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Figure 1: When pressure is applied to the cathode of an SMFC, its output voltage varies with the force. As a result, using soil as
the core material (a), we can create a tangible interface that responds to (b) pressing, (c) bending, and (d) twisting, opening new

design space for bio-based design and (e) applications.

Abstract

Soil-based Microbial Fuel Cells (SMFCs) offer a sustainable method
for powering low-energy computing devices by harnessing elec-
tricity from microbial activity in soil. In this paper, we introduce
SoilSense, a novel approach that repurposes SMFCs as tangible
interfaces, transforming soil into an interactive, computationally
responsive medium, instead of energy sources. We explore the volt-
age variations that occur when pressure is applied to the cathode
and systematically characterize this mechanism across different
electrode configurations and soil moisture levels. To demonstrate
the feasibility of SMFC-based interfaces, we present a series of
modular and proof-of-concept prototypes that support diverse in-
teraction modalities. We further illustrate how SoilSense enables
interactions through example applications and provide implications
and envision for future studies to employ soil as an ecologically
compatible material in interactive system design.
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1 Introduction

Soil, a ubiquitous material, has been extensively explored across
disciplines such as microbiology [37, 46, 61], agriculture [15, 85],
and renewable energy [23, 89]. In HCI, the Do-It-Yourself (DIY) and
biodesign communities have also embraced soil for its accessibility
and ecological value [11, 58]. Among its various uses, Soil-based
Microbial Fuel Cells (SMFCs) have emerged as potential energy
sources for low-power IoT devices, by converting the metabolic
activity of microorganisms into electricity via embedded electrodes
in the soil. Although SMFCs have demonstrated output power up
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to hundreds of yW [33, 34], their performance under ideal condi-
tions and in real-world scenarios is still underexplored and remains
the focus of current SMFC-related research[47, 82, 89]. However,
in its current capacity, SMFC has unique affordances that can be
used in interactive applications, but they have rarely been exam-
ined through the lens of interaction design as a computationally
responsive component.

In this paper, we introduce SoilSense, a novel approach to repur-
posing SMFCs not merely as passive energy sources, but as active
components within interactive systems. Our key observation is that
when the cathode is subjected to pressure, a combination of contact
and internal changes in SMFCs leads to a measurable voltage varia-
tion, which could effectively enable sensing without the need for
additional electronics. Additionally, unlike conventional sensors
that rely on nano-engineered materials [75, 92], SMFC rely on soil
and low-cost carbon electrodes. While SMFCs’ capabilities in en-
ergy harvesting have been well-studied [45, 47], this paper focuses
on exploring SMFCs as a new interaction modality and examines
how their material properties and environmental responsiveness
can inform the design of tangible interfaces. This perspective opens
new opportunities in sustainable HCI, particularly for low-power
or DIY-friendly applications, and aligns with the emerging interest
in biodesign and ambient interaction.

To validate our approach, we propose design patterns based
on soil and SMFC’s unique characteristics and systematically ex-
amine how the output voltage of SMFCs responds to the inputs
across diverse electrode configurations, responsiveness to pressure,
and moisture conditions. Based on these insights, we develop and
demonstrate a set of proof-of-concept prototypes and example ap-
plications that enable tangible gesture interactions (e.g. pressing,
twisting, and bending), highlighting how SMFCs can be effectively
embedded as sensors within various containers. Our contributions
are as follows:

e We adapt soil as an active sensing material using SMFCs.

e We characterize the voltage response of SMFC-based soil
tangible sensors to interaction under varying conditions.

e We present three proof-of-concept interactive containers for
SMEFCs to support tangible interactions, including pressing,
twisting, and bending. We also demonstrate the feasibility
of SMFC-based interfaces through exemplary applications.

2 Related Work

To contextualize our work, this section begins by reviewing key
background on SMFCs, including their basic structure, factors af-
fecting output performance, and empirical findings from previous
studies. We then explore how soil and SMFCs intersect with the
key themes in sustainable HCI, structured around self-powered
interfaces, bio-based materials, and biodesign.

2.1 Soil-based Microbial Fuel Cell

Figure 2 (a) illustrates a typical structure of an SMFC, which consists
of a cathode, an anode, and the electrolyte (soil) situated between
the electrodes. The anode is placed in an anaerobic environment
under the soil, in contact with microorganisms that are typically
present in the form of a biofilm, and receives electrons released by
the oxidation of organic compounds; the cathode is positioned in an
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aerobic environment on the surface, where electrons generated at
the anode flow through an external circuit and react with protons
transported through the electrolyte with oxygen to produce water
[66, 82, 89]. The energy output from SMFCs typically ranges from
a few W to several hundred, depending on the specific scale and
setup [33, 34, 65]. Previous studies have introduced applications
derived from SMFCs, such as integration with plants to increase
output [6, 59], or using SMFCs to power [oT systems [18, 45].

Carbon felt is a popular choice for SMFC electrodes due to its
high specific surface area, durability, affordability, and recyclability
with minimal environmental impact [89]. As the anode, the fine
porous structure of carbon felt facilitates the attachment and growth
of biofilms; while as the cathode, carbon felt’s permeability allows
oxygen to efficiently participate in the reduction reactions [32,
91]. Due to the occurrence of over-potential and the presence of
factors including activation losses, Ohmic losses, and mass transport
losses, the efficiency of the cathodic reaction is considered the
bottleneck that determines the energy output of the SMFC devices
[44, 69]. Electrodes are typically connected to external circuits using
insulated wires (e.g., copper or silver) and serially with loads. In this
paper, we used carbon felt as both the anode and cathode, consistent
with prior SMFC literature, and connected them using copper wires
with stainless steel crocodile clips, with details in Section 4.1.

The performance of SMFCs is influenced by various environ-
mental factors, primarily because their energy generation process
relies heavily on microbial activity and the soil condition, which is
highly sensitive to environmental factors, including temperature,
moisture, chemical composition, pH value, and so on [12, 82, 93].
To date, due to the complex biochemical composition of natural
soil, it is still challenging for us to accurately model the relation-
ship between environmental factors and energy output or identify
broadly applicable conclusions. However, the energy output of
SMEFCs is positively correlated with temperature [93], volumetric
water content (VWC) [12], and the organic content in the soil [22]
in general.

2.2 Sustainable HCI

While SMFCs are traditionally studied from an energy-harvesting
perspective, integrating these devices within HCI frameworks re-
mains unexplored. In this section, we make connections between
SMFCs and sustainable HCI from the aspects of self-powered inter-
faces, bio-based materials, and biodesign (Figure 2 (b)).

Self-powered Interfaces. Energy remains a fundamental chal-
lenge for all computing systems, and one promising solution is an
emerging class of self-powered interfaces [19]. These systems lever-
age energy harvesting techniques, together with ultra-low power
computing, to achieve autonomous operation. Many of these inter-
faces exploit material properties to convert ambient stimuli — such
as light [94], sound [5], deformation [75, 92], or motion [72, 87] —
into analog signals. SoilSense follows a similar approach, leverag-
ing the voltage fluctuations naturally generated by SMFCs under
pressure to support sensing through the system’s own electrical
output.

Bio-based Materials. The production of the aforementioned
self-powered interfaces is often sophisticated, such as Photovoltaic
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Figure 2: (a) A schematic diagram of the functioning principle of an SMFC. (b) A survey map that motivates soil as a potential
interactive medium from the perspectives of self-powered interfaces, natural materials, and biodesign.

(PV), Triboelectric Nanogenerators (TENG), which involve acry-
lamide or nano-engineered material that requires energy-intensive
production, which has prompted researchers to reconsider the eco-
logical costs and to advocate for sustainability practices in digital
fabrication [13, 21, 78]. There have been successful demonstrations
of biodegradable electronics, such as energy storage [79] or heating
devices [77]. Bio-based material are generally generally degradable,
accessible, and DIY-friendly [63], such as fungi [27, 83], wood [67],
algae [8, 96], bacterial cellulose [9, 52], and slime mold [46, 56].
However, while many of these bio-based materials have shown
promising potential for sensing or actuation, they often require
specific cultivation, post-processing, or embedded infrastructure to
support interactive functionalities. Soil, when used in the form of
SMECs, exhibits electrochemical activity that can be harnessed to
detect pressure-based input. This property allows it to serve as a
sensing interface within an interactive system, without requiring
additional sensing components or complex fabrication.

Biodesign. Over the decade, bringing living organisms into
interactive systems has been an emerging field in HCIL, such as
Microbe-HCI [37] and the Human-plant Interaction [14]. These ap-
plications have encompassed diverse contexts such as sensing and
display [28, 51], direct interaction [42, 57], and interactive public
art [39], which not only highlight the sustainability of materials but
also expand the design space for embedding biological processes
into interactive systems. Soil, as intimately connected with plants
and microorganisms, also holds a potentially significant role in
biodesign. For instance, in [14], the state of the soil is used to in-
directly reflect the well-being of plants. Similarly, in Electric Life
[58], the principle of SMFC is harnessed to create an illuminating
installation, blending ecological processes with artistic expression.
In this paper, we explore how the voltage response of SMFCs can
support tactile input, enabling soil to function as a sensing interface
in potential biodesign contexts. This approach complements exist-
ing bio-based systems by offering a low-cost, materially integrated
method for interaction within natural environments.

3 SoilSense

This section introduces how SMFCs can be appropriated as an
active component in tangible interfaces. This section discusses the
foundation of the sensing principle, particularly the physical and
electrochemical mechanisms behind the induced voltage changes.

3.1 Voltage Variation

A central insight in our work is that applying pressure to the cath-
ode of an SMFC results in a measurable increase in output voltage.
This behavior differs fundamentally from conventional touch inter-
faces, which typically rely on changes in capacitance or material
resistance [26, 50, 95]. In SMFCs, the carbon felt electrodes are
highly conductive (0.87 Q/m), and their electrical resistance does
not change significantly under compression [55], which makes the
resistance-based sensing can hardly explain the observed voltage
variation. Instead, the voltage variation can be attributed to the
unique physical and electrochemical structure of SMFCs, where
pressure influences both the electrode-soil interface and the prop-
erties of the soil itself.

Cathode
(Carbon Felt)

Soil Surfac

Resting State Activated State

Figure 3: A schematic showing the contact condition between
the carbon felt and soil changes under applied pressure.

From the perspective of the electrode-soil interface, vertical
force improves the contact between the cathode and the surround-
ing soil (Figure 3). When carbon felt is placed on the soil in an
uncompressed state, its soft and porous structure, combined with
its lightweight nature, tends to create interfacial gaps and dry spots.
These discontinuities may hinder ionic conduction and reduce the
efficiency of oxygen reduction reactions [80, 88]. Applying pressure
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compresses the felt, reduces these interfacial discontinuities, and
enhances local reaction kinetics, which contributes to an increase
in output voltage. Within the soil matrix, pressure induces com-
paction, decreasing porosity and increasing bulk density [7, 24].
These structural changes affect the distribution of water and oxygen,
both critical to sustaining electrochemical performance [49]. Fur-
thermore, the associated reduction in oxygen diffusion rate (ODR)
may promote more anaerobic conditions favorable to microbial ac-
tivity at the anode [68]. While these internal changes evolve more
gradually, they are presumably contributing to longer-term voltage
variation after the force is applied. In contrast, the immediate volt-
age response observed in our experiments is primarily attributed
to the enhanced contact conditions between the cathode and the
soil interface.

3.2 Design Patterns

We explore three design patterns derived from soil characteristics
and the basic structure of an SMFC: adaptive form factors, expand-
able input channel, and ecological compatibility, as illustrated in
Figure 4.

Cathode
Sail

Anode

Basic SMFC

|

N

% >

Dual Cathodes

Multiple Cathodes

Deformable Container

Expandable
Input Channel

Ecological
Compatibility

Adaptive
Form Factor

Figure 4: Design patterns for appropriating SMFCs to create
tangible interfaces.

Adaptive Form Factors. Soil’s malleability allows it to conform
to a wide range of customized container shapes and structures,
enabling designers to explore unconventional geometries and in-
teractions. Designers can simply use diverse containers to imbue
interaction with specific meanings. Furthermore, by embedding the
SMFC within flexible or deformable containers, we can extend in-
teraction modes to diverse input modes while simultaneously lever-
aging visual cues from material deformation. These form factors
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make the interface both expressive and functionally rich, allowing
the shape and material behavior of the device to naturally suggest
or afford particular interactions.

Expandable Input Channel. A single SMFC container can sup-
port multiple cathodes connected to a shared anode, each capable of
independently detecting localized pressure. For example, by embed-
ding two cathodes on opposite sides of a container and comparing
their respective voltage signals, we can distinguish whether the left
or right side has been pressed. As the number of cathodes increases,
more sophisticated spatial sensing becomes possible, forming a low-
resolution electrode matrix. While the signal resolution remains
limited compared to capacitive sensors, it enables coarse force map-
ping with minimal hardware. In such setups, each cathode must
be electrically isolated with separate traces and protected from
crosstalk, either through physical spacing or differential referenc-
ing techniques.

Ecological Compatibility. Soil is a naturally occurring, bio-
based material that is widely present in outdoor and plant-integrated
environments. SMFC-based interfaces have the potential be de-
ployed in contexts where soil is already part of the setting, such
as potted plants or garden beds [24], providing a tangible input
channel without introducing foreign substrates. This design pattern
offers a practical approach to embedding interactive systems into
ecologically situated settings, particularly where minimal material
intrusion is desired.

In the following section, we focus on characterizing the core
sensing behavior of SMFCs under different environmental condi-
tions and configurations, laying the groundwork for the use of
SoilSense in interaction design.

4 Evaluation

To characterize the sensing capability of SMFCs, we conducted a se-
ries of experiments that examined how they respond to mechanical
input. In this section, we first investigate the relationship between
increasing pressure and voltage output to understand the dynamic
range and responsiveness of the system. Second, we study how the
voltage changes over time under a sustained force, as SMFC behav-
ior could potentially exhibit transient or decaying responses due to
electrochemical stabilization. Finally, we examine the role of soil
moisture, a known environmental factor for SMFC performance, to
evaluate how VWC modulates the sensitivity of the sensing signal.

4.1 Experiment Setup

Experiments were conducted at room temperature (around 25°C)
in the laboratory environment. The soil used in the experiments
was collected from gardens on a university campus in Asia. The
soil was sieved through a 2 mm mesh to remove large particles,
insects, and debris. Before being placed into the containers, the
soil was moistened with water and stirred thoroughly to form a
uniform mixture. Before starting the experiments, we prepared
three SMFCs with VWC around 90%, 70%, and 50%, each placed
in a cubic container with a side length of 100 mm. To ensure the
anaerobic environment inside the soil, the SMFCs were prepared
48 hours in advance to reach a stable voltage output level by the
time the experiments commenced.
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Figure 5: Instruments and items during the experiments.

Figure 5 shows the instruments used during the experiments.
The soil is contained within a cubic vessel, with a side length of
100 mm. We used LOKIH 5 mm thick carbon felt [76]. The distance
between the electrodes was approximately 70 mm, with two types
of electrodes in size: squares with edge lengths of 45 mm and 90
mm. Copper wires with an insulated diameter of approximately
1 mm and stainless clips were used to form the external circuit.
A 2 kQ resistor was included in the external circuit to maximize
the power output of the device according to the empirical results
determined by Lin et al. [45, 89]. We used a digital multimeter to
keep track of the output voltage and current, with an accuracy
of one millivolt and one milliampere, respectively. Four moisture
sensors (DiyStudio A3012656]P) are inserted at different positions
within the soil, and the VWC is estimated by averaging their values.
We used an IMADA DST Series digital force gauge along with an
MX2 Series vertical motorized test stand to generate specific forces.
A 3D-printed attachment was created for the force gauge’s probe to
control the pressure applied to the cathode so that it is distributed
evenly.

4.2 Effects of Increasing Force

We explored the relationship between the output voltage and the
pressure applied onto the cathode under the VWC around 90%. We
conducted tests on two different electrodes to inspect the potential
effect of the size as a factor in this relationship. We used a force
gauge in combination with a motorized test stand with adjustable
speed to record the applied force. Since the downward motion of
the test stand occurs at a fixed speed, the resulting pressure change
is inherently nonlinear. To avoid rapid spikes in pressure within
a short time frame as much as possible, we set the descent speed
to a slower 10 mm/min and a faster 80 mm/min. The slower speed
allowed for careful observation of gradual changes, while the faster
speed simulated the rapid pressure variations typical of real-world
interactions. The test stand was reversed and moved upward at the
same speed once the force gauge’s reading reached around 200 N,
allowing us to capture the voltage response during the recovery
phase of the device.

We conducted three trials for each configuration, and the results
are plotted in Figure 6. Larger cathodes exhibited higher peak volt-
ages during compression but also required more time to return to
a resting state. When the force gauge descended at a faster speed,
the voltage response (both rise and fall) became notably quicker.

(a) 90mm Cathode; 10mm/min Speed (b) 90mm Cathode; 80mm/min Speed

200 230
o 210 O<
Z 150 g
° 190 &
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h \ 1703
50 \ 150
o[ N > 130
0 30 60 90 120 0 10 20 30 40
Time (s)
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300 180
250
—~ f 160 §
Z 200 \ A T
g 150 s A 140 8
S | A 3
100 H | Ed
50 /il /:“ \ 120
0 S b A
100
0 30 6 9 120 0 10 20 30 40
Time (s) W Force || Voltage

Figure 6: Relationship between the voltage and the force
applied on the cathode of two SMFC with different cathode
sizes of 45 mm and 90 mm, and different force gauge speeds of
10 mm/min and 80 mm/min. The curves show the mean value,
and the colored area represents the range of fluctuations after
aligning the time axis.

Compared to typical gesture-based interactions, which often in-
volve faster exertion rates and lower force ranges (< 50 N) [20, 53],
our experimental setup was designed to characterize the relation-
ship between applied force and voltage output across a wide range
of pressures in controlled speeds. By comparing responses at two
speeds, we observed that the voltage dynamics remained consistent
across a broad temporal window. The faster speed (80 mm/min)
produced quicker voltage transitions without fundamentally alter-
ing the signal profile. In particular, the initial rising edge of the
voltage curve showed comparable sensitivity under both speeds,
indicating that the system responds promptly under different force
application rates. These support the feasibility of using the sensing
technique in gesture-speed interactions.
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4.3 Effects of Sustained Force

In the previous section, we explored how the output voltage of the
SMFC responded to varying levels of pressure applied to the cathode.
We conducted experiments using cathodes with side lengths of 90
mm and 45 mm under sustained pressure. The motorized test stand
was adjusted to apply forces ranging from 10 N up to 300 N. Voltage
readings were collected within the first minute of five trials of each
force level and are presented in Figure 7. Across all configurations,
the output voltage declines over time irrespective of cathode size or
the magnitude of applied force. In most cases, the voltage decreases
to between 80% and 90% of its initial value within one minute.
Furthermore, larger voltage reductions are likely associated with
trials that begin with higher initial voltages.

() 90mm Cathode Force (N) (b) 45mm Cathode Force (N)

Figure 7: Voltage change of two SMFC with different cathode
sizes when applying a sustained force. The colored curves
and shaded areas indicate different force levels, with the cor-
responding force values annotated at the end of each curve.

In SMFCs, a potential difference exists between the cathode and
the soil surface [81]. As discussed in Section 3, applied pressure
enhances cathode-soil contact, leading to reduced resistance and
facilitating the release of charges between the interface via the
external circuit, similar to a discharge process. This causes a tempo-
rary surge in output voltage. In 60 seconds, the interfacial potential
difference dissipates, and the system stabilizes at a new equilibrium,
leading to a gradual voltage decline. This phenomenon highlights
the need to consider such transient instabilities when employing
SMFCs as input interfaces for sustained interactions. Despite the
moderate and slow nature of the decline, it might still influence
threshold-based input interpretations.

4.4 Effects of Levels of VWC

We conducted the same tests using a 90 mm cathode setup at three
different VWC levels of 90%, 70%, and 50%. For forces ranging from
0 to 200 N, we recorded a measurement every 10 N and repeated
the measurements five times for each, shown in Figure 8. At higher
VWC, both the peak voltage and the rate of voltage increase are
elevated. The slope within the 0 N to 20 N force range is notably
steeper. As the VWC decreases, a downward trend is observed in
both the voltage peak and its rate of change. This is because SMFCs
inherently operate more effectively under higher VWC conditions,
which ensure smoother ionic pathways. This characteristic also con-
tributes to enhanced responsiveness when the system is employed
as an input interface.

Tian, et al.
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Figure 8: Relationship between the output voltage and the
force applied on the cathode for SMFCs with fixed cathode
area under three different VWC.

5 Interface Prototypes

Building upon the design pattern outlined earlier in Section 3, we
developed a series of 3D-printed Thermoplastic Polyurethane (TPU)
containers to explore how SMFC can support tactile interaction.
These artifacts aim to transform applied gestures into the pressure
on the cathode-soil interface. We draw inspiration from various soft
interfaces [50], by fitting soil into soft containers that provide defor-
mation feedback and allow hand-held interaction, with a rigid lid
to transmit forces effectively and enable multi-cathode installation.

As shown in Figure 9, we created two types of containers and
two types of lids to accommodate different ways of interaction: (a)
a basic container suited for pressing and bending, (b) a twisted con-
tainer to guide rotational input, (c) a lid supporting both squeezing
and twisting, and (d) a dual-cathode lid with a middle divider to
prevent contact. The container walls are 1 mm thick to maintain
flexibility, and each lid includes a 1 mm groove underneath for
secure attachment.

|

(a) Basic Container
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N\ —
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(d) Split Lid Unit: mm

(c) Basic Lid

(b) Twisted Container

50

Figure 9: Two types of containers, (a) Basic Container and (b)
Twisted Container, can be combined with two types of lids (c)
Basic Lid and (d) Split Lid to support interactions including
pressing, twisting, and bending.

5.1 Interaction Modes

5.1.1 Pressing. We used the same force measurement device as in
Section 4. Given that the 50 mm container is suitable for hand-held
interaction, we tested up to 30 N of pressure. As previous studies
indicate, pinch and poke forces are unlikely to exceed 50 N as easily
as grip strength, making it a more appropriate threshold for typical
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Figure 10: Relationships between (b) voltage and pressure,
as well as between (d) voltage and rotation angle when (a)
force is applied evenly onto, or (c) twist the lid (white arrows
indicating force).

interaction forces [20, 53]. The results of three rounds of measure-
ment are recorded and shown in Figure 10 (b). For small containers
and minor force variations, the voltage increase is relatively grad-
ual, but it exhibits responsive feedback within the initial range up
to5N.

5.1.2  Twisting. To measure the twisting angle of the lid, we used
a camera positioned directly above the device to capture the rota-
tional displacement of a marker placed on the edge. We synchro-
nized the timestamps of the video recording with the voltage data
to obtain voltage values at specific twisting angles. Figure 10 (d)
shows the averaged results of three trials. Due to the rotation, the
torque does not directly act on the cathode as vertical pressure does.
Instead, it indirectly compresses the cathode through the downward
displacement of the lid caused by the deformation of the container.
During this process, the deformation of the container structure is
not significant at smaller angles but becomes gradually noticeable,
leading to a more apparent voltage change.

5.1.3 Bending. We can achieve directional force detection by in-
stalling multiple cathodes sharing a common anode in the container.
As shown in Figure 11 (a), a partitioned lid separates the cathodes
and the soil, which otherwise would cause a short circuit. We ap-
plied pressure to one side of the lid and recorded the voltage read-
ings from both cathodes, repeating the measurement three times
and recording the results in Figure 11. When pressure is applied to
a single side, the opposite cathode is not at the center of the force,
leading to a corresponding voltage difference between.
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Figure 11: When pressure is applied to the left and right sides
of a lid with a central partition (white arrows indicating
force). The voltage readings from the electrodes on the left
and right sides are represented with circles and triangles,
respectively.

5.2 Interaction Over Time

The long-term reliability of SMFC-based interactions is strongly
influenced by moisture retention, as evaporation disrupts the elec-
trochemical stability of the system. As VWC decreases, ionic con-
ductivity within the soil weakens, causing a noticeable drop in
output voltage [89]. We conducted an experiment under the same
setup as described in Section 5.1.1 over 10 consecutive days at room
temperature, at around 20°C. It is worth mentioning that the evap-
oration rate is highly dependent on environmental conditions such
as temperature, moisture, wind, soil composition, and the thick-
ness of the soil layer [40]. The results shown here are intended for
preliminary reference.

As shown in Figure 12, the VWC was reduced by nearly half,
alongside a 49.6 mV decrease in the idle state voltage. This reduction
in VWC notably affected the voltage response during the initial
pressure application (between 0 N and 5 N). When the soil moisture
was higher, the voltage rise was steep and immediate; however,
beginning on day 8, the voltage response became considerably
flatter. Several factors contribute to this effect. While pressure can
enhance the contact between the electrode and the soil surface, it
is insufficient to overcome the performance limitations imposed by
poor ion conductivity in drier soil. Dehydrated surfaces are also
prone to air gaps rather than forming conductive water films at the
contact interface. This highlights a key difference between SMFC-
based inputs and conventional electronic or mechanical interfaces:
unlike conventional electronic interfaces that remain stable post-
fabrication, SMFC-based inputs demand continued user attention to
maintain moisture and ensure functionality, blurring the boundary
between interaction and care.

6 Example Applications

SoilSense enables a range of tangible interaction possibilities by
leveraging the unique sensing mechanism of SMFCs. To demon-
strate its versatility, we present four example applications that
explore different use cases, form factors, and deployment contexts.
These prototypes illustrate how SMFC-based sensing can be adapted
for customized tangible interfaces, spatial sensing surfaces, ecolog-
ically compatible installations, and ambient systems.

Adaptive Form Factor (Figure 13 a): The fabrication of SMFCs is
accessible, for which well-established commercial toolkits already
exist [48] and numerous DIY tutorials have been available online
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Figure 12: Measurements of VWC across 10 days, with corresponding voltage changes when force is applied to the cathode.

Figure 13: (a) Tactile animal models that display corresponding images when pressed; (b) Tile composed by electrode matrix
enables the spatial mapping of pressure distribution; (c) Potted plant that reports soil moisture when touched; (d) Lawn that

keeps track of the number of people passing by.

[17, 54, 84]. This allows users to easily create, customize, and up-
grade soil-based interfaces. The timely response of voltage change
enables the controllers to perform similarly to keyboard buttons,
capable of detecting taps and long presses, that can be modular and
combined into a larger interactive system. Additionally, the mal-
leability of soil opens up extensive possibilities for container design,
enabling interactions to convey an extra layer of meaning depend-
ing on the form. In Figure 13 (a), we made a series of educational
toys inspired by MudWatt [48], where duck, turtle, and dog models
were created with hollow interiors containing SMFCs. When users
press the electrodes embedded on the surface, a small LED embed-
ded in the model illuminates, with a visual representation of the
corresponding animal appearing on the display.

Expandable Input Channel (Figure 13 b): Section 11 illustrated
that embedding multiple cathodes within a single SMFC allows for
independent voltage readings, enabling the system to capture richer

information, such as detecting bending directions. Pushing this
concept further, we created a matrix made up of electrodes similar
to a capacitive sensing tile. As shown in Figure 13 (b), 16 cathodes
arranged in a 4 x 4 grid were fixed onto a cork sheet with sufficient
spacing to ensure electrical isolation between cathodes. Voltages
from the cathodes were captured with an Arduino Mega 2560. As
a preliminary exploration, this prototype is not yet optimized for
precision or resolution because of the wide electrode spacing and
lack of signal calibration. However, it can localize coarse input
events, such as identifying which quadrant a hand was pressed or
where a stack of books was placed. This demonstrates the feasibility
of spatially distributed sensing with SMFCs and suggests potential
for future development.

Ecological Compatibility (Figure 13 ¢, d): Interactions with nat-
ural environments often lack suitable tangible mediums, making
it difficult to establish direct and expressive input channels. For
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instance, engaging with plants or microbes is challenged by their
slow or imperceptible responses to human stimuli [14] and micro-
scopic scale [38]. SoilSense explores one possible way to bridge
this gap by leveraging soil as a native input medium. In Figure
13 (c), we embed an SMFC into a potted plant to demonstrate a
tangible input channel that responds to user touch. When the cath-
ode is pressed, the system detects the voltage change and reports
the moisture level. While previous work has enabled touch input
with plants through conductive sensing!, this approach shifts the
sensing focus to the soil, a naturally coexisting layer with plants,
avoiding invasive techniques like inserting electrodes into plant
tissue [74]. In Figure 13 (d), we created a prototype where electrodes
were embedded underneath a patch of lawn. When someone walks
across the surface, the pressure applied to the cathode produces a
voltage spike, which can be used to estimate traffic. While current
SMFC implementations include non-biodegradable components
such as carbon felt and copper wires, they demonstrate how soil
can function as a sensing layer in ecologically compatible interface
deployments.

7 Discussion

SoilSense introduces a novel way of using SMFCs not just as en-
ergy sources, but as a sensing mechanism. Beyond validating this
behavior through voltage response experiments and functional pro-
totypes, this section reflects on its broader design implications. We
discuss how fabrication choices align with DIY and sustainable val-
ues, how the dual nature of the voltage signal influences interaction
design, and how different power supply strategies shape possible
deployment scenarios. Together, these perspectives help position
our contribution within the growing space of ecologically grounded
interaction technologies.

7.1 Design and Fabrication Considerations

7.1.1  Supporting DIY Practices and Accessibility. Although DIY
fabrication could be more laborious and time-consuming compared
to the commercial-off-the-shelf (COTS) products, crafting with ac-
cessible material and technology has been widely promoted as
democratizing technology, empowering communities, encouraging
self-expression, and aligning with ecological values [25, 43, 64, 71].
As discussed in Section 6 a on DIY-friendly interfaces, SMFCs are
highly accessible and accompanied by numerous tutorials. Their
core material, soil, is readily available and can be returned to the
environment after disassembly; The carbon felt electrodes are inex-
pensive (approximately $0.1/cm?) and reusable; Microcontrollers
used for voltage measurement are typically included in basic elec-
tronics kits, often found in educational or maker spaces. However,
certain considerations must still be taken into account during fabri-
cation. While the adaptive form factor of soil allows SMFCs to be
embedded into a wide variety of containers, this flexibility does not
come without constraints — the basic structural and operational
requirements of SMFCs must still be respected. For example, when
embedding SMFCs into objects, the volume should not be too small
(e.g., less than one cubic centimeter); or, when placed inside a soft
container, care must be taken to ensure that deformation does not
expose the anode to air. These design decisions require designers to

!https://makeymakey.com/
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have a fundamental understanding of SMFC properties. Addition-
ally, efforts to build fully self-powered systems or optimize energy
output introduce added complexity [86]. Such developments shift
SMFCs beyond the beginner-friendly DIY domain, increasingly re-
lying on specialized toolkits and power management techniques to
support intermittent computing [30, 41, 60].

7.1.2  Sustainability and Alternative Materials. There has been a
well-established connection between sustainable design and DIY
practices, as both frequently leverage accessible, non-industrial
materials. In our current prototypes, several key components, in-
cluding carbon felt electrodes and copper wires, which are not
biodegradable or toxic to plants, and thus the SMFC cannot be
considered fully sustainable in its present form. Biodegradable so-
lutions promoted in sustainable design often introduce a trade-off
with durability. For instance, carbon felt electrodes, critical for
SMEC stability and electrochemical performance [32], are highly
resistant to degradation. Most current biodegradable electronics are
intended for above-ground use and designed to safely decompose
into non-toxic compounds within the soil environment [77, 79],
precisely the environment where SMFCs are expected to operate
reliably. Nevertheless, for electronics operating outside the soil,
there have been degradable substitutes of conductors [31, 77] and
capacitors [1].

Regarding SMFC containers, the 3D-printed TPU materials used
in Section 5 offer convenience in prototyping, but are not ideal for
a fully biodegradable design. Alternatives, including soil-derived
ceramics or organic materials such as mycelium [27, 83] or food
waste [10, 70], could better align with biodesign principles in future
practice. We see material sustainability as a key area for future
development, particularly for deploying SoilSense in long-term or
environmentally integrated contexts.

7.2 Interpretation of the Voltage Signal

The voltage variations in SMFCs exhibit dual-layered information:
a baseline drift due to environmental factors, and rapid transients
in response to applied pressure. While the former has been charac-
terized [23, 45], our investigation focuses on the dynamic voltage
signal under force input. As described in Section 5, container ge-
ometry modulates how user-applied gestures are translated into
pressure on the cathode. However, the system can not distinguish
between different forms of force transmission (e.g., pressing or
twisting) based on the resulting signal alone. This limitation is
addressed through the mechanical encoding of interaction types,
similar to prior work in mechanically augmented sensing systems
[26, 73, 95]. These designs emphasize customization and adaptabil-
ity, enabling quick modifications through components like springs,
threads, or sliders to create buttons or knobs. Furthermore, we
demonstrated the scalability of the sensing architecture using a 4
x 4 cathode grid, analogous to capacitive matrices [90], enabling
coarse spatial sensing. As such, while the sensing mechanism is
versatile and structurally reconfigurable, its signal interpretation is
tightly coupled with the physical design, making it highly adaptable
yet context-bound, limiting abstraction across designs.
In addition to immediate pressure-induced voltage changes, SMFC-

based sensing is influenced by slower environmental processes such
as soil moisture variation. As demonstrated in Sections 4.4 and 5.2,
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VWC affects both the baseline voltage and the system’s respon-
siveness to mechanical input—higher VWC results in stronger and
faster signal changes, while drier soil leads to weaker and delayed
responses. This temporal layering introduces both a short-term
interaction channel and a slower environmental modulation, which
designers may leverage to create systems that respond to both user
input and ambient conditions.

7.3 Implications Under Different Power Modes

As a type of long-standing energy harvesting device, SMFCs have
been extensively studied across disciplines on their power gener-
ation [12, 22, 33, 34, 65, 89, 93]. While this paper does not aim to
improve SMFCs as energy harvesters, energy availability remains a
practical constraint for deploying SoilSense in real-world settings.
In many cases, power limitations directly shape how interactions
can be designed, affecting their frequency, duration, and feedback
mechanisms [19, 75, 94]. Therefore, we briefly examine how differ-
ent energy configurations impact the viability of SMFCs as an input
method and reflect on the trade-offs between system expressive-
ness and self-sustainability. Therefore, we limit ourselves to a brief
discussion and a preliminary simulation to examine the feasibility
of self-sustainability using SMFCs as the interaction method across
varying energy budgets.

However, evaluating whether a system can be self-sustained can-
not be separated from its operational patterns and the interaction
modes it supports. The energy harvesting efficiency, the frequency
of interaction events, and the energy consumption per event are
the key determining factors. Ideally, when the harvested power
is sufficient to meet the energy demand of individual interaction
events, the system can achieve self-sustained operation without
external power. However, as the available power decreases, either
the frequency of interactions must be reduced, or each interaction
should be redesigned to require less energy. If the energy required
by a single interaction exceeds the capacitor’s storage capacity, the
system will inevitably depend on an additional battery or a stable
power source.

The power generation of SMFCs is subject to a wide range of fac-
tors, including microbial composition, electrode surface area, and
environmental variables, making it difficult to draw definitive con-
clusions from existing literature [89]. In this section, we conducted
a charging efficiency test using the Basic Container described in
Section 5, aiming to reflect the performance in small-scale, uncon-
trolled DIY settings. The connection schematic is shown in Figure
15. We connected a 2 kQ resistor to maximize the output power
following Lin et al. [45]. We used an ADP5090-2-EVALZ energy
harvester with a built-in 0.1 F capacitor. A button cell battery was
added to bypass the cold start. The voltage across the load was mon-
itored using an MSP-EXP430FR4133 microcontroller [6, 18], which
was externally powered via USB and not supplied by the SMFC,
through its ADC. The program running on the microcontroller was
adapted from an official Texas Instruments example project?, and
its energy consumption was monitored using the EnergyTrace>.

Based on an estimation approach similar to that used by Yen
and Jaliff et al. [89], we found that the power generated around

Zhttps://dev.ti.com/tirex/explore
3https://www.ti.com/tool/ENERGYTRACE
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30 uW of power when using three containers, which is notably
lower than the results of several hundred W indicated by previous
works [33, 34]. The discrepancy may be attributed to the limited
size of the containers and the absence of a custom-designed en-
ergy harvester tailored for SMFCs. On the microcontroller side, we
measured an average power consumption of 0.96 mW of ADC at a
sampling rate of 30 Hz, over the course of an hour. Together with
this information, we discuss the aspect of interaction design under
three power modes: Fully Self-powered, Partially Self-powered, and
Plugged (Figure 14).

7.3.1  Minimal Interaction in Fully Self-powered Mode. When aim-
ing for fully self-powered operation, trade-offs must be made in
interaction frequency and duration to allocate sufficient time for the
SMEC to recharge. For instance, as the example shown in Section
6 d, based on our earlier estimation, even for a minimal system
that disregards wireless transmission, approximately 16 hours of
charging would be required to sustain a single interaction lasting 3
seconds. If the interaction duration is reduced to 1 second, approx-
imately 7 hours of charging time would be needed. This type of
infrequent interaction is suitable for scenarios with minimal human
intervention.

While powering sophisticated interfaces solely with SMFCs is
challenging, there are still methods that we can use to increase
the interaction frequency by maximizing the charging power and
minimizing the energy consumption for the system operation. For
instance, the empirical power density of SMFCs is approximately 3
mW/m? [65]. By deploying larger-scale SMFCs or connecting multi-
ple cells in series, it is theoretically possible to harvest significantly
more energy than demonstrated in our charging example discussed
above. Prior studies have demonstrated that, with techniques such
as supplementing with organic substrates, SMFCs have successfully
powered devices like e-ink displays consuming tens of mWs [3, 47],
or enabled LoRa-based wireless sensor data transmission [59]. Like-
wise, in terms of reducing consumption, developers can incorporate
ultra-low power technologies, such as using RF backscatter for data
transmission [35, 36] or analog computing systems [4, 29].

7.3.2  Extending Lifetime Through Partially Self-powered Mode. This
configuration reflects a practical middle ground. While full au-
tonomy may not always be feasible, partial harvesting can mean-
ingfully reduce maintenance and extend deployment lifetime in
moderate-use settings. We describe the partially self-powered mode
as a system that mainly relies on external power sources while in-
corporating an energy harvester as a supplementary power supply.
In this situation, while the system design could surpass the en-
ergy budget of the SMFC, the harvested energy serves to prolong
battery life and reduce the frequency of replacements. It serves
as a transitional stage, aiming to strike a balance between energy
independence and operational flexibility, making it suitable for sce-
narios where moderate interaction frequency is required, yet access
to stable power sources is limited.

7.3.3  Maximizing Interactivity with Plugged Power. The plugged
mode abandons the SMFC’s role as an energy harvesting device,
simplifying system implementation by removing the energy har-
vester module. A stable power source allows us to design systems
with energy consumption that is much higher than SMFCs can



SoilSense: Appropriating Soil-based Microbial Fuel Cells to Create Tangible Interfaces

Energy
Budget

Power Mode SMFC

Fully Self-powered

Partially Self-powered

Plugged

UIST ’25, September 28-October 1, 2025, Busan, Republic of Korea

Ener Interaction
Socket 9y
Consumption Frequency
Infrequent
Esystem = ESMFC
t
Occasional
Esystem > ESMFC
>t
Frequent

Esystem > ESMFC

Figure 14: Three types of power mode: Fully Self-powered, Partially Self-powered and Plugged shaping their corresponding
scenarios and ways of interaction. Energy budget refers to the expected amount of energy available for the system under
the mode; Socket indicates whether the device requires connection to a stable power source; Energy consumption shows the
relationship between the whole system’s energy demand (Esystem) and the SMFC could afford (Esprc); Interaction frequency
use the time axis () and blue bars to indicate interaction intensity the system intended to support within a period of time.
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Figure 15: (a) Connection schematic of measuring SMFC out-
put voltage with microcontroller. An external USB powers
the MSP430 to enable sampling during operation.; (b) Voltage
across the built-in capacitor in ADP5090 over 20 hours with
a single cell and 3 cells, respectively.

afford. Although this mode sacrifices energy autonomy;, it unlocks
richer interaction possibilities, aligning with scenarios where re-
sponsiveness and complexity are prioritized over sustainability,
such as educational or biodesign artifacts [2, 16, 74]. These systems
usually place more emphasis on sensory experience and user en-
gagement through multimedia approaches, such as LED displays,
actuators, and speakers.

8 Limitations & Future Work

Firstly, while SMFCs are intrinsically energy-harvesting devices,
our focus is not on optimizing their power output or enabling
fully self-powered systems. This choice was intentional: focusing
on the sensing potential of SMFCs allows us to explore a new
interaction paradigm before addressing the more complex challenge
of achieving energy autonomy. Instead, we discuss energy only
in the context of interaction design. Future work could further

investigate more sophisticated energy-aware interaction strategies
and system-level sustainability under different power constraints.

Secondly, another important direction lies in advancing the in-
terpretation and processing of SMFC voltage signals. While we can
establish a relationship between the force applied to the cathode
and the resulting voltage changes, it remains challenging for us to
perform precise regression, such as predicting the exact magnitude
of pressure based on the voltage variations. This limitation stems
from the variability in the SMFC fabrication process, which trades
off measurement precision for accessibility and ease of making. In
this study, we used a threshold-based calibration approach similar
to other sensors influenced by fabrication variability and environ-
mental drift when developing example applications [50, 62, 97].
However, a more systematic methodology for signal interpretation,
such as integrating machine learning or multi-SMFC fusion, could
help translate voltage changes into more precise or expressive input
semantics.

Thirdly, while we showcased example applications that demon-
strate how SoilSense could integrate into everyday contexts, we
have not conducted formal user studies to evaluate the usability,
intuitiveness, or acceptance of soil-based interfaces. As SoilSense
operates through a novel tactile paradigm and material substrate,
future work could examine how users perceive soil as a medium for
input, and how interaction ergonomics, feedback latency, or visual
cues influence user experience.

Lastly, although we demonstrated the potential of embedding
SMEFCs into plant pots and lawn environments in Section 6, these
prototypes serve as conceptual explorations rather than systemati-
cally validated deployments. We did not evaluate how well SMFCs
co-exist with actual vegetation over extended periods, nor how
outdoor environmental factors, such as sunlight, temperature fluc-
tuation, and weather, affect sensing performance. While prior work
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suggests SMFC’s compatibility with plant ecosystems [6, 59], fu-
ture implementation is needed to assess how the dual role of soil as
both substrate for living organisms and sensing medium influences
real-world robustness and applicability.

9 Conclusion

In this paper, we presented SoilSense, a novel approach that appro-
priates Soil-based Microbial Fuel Cells (SMFCs) as tangible inter-
faces. By characterizing the voltage response to pressure across
different electrode configurations and environmental conditions,
we demonstrated how soil can support rich interactions. Building
on this mechanism, we proposed a set of design patterns, such as
adaptive form factors, expandable input channels, and ecological
compatibility, that outline new interaction possibilities with soil-
based interfaces. Our prototypes explored applications that cover
a wide range of applicable scenarios, supported by a discussion
of energy-aware interaction under different power modes. While
future challenges remain in signal processing, fabrication consis-
tency, or real-world deployment, this work positions soil as both a
sensing and structural medium, contributing to the broader vision
of nature-integrated computing. We believe this opens new design
opportunities for interactive systems that are not only functional
but ecologically situated and materially expressive.
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