0 m 0.0 0.0 0.0 10.0
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33 00/0.0 133 m 0.0 0.0
0.0 00| 6.7 0.0 0.0 m 0.0
0.0 0.0 16.7 0.0 0.0 0.0 m

Figure 14: Confusion matrix of Objects Detection by Induc-
tive Sensing(left) and Capacitive Sensing(right).
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area. The only instruction the volunteer was given was to ensure
the object’s contact area to be exposed to the RElectrode as much
as possible. Sample data was collected 30 times per object, and the
orders were random.

Overall, our system yields an accuracy of 85.2% (SD = 10.34) by
using 10-fold cross-validation. The confusion matrix of the study
result showed that 3 out of the 5 tested objects achieved an accuracy
higher than 90% (Figure 14 left).

6.3 Capacitive Sensing

In this section, we present the performance of capacitive sens-
ing. The evaluation of the sensor was divided into two parts: non-
conductive object detection, touch and touchless gesture detection.
These detections evaluated the capacitive sensor using 10-fold cross-
validation.

We chose 7 objects (Figure 13 a,b,f,g,h,i,j), containing non-conducting

materials, appeared on our work-desk within our grab. Asked to
randomly place an object at the center of the RElectrode, volunteers
collected data 30 times for the 7 objects individually. Overall, our
system yields an accuracy of 89.9% (SD = 6.53) for the 7 object
detection result. The confusion matrix of the study result showed
that 4 out of the 7 tested objects achieved an accuracy higher than
90% (Figure 14 right).
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For different touch and touch-less gestures, we invited 12 volun-
teers in the sampling process, ranging from 23 years old to 28 years
old with an average of 25.25 years old. Each individual repeated
every gesture 30 times to acquire reliable data at random order.
The confusion matrix of the study result showed that our system
yielded an accuracy of 91.7% (SD = 3.97) for the 10 gestures (Figure
15).
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Figure 15: Confusion matrix of gesture detection.

6.4 Resistant Force Sensing

Resistance testing can be used to identify different button events
and access to touching magnitude. Besides, when we gently touch
on those 16 grid reservoirs, the button event can also be triggered.
As we introduced in Section 5.3, this touch will cause a change in
the cross-section of the grid reservoir and channel, which results
from changes in resistance. Therefore, in resistant force sensing,
RElectrode implements 16 button touch events. This resistance-
based testing makes tests on individual grid pixels simultaneously
possible and can be applied to multi-touch detection scenarios. The
data was collected 30 times per button by a volunteer(the orders
were random). Our system yields an accuracy of 97.9% (SD = 3.1)
for 16 press button (Figure 16).

6.5 Temperature Sensing

The liquid (i.e., red ink) in RElectrode’s channel responds to the
temperature change by contraction and expansion. Therefore, it
can be known that, compared with the default temperature (such
as room temperature), the hotter/colder the target object, the faster
the system response. To avoid the left-over effect from a previous
test, we extruded the affected air inside the channel and pumped
in fresh air before taking a new measurement. Next, we pumped
in a certain amount of red ink liquid from the outlet side of the
channel (described in Section 5.4 and Figure 11). In this test, we
placed several cups of water of known temperature (Table 1) on top
of the sensor, and monitored the responses. The RGB sensor was
used to detect the signal. Based on the physical distance between
the pair of sensor and the system reaction lay-back table, we were
able to measure the reaction time for temperatures, and infer the
temperate values.
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Figure 16: Confusion matrix of resistant force sensing re-
sults.

Table 1: Temperature Sensing

Temperature(°C) 90 80 70 60 50 0
Time (s) 45 56 62 7.6 105 9

Figure 17: a) cold target object; b) hot target object.

6.6 pH Sensing

To make sure there was no oxidized liquid metal left in the channel,
we applied hydrochloric acid to clean the channel and pumped in
the air to dry the channel. These preparation steps took about 30
seconds.

As known, increasing the speed of pH indicator liquid injection
can enhance the Siphon Ef fect taken place within the channel.
This can make the mixer fully react to the testing liquid. However,
this will raise two questions:

e More pH indicator liquid is needed for the test, which causes
unnecessary waste.

o The fast flow rate might impede the detection of the color
SEnsors.
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Thus, we chose the slow-flowing mode for pH detection (the
driving unit pumps slowly), and it took about 15 seconds to obtain
the results.

6.7 Compound Sensing

There are large amounts of objects composed of conductive and
non-conductive materials in daily life. Using any sensor (such as
an inductive or capacitive sensor) alone for detection will result in
an object identification error that cannot acquire all-around infor-
mation. For example, using capacitive sensing to identify whether
certain AirPods supports wireless charging is very difficult. How-
ever, with aid from inductive sensing, these problems can be solved,
since the metallic information can be obtained. Besides, RElectrode
can identify objects from some complicated compounds (e.g., a
spoon in a mug). This capability cannot be achieved by using any
sensor alone

In the experiment, we collected both inductance and capacitance
of 6 objects in random order 30 times each. Applying the method
we discussed above Section 5.6 and combining both inductive and
capacitive properties, we conduct SVM classification on a single
dimension. The identification accuracy is 69.2%, 62.0% for inductive
sensing and conductive sensing, respectively, and the classification
result is 77.3%, (SD = 15.4) with REletrode. We found that the cup and
the plastic card were hard to tell by the system. The possible reason
is that the selected feature was more sensitive to the comparison of
metal and non-metal objects, but not well suited to distinguish two
non-metal objects. This could be improved in the future.

4
o #

S

Figure 18: a) AirPods with wireless charging; b) AirPods
without wireless charging; c) credit card with chip; d) credit
card without chip; e) cup; f) spoon in cup.

7 DISCUSSION

RElectrode presents a feasible technical solution to design and
fabricate an electrode for multiple purpose sensing. The key concept
involves the design of a micro channel-chamber structure to direct
the liquid flow, such that the electrode pattern can be reconfigured
in a quick and easy way. It turns out RElectrode works efficiently
and reliably on the proposed sensing capabilities, and can help to
envision novel contextual and gestural interaction scenarios (Figure
11).

As demonstrated, RElectrode is sensitive to pressure applied
on top of the device. Owing to the flexible nature of the material,
subtle changes in the shape would cause the flow of liquid metal
to change in resistance. Pressure change can be detected, but how
the applied pressure (e.g., weight) would affect the other sensing
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Figure 19: Confusion matrix of com-pound sensing results.

Figure 20: Object and gesture detection

abilities has to be explored. When fabricating the prototype, we
found the rigid/flexible level of the material has to be carefully
determined. The material selected should be sensitive for pressure
detection while stable enough.

The current design of RElectrode is relevantly large in size. This
is due to the consideration that downsizing the device will cause
changes in the way the fluids pass through the channels. Surface
tension force would play a dominant role, making it hard for liquid
metal to pass through the microscale tubes. This brings new chal-
lenges to liquid material selection. Currently, RElectrode has to be
used on a flat surface, otherwise additional liquid pressure has to
be applied to counterbalance the effect of gravity.

RElectrode’s superstrate is non-conductive due to the property
of PDMS. The material can be made conductive, e.g., by mixing it
with carbon nanopowder, to be applicable for direct contact sensing.
This would help to enrich the sensing capabilities and broadening
the use scenarios of RElectrode. In this work, we took standard
lithography techniques to fabricate the device. Casting the mold,
on the other hand, can be done with regular 3D printers. In this
way, it provides possibilities to DIY the RElectrode. We believe
this will help to improve the design and exploring the potential of
RElectrode to a large extent.

As RElectrode is made of PDMS, it is normally flexible, thus could
be potentially used on the body for intelligent on-body sensing and
health care monitoring. To do so, either the substrate or the super-
strate of the device shall be made shielded to avoid interruption
of capacitive or inductive sensing. RElectrode can be easily sealed,
thus could be used in extreme situations such as under the water.
Such potential shall be further explored in the future.
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The device is currently driven by a dedicated pumping unit for
precise control of the liquid flow. Next, we would like to provide
alternative driving methods that would make RElectrode more self-
contained and portable. This can be achieved by developing fluid
self-actuating mechanisms, which have been broadly explored in
the area of microfluidics.

While our current implementation uses external devices to sense
pH and temperature, it is completely feasible to make the entire
system self-contained in the future by embedding a miniature opti-
cal sensor (e.g., fiber-based ones [9]) in the microfluidic channels.
This way, objects are not required to be transparent.

8 CONCLUSION

RElectrode is a multi-purpose sensing flatform made of microfluidic
channels. It is functionally reconfigurable via altering the pattern
and liquid flow inside the channel. We describe the principle and
fabrication process, and demonstrate that RElectrode is novel in
the way that it serves as an inductive, capacitive, resistant pressure,
thermal and pH sensor on a single chip. RElectrode enables novel
interaction scenarios, e.g., being able to recognize both metallic and
non-metallic objects and support touch and gesture input. RElec-
trode demonstrates a feasible way to fabricate electronic sensors
with reconfigurable function.
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