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Figure 1: We contribute sustainable fabrication of biochemical holographic sensors derived from bacteria, enzymes and organic
biochemical sources. These open up new avenues for biological and environmental sensing for HCI. (a) A biochemical sensor
made from flavin enzyme derived from Aerococcus viridans bacteria. It measures the lactate levels in the sweat to indicate
the intensity of physical activities. (b) A wearable sweat sensor that is functionalized with a glucose-sensing assay derived
from Aspergillus niger mold. (c) We also demonstrate the fabrication of gas sensors. Carbon dioxide sensors made on diverse
soft biodegradable, bio-sourced and vegan-friendly material substrates visually indicating the amounts of carbon dioxide
emissions from an SLA printer (darker the yellow tone, higher the emissions). (d) Low-cost, wearable holographic sensing for

self-contained real-time quantitative data streaming,.

ABSTRACT

Sustainable fabrication approaches and biomaterials are increas-
ingly being used in HCI to fabricate interactive devices. However,
the majority of the work has focused on integrating electronics.
This paper takes a sustainable approach to exploring the fabrica-
tion of biochemical sensing devices. Firstly, we contribute a set of
biochemical formulations for biological and environmental sens-
ing with bio-sourced and environment-friendly substrate materials.
Our formulations are based on a combination of enzymes derived
from bacteria and fungi, plant extracts and commercially available

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.

UIST ’24, October 13-16, 2024, Pittsburgh, PA, USA

© 2024 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 979-8-4007-0628-8/24/10

https://doi.org/10.1145/3654777.3676448

chemicals to sense both liquid and gaseous analytes: glucose, lactic
acid, pH levels and carbon dioxide. Our novel holographic sensing
scheme allows for detecting the presence of analytes and enables
quantitative estimation of the analyte levels. We present a set of
application scenarios that demonstrate the versatility of our ap-
proach and discuss the sustainability aspects, its limitations, and
the implications for bio-chemical systems in HCL
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1 INTRODUCTION

DIY (Do-It-Yourself) prototyping of soft interactive devices is re-
ceiving increased attention fueled by a broad set of accessible fabri-
cation techniques contributed by the HCI community. For instance,
soft devices of diverse form factors and custom embedded circuitry
can be realized with silicone casting [56, 80, 83], cutting and layer-
ing techniques [58, 82], through ink-jet or screen printing on soft
substrates [84]. They can also be woven [14, 90], knitted [35], or

embroidered [23].

While the fabrication of soft devices has traditionally focused
on electrical [56, 83], mechanical [24] or electro-mechanical [35,
69] approaches for various applications such as tactile sensing,
haptics, physiological sensing and kinematic sensing, a less explored
modality is biochemical sensing. This novel approach, as evidenced
by limited research in the area [60], presents a unique opportunity
in the fabrication of soft interactive devices.

The integration of biochemical sensing into soft interactive de-
vices holds significant potential. These devices enable non-invasive
sensing of chemical and biological analytes, such as biomarkers
in the body or pollutants in the environment. They can function
without sophisticated interfacing circuitry, can be easily deployed
in diverse environmental settings for non-invasive sensing of haz-
ardous chemicals, and can be seamlessly integrated with other
sensing modalities within the same device (e.g. a touch sensor can
be supplemented with an additional glucose sensing layer).

Recognizing these advantages, the HCI community has also
been actively exploring chemical interfaces. These include chemi-
cal sensors for UV sensing [50], pH sensing [28], cosmetic chemical
sensors for detecting exposure to environmental hazards [29], sens-
ing biomarkers in sweat [25, 64, 90]. However, all these works
focused on only one sensing modality (e.g. environmental [50], pH
levels [28], or biosensing [90]) and with a specific substrate mate-
rial such as yarn [90], tattoo paper [50] or cosmetic powder [29].
However, a diverse exploration of biochemical devices for both
environmental and biological sensing is missing. Pioneering work
from materials and chemistry has explored the development of soft
biochemical sensors [3, 36, 89]. Despite these advancements, the
focus has largely been on new materials and functional compo-
sitions rather than on sustainable materials or the fabrication of
interactive devices.

In this work, we for the first time introduce Analyte-Sensitive
holographic sensing for interactive applications. We contribute
sustainable fabrication of soft holographic devices for biochemical
sensing.

This work makes the following contributions:

o We for the first time introduce Analyte-Sensitive Holographic
Devices for interactive sensing. While this approach has been
prevalent in physics and chemistry, it is yet to be explored in
the context of biological and environmental sensing for HCI. We
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engineered a low-cost portable interfacing circuitry to implement
this sensing principle.

e For the first time, we explore a unified fabrication approach
for diverse sensing modalities. Our sensors can detect not only
common biomarkers like glucose and pH but also more complex
biomarkers such as lactate levels in sweat (previously unexplored
in HCI) and gaseous compounds like carbon dioxide.

o We contribute sustainable fabrication approaches for creating bio-
chemical sensors in a simple lab setting. We present the formula-
tion of enzymes and biochemical solutions for biological and envi-
ronmental sensing. All components of our sensor stack—substrates,
enzymatic, and biochemical layers—are bio-sourced, biodegrad-
able, and vegan-friendly.

o We performed a series of technical experiments to character-
ize and evaluate the response of our sensors. Results from our
Spectrophotometry analysis show that the biochemical sensors
produce distinct responses dependent on the concentration of
the analytes. Results from a user study show that the sensors
function on human skin. Finally, with a simple machine learning
model, we can accurately predict the concentration levels of all
the analytes with our sensing assays.

o Finally, we demonstrate application scenarios to showcase the
potential of the devices fabricated through our approach.

2 RELATED WORK

Our work falls at the intersection of HCI, biochemistry and sustain-
able fabrication.

2.1 Sustainable Fabrication Approaches

Recent research has shown that researchers still heavily rely on
petroleum-based materials for prototyping physical objects [37, 64].
In response, and often under the banner of sustainable interaction
design in HCI [7, 16], researchers have created and prototyped with
several bio-based materials, including agar-based or cellulose-based
bioplastics [4, 37], SCOBY leather [57], compost-based clay [6], bio-
foam [40] and, mycelium skin [80]. These bio-based materials, with
their ability to fully biodegrade, are potential replacements for
less-sustainable materials, such as bioplastics for petroleum-based
plastics and SCOBY leather for animal leather. Thus far the focus of
this line of research has been to integrating electronics capability
by making them conductive [37, 40] or using these as substrate
materials to augment them with electronic functinality [80]. How-
ever, using such sustainable approaches for creating biochemical
sensors from biodegradable and bio-sourced materials are yet to
be explained. Secondly, not all sustainable approaches are vegan-
friendly i.e. many of these approaches still use animal byproducts
(e.g. gelatin, chitosan etc.). We believe that an important design
consideration for sustainable fabrication is also to explore vegan-
friendly alternatives and hope our attempt will drive this research
theme further. Table 1 compares this work with all the previous
work that contributed to sustainable fabrication, living matter in-
terfaces and biosensing devices in HCL
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Related Work Context BioSensing with Sweat Environmental Sustainable Vegan-
Sensing Friendly
BioWeave [90] Biosensors for sweat v (Glucose, pH) X v VA
Vim [74] Printed batteries for prototyping X X v V.
Interactive Bioplastics [37] Integration of electronics with bioplastics X X v X
BioHybrid Devices [57] Integration of electronics with living matter X X v V.
SCOBY Breastplate [5] interactive breastplate fabricated from SCOBY X X v V.
EcoPatches [50] UV Sensing patches for Skin X v/ (UV exposure) v V.
Organic Primitives [28] pH-reactive materials for interaction X v v (pH) VA
Flavorium [22] Flavobacteria as living colour interfaces X X v V.
Bioluminiscent Algae [62] using natural visual feedback of bioluminescent algae X X v V.
BioFoam [40] Biofoam as a design material X X v X.
Myco-Accessories [80] embedding electronic circuits into mycelium skin X X v V.
Care-Based interaction [45] Slime mold for care-based interactions X X v V.
BioSparks [76] Glucose sensing embedded into jewellery V (electrochemical sensing) X X V.
Dermal Abyss [81] Invasive biosensing of interstitial fluids in the skin ~ v/(glucose, pH, Na*) X v V.
Chitosan Biofilm Actuators [12] ~ Humidity sensing with chitosan films X v/ (humidity) v X.
This work Sustainable vegan-friendly biochemical sensing ' (lactate, glucose) v (COg, pH) v v .

Table 1: Comparison of related work in HCI that has contributed living matter interfaces, sustainable fabrication approaches.
(*a) While these works had vegan-friendly components, they used Chitosan as one of the components for their prototypes.

2.2 Fabrication of Epidermal BioSensors

The human-computer interaction community has recently started
to investigate epidermal devices for interaction. These devices aug-
ment the human skin with input and visual or tactile output capabil-
ities [15, 30, 43, 55, 56, 59, 61, 75, 79, 82—84]. Human skin serves as
a promising interface for capturing biosignals, and recent work in
HCI contributed the fabrication of epidermal devices for health mon-
itoring [48, 52, 58]. More recent research has explored the chemical
sensing of biomarkers from sweat and interstitial fluids [76, 81, 90].
BioWeave [90] presented weaving thread-based sweat sensors for
detecting glucose, pH and electrolytes while BioSparks [76] inte-
grated electrochemical sensors for detecting glucose. While the
fabrication of chemical biosensors is an emerging stream of re-
search and is still not fully explored in HCI, a few external venues,
such as [20, 33], have used complex biochemical synthesis and en-
zymatic reactions for the detection of sweat lactate levels. We are
proposing simpler fabrication methods for detection of complex
biomarkers such as lactate levels in sweat. In this work, we for the
first time demonstrate lactate detection of sweat through analyte-
sensitive holographic sensing using sustainable and vegan-friendly
materials.

2.3 Chemical Interfaces in HCI

The use of chemical processes for designing novel interactions
is gaining recent attention in HCI. These include supercapaci-
tors that are fabricated using sustainable materials [74], and wear-
able patches that can show exposure to UV light through changes
in color [51]. Lotio is a skin-worn interface that senses lotion
and enacts visual, tactile, or digital transformation [73]. Chemi-
cal haptics provides haptic sensations by delivering liquid stim-
ulants to the user’s skin [44]. Jensen et al. used the principle of
electrochromism to fabricate flexible displays [26]. Recent work

has also demonstrated chemical sensing for various interactive ap-
plications [12, 28].However, these are limited to sensing a single
modality i.e. pH and humidity respectively.

While the use of chemicals and chemical reactions has been
leveraged for designing novel interfaces in HCI, to the best of our
knowledge, we are yet to see the fabrication of soft biochemical
sensors using sustainable fabrication methods. Also, to the best of
our knowledge none of the previous works systematically explores
the intricate relationship between the substrate materials, chemical
analytes and fabrication approaches for realizing soft chemical
sensors to sense diverse set of chemicals.

2.4 Bio and Environmental Sensing in Materials
and Chemistry

The development of epidermal biosensors and environmental sen-
sors is an active research area within various fields in science. The
core function of these sensors is to detect and quantify specific
biochemical markers or analytes in the body’s sweat or intersti-
tial fluid, which can provide valuable insights into an individual’s
health status [19, 65, 85]. The detection of lactate sensors is of active
interest various approaches such as using electrochemical [34], opti-
cal [88] and holographic [67] approaches have been employed [39].
Similarly, glucose is one of the most studied biomarkers [87]. Envi-
ronmental elements such as carbon dioxide and extreme pH levels
have been well explored in chemistry [10]. While these research
works have demonstrated the fabrication of all the sensors that
are being presented in this work, there are several limitations to
those works: firstly, not all those sensors work with sweat, for e.g.
the holographic lactate sensors work with blood [67]. Secondly,
they typically use complex material formulations (e.g., nanofilm
composites, rare-earth materials like gold, platinum, etc.) and func-
tionalization schemes and require sophisticated infrastructure (e.g.,
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fume hood, wet lab, etc.) for fabrication, rendering them unsustain-
able. Thirdly, an in-depth exploration of biochemical formulations
with sustainable substrate materials has yet to be explored in these
domains. Here, we demonstrate the fabrication of these sensors in
three simple steps: formulation, fabrication, and use. Additionally,
our entire sensor stack is biodegradable and environment-friendly.

3 DESIGN GOALS

Continuing to draw on related work and our own personal experi-
ences with designing and fabricating soft chemical sensors, in this
section we outline several design considerations for the realization
of HoloChemie devices.

3.1 Sustainable Prototyping

Functional prototyping plays a significant role in HCI design in-
teractivity. However, there is a tension between HCI’s traditional
practice of prototyping and sustainability goals [70], as the com-
monly employed materials can have adverse environmental effects.
This is due to their provenance and scarcity (e.g., metal mining
causing loss of biodiversity [17]), synthesis, processing (e.g., toxic
effluents from PCB creation [9]), and disposal (e.g., acrylic sheets
ending up in landfill [18]). Hence, our primary design requirement
is to use bio-sourced and eco-friendly materials. Once no longer in
use, the sensors can be remolten and re-fabricated into other proto-
types or degraded or composted, allowing for a safe and sustainable
life cycle. Finally, because chemical sensing typically involves chem-
ical analytes, we must ensure that the sensors degrade organically
and do not harm the soil once they decompose.

3.2 Diversity in Sensing

Designers, practitioners and makers typically require wide range
of sensing capabilities for diverse applications. Hence we employed
a breadth-first approach, in which we explore the sensing of mul-
tiple chemical substances that are found in human body and our
environment. This enables designers, practitioners and researchers
to fabricate custom soft chemical sensors for diverse applications.

3.3 Simple Readout Scheme for Quantitative
Measurements

Chemical sensors typically show the presence of an analyte. How-
ever, in many scenarios, it is not only important to detect the pres-
ence but also to quantify the amount of an analyte. When the
sensors show a colorimetric response this can be achieved through
computer vision approach where a smartphone can detect changes
in the colour through a RGB camera. However such approaches can
fail when the responses are not colorimetric. Hence our goal is to
create a simple setup which can provide a quantitative estimation
of the analyte that can work with colorimetric and non-colorimetric
response.

3.4 Wide-Accessibility and Vegan Materials

The current state-of-the-art methods for the fabrication of chem-
ical sensors (typically used in the materials science and research
communities) predominantly use highly expensive materials (e.g.
gold) or complex material formulations. This significantly prohibits
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Figure 2: Working principle of the analyte-sensitive holo-
graphic sensing. (a) A substrate functionalized with a chemi-
cal sensing layer that responds to a specific analyte. When
exposed to a light source, the sensor has default optical prop-
erties (e.g. absorption/reflectance levels, color, transparency
etc.). (b) When the sensor comes in contact the chemical sens-
ing layer, it changes the optical properties of the sensor. This

can be identified by the way the rays interact with the sur-
face.

wider adoption. Second, sophisticated fabrication equipment is typ-
ically used (e.g. vacuum deposition, sputtering, centrifuge, etc.) to
create the electrodes. Thirdly, recent work in HCI has developed
soft devices using materials that are derived from animal products
(e.g. gelatin, chitosan etc.) [12, 37, 90]. However, the use of certain
animal products does not fit into the cultural practices of a few com-
munities. Therefore, a key design requirement for us has been to
use widely-accessible, bio-sourced organic materials and low-cost
fabrication approaches.

3.5 Prototyping Passive Sensors

A massive advantage of holographic chemical sensors is that they
can be completely passive without needing external power source
(for detecting the presence of an analyte and coarse quantitative
estimation based on the colorimetric response). Our design goal
here is to leverage this powerful feature of chemical sensing so
that passive chemical sensors can be fabricated rapidly, thereby
unleashing them for diverse ubiquitous sensing applications.

4 WORKING PRINCIPLE AND BIOMATERIALS

To the best of our knowledge, we are the first to explore sustainable
fabrication of Analyte-Sensitive Holographic sensing for interactive
sensing. In this section, we outline the sensing principle, and discuss
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the core biomaterials that we have explored for fabricating our
biochemical sensors.

4.1 Holographic Sensing

Holographic sensors are a class of sensors at the intersection of
optics, materials science, and chemistry, offering unique advantages
for detecting and quantitatively analyzing chemical substances and
physical conditions. These sensors operate based on the principle
that the holographic patterns—specifically, the spacing between
recorded nanoparticles and the material’s effective index of refrac-
tion (np)—can alter in response to environmental stimuli. These
changes, in turn, affect the hologram’s optical properties, such as
the peak wavelength (4, f), its color distribution, and intensity
(brightness), enabling the detection of specific analytes.

Holographic sensing can be realized through multiple schemes [46,
53]. One approach is Diffraction or Bragg gratings-based technique
in which the surface features of a soft material (e.g. hydrogels,
gelatin films etc.) are modified to form Bragg gratings (regularly
separated parallel fringes). These gratings diffract light in different
directions due to their periodic structure [46]. This approach is
more appropriate for physical stimulants. Another class of holo-
graphic sensors is the Anlayte-Sensitive holographic sensors. In
this approach, instead of modifying the surface structure, the sub-
strate material is functionalized with a chemical sensing layer
that responds to specific analyte (e.g. glucose). This chemical sens-
ing layer changes one/more optical properties (e.g. color, absorp-
tion/reflectance properties, refraction index, transparency etc.) of
the underlying substrate material when it comes in contact with
the analyte. Figure 2 illustrates this sensing technique [53].

There are several advantages of Analyte-based holographic sen-
sors making them highly suitable for several interactive applica-
tions. Firstly, they enable the determination of the presence/absence
or concentrations of analytes [86] through a visual direct readout
scheme without, the requirement of expensive equipment such as
spectrophotometer. Because they can be passive, they do not need
any external power source, unlike other electrical or electrochemi-
cal sensors. Finally, they are more sensitive and specific to a given
analyte. For instance, a glucose holographic sensor will only react
with glucose even in the presence of other analytes.

4.2 Biomaterials

Our goal is to fabricate the chemical sensing layers of Analyte-
Sensitive holographic sensors using materials that can easily de-
compose. While there are several such biochemical sources in na-
ture, here we are interested in those materials and sources that (1)
are relevant for HCI, (2) are easy and safe to handle and (3) can
be fabricated in a simple lab setting (without the requirement of
sophisticated infrastructure like wet lab space, fume hood etc.). This
exploration is crucial for pushing the boundaries of sustainable bio-
chemical device fabrication. We believe that this work will inspire
the community to explore more of such biomaterials for diverse
use cases.

To give the reader the background to replicate our technical
implementation, we provide an overview of the biological and
chemical components and their sources used in our devices. :
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Figure 3: Living matter and bio-sourced materials that are
central to the formulation of our enzymes and flavonoids.
(a) Aerococcus viridans Bacteria: source for Lactate Oxidase
Enzyme (b) Aspergilus niger Mold: source for the Glucose
Oxidase Enzyme (c) Anthocyanins: class of water-soluble
flavonoids widely present in fruits and vegetables. Images
in (a) and (b) are courtesy Center for Disease Prevention and
Control.

e Aerococcus viridans bacteria as source for Lactate Oxidase
(LOx): Aerococcus viridans is a member of the bacterial genus
Aerococcus(Figure 3(a)). This bacteria produces an enzyme called
L-lactate oxidase (LOx). LOx is a flavoenzyme! catalyzes oxida-
tion of L-lactate and O3 into pyruvate and HyO2. A major clinical
use of LOx is in the determination of L-lactate indirectly via
the HyO, formed in the reaction. The determination of L-lactate
can be useful for many interactive applications. For e.g. measur-
ing the L-lactate levels in sweat indicates the metabolic activity,
physical activity and even the tissue health [49].

e Glucose Oxidase (GOx) from Aspergillus niger mold: As-
pergillus niger is a mold classified within the Nigri section of the
Aspergillus genus (Figure 3(b)). The Aspergillus genus consists of
common molds found throughout the environment within soil
and water, on vegetation, in fecal matter, and on decomposing
matter. It secretes an enzyme called Glucose Oxidase (GOx) [42]
which can be used for sensing glucose.

e Anthocyanins in Hibiscus Tea: Anthocyanins are a class of
water-soluble flavonoids( widely present in fruits and vegetables).
Anthocyanins in Hibiscus flowers can be excellent pH indica-
tors [21](Figure 3(c)).

Flavoenzymes catalyze an impressive variety of chemical transformations, ranging
from oxidation-reduction reactions to substitutions of hydrogen atoms with oxygens
or halogens to carbon-carbon bond formations.



UIST 24, October 13-16, 2024, Pittsburgh, PA, USA

Roy, et al.

Material Source Function Sustainable Property
Alginate Sigma (https://www.sigmaaldrich. ~ Substrate material Bio-sourced and biodegradable
com/CA/en/product/aldrich/
w201502)
Agarose Sigma (https://www.sigmaaldrich. ~ Substrate material Bio-sourced and biodegradable
com/CA/en/product/sial/a4718)
Fabric Amazon (https://www.amazon.ca/  Substrate material Made from cotton. Bio-sourced and biodegradable.
Cotton-Muslin-Fabric-Unbleached-
Linen/dp/BOC6ZCPGPX)
Chromatography Paper Sigma (https://www.sigmaaldrich. ~ Substrate material Pure cellulose derived from cotton. Bio-sourced and biodegradable.

com/CA/en/product/aldrich/
wha3017820)
Potassium Iodide (KI)
com/CA/en/product/sigald/221945)
Phosphate Buffer (PB)
com/CA/en/product/sigma/p3619)
Glucose Oxidase (GOx)
com/CA/en/product/sigma/g2133)
Lactic Oxidase (LOx)
com/CA/en/product/sigma/19795)
Hibiscus Tea Amazon  (https://www.amazon. pH indicator
ca/Foothills-Naturals-Hibiscus-
Flowers-Organic/dp/B07R243C38)
Sigma (https://www.sigmaaldrich. ~ pH indicator

com/CA/en/product/sial/114413)

Bromothymol Blue

Sigma (https://www.sigmaaldrich. ~ Produces the holographic response

Sigma (https://www.sigmaaldrich. maintaining appropriate pH levels

Sigma (https://www.sigmaaldrich. Enzyme for glucose detection

Sigma (https://www.sigmaaldrich.  Enzyme for lactate detection

Water soluble. Enhances the antioxidant defense system in plants [20]

Used for evaluating organic nitrogen in soil [77].

Bio-sourced from mold.

bio-sourced from bacteria.

bio-sourced and biodegradable.

Water soluble and decomposes in soil.

Table 2: Materials used for fabricating the sensors, their functionality and sustainable properties

4.3 Substrate Materials

Our main goal is to fabricate the entire sensor stack using sus-
tainable materials while ensuring they are functional and allow
for holographic sensing. Hence we meticulously chose the sub-
strate materials and biochemical formulations to ensure that all
components are entirely environment-friendly (i.e. they decompose
naturally, can be reused if required and are bio-sourced).

We chose six substrate materials for our fabrication experiments:
(1) Alginate (2) Agarose (3) Tattoo paper (4) Chromatography paper
(5) Woven fabric and (6) Non-woven fabric. All our substrates are
derived from plant extracts and chosen for diverse HCI applica-
tions. Alginate and agarose are for soft wearables, tattoo paper and
chromatography for rapid and paper prototyping, and fabrics for
e-textiles.

We chose these substrates because of the following reasons:

(1) they are commercially available, safe and easy to handle, widely-
accessible and low-cost materials.

(2) they are being actively used in the HCI research community be-
cause of their flexibility, stretchability and bio-compatibility [28,
37].

(3) they are completely bio-sourced and biodegradable, which is
a crucial requirement for sustainable fabrication [37, 71]. We
systematically analyzed material composition before selection:
chromatography paper (Whatman) is pure cellulose derived
from cotton; tattoo paper (Silhouette) is composed of ethyl
cellulose prepared from wood pulp [8]. The fabric substrates
are made from cotton.

Chromatography Paper Non-Woven fabric
| : | \
\ \ Y.

Woven fabric

I

Figure 4: Substrate materials used for fabrication. All the
materials bio-sourced and biodegradable.

4.3.1 Substrate Preparation.

e Alginate Sheets: Alginate is a hydrocolloid (a substance which
forms a gel in the presence of water) from algae, specifically
brown algae, which is a group that includes many of the seaweeds,
like kelps and an extracellular polymer of some bacteria. Sodium
alginate (Food Grade Sodium Alginate 2) is one of the best-known
members of the hydrogel group, and has been extensively used
in diverse domains such as food industry, medicine and tissue
engineering [1].

Zhttps://www.amazon.com/Alginate- Calucium- Luxurious- Desserts- Meatloaves/dp/
BOC55]JRQCX/
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Alginate sheets were prepared by mixing sodium alginate (Food
Grade Sodium Alginate 3), glycerol 4, and distilled water in a
1:25:1 ratio by weight. The mixture was stirred at room temper-
ature until homogeneous and viscous. It was then poured into
predefined moulds and allowed to dry at ambient conditions for
8-10 hours. Once dry, the sheets were carefully removed using
tweezers.
Agarose Sheets: Agar-Agar Sheets: Agarose is a polysaccharide
that is isolated and purified from agar or agar-bearing marine
algae (sea kelp).
Agarose sheets were produced by dissolving agarose powder(® in
distilled water to a final concentration of 2% (w/v). This solution
was heated in a microwave until boiling to ensure complete
dissolution. The hot solution was then poured into moulds and
left to solidify at room temperature for 6-8 hours. The solidified
sheets were subsequently removed from the moulds.

o Chromatography Sheets: We included commercially available
chromatography sheets (cellulose as the base material) because
of their versatile and widespread use.

o Tattoo Paper: Tattoo paper is a substrate that allows for the
fabrication of highly skin-conformal devices. It is also made of
cellulose and has been a very popular substrate material choice
in HCI [30, 43, 61, 84].

e Fabrics: Due to their popularity and support for various fabrica-
tion techniques, we considered fabric (woven and non-woven).
They are being increasing explored in HCI [14, 23, 35, 90].

5 FABRICATION

In this section, we provide the fabrication details for formulating the
sensing layers and report our explorations on coating the sensing
layers onto the substrates. For fabricating the sensing layers, we
employed three different methods:

e Drop coating: A micropipette (PuroPET) with a range of 20
uL to 200 pL was utilized for this process. To ensure uniform
dispersion of the fluid, the same amount of solution was carefully
dispensed from the micropipette onto the substrate at 2-second
intervals. This technique allowed for precise control over the
volume of fluid applied, contributing to an even distribution on
the substrate.
Spraying: A 5 ml clear cylindrical spray bottle purchased from
Amazon® was employed for the spraying method. From the 5 ml
stock of solution fluid, a fine mist was generated by pressing the
fingertip-operated spray mechanism. This method facilitated the
application of the solution in a mist form, ensuring a consistent
and thin layer of fluid on the substrate.
e Brushing: A regular watercolour paintbrush, also acquired from
Amazon’, was used for the brushing technique. The solution fluid
was evenly spread on the substrate using the brush, ensuring
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thorough and uniform coverage. This manual method allowed for
controlled application, particularly useful for covering specific
areas or achieving a desired thickness of the fluid layer.

Each of these methods provided a different approach to applying
the sensing layers, offering flexibility in achieving the desired
uniformity and thickness for the final application.

5.1 Biological Sensing

With our fabrication approach, we contribute the fabrication of
skin-conformal soft biosensors that can detect biomarkers in sweat.
We are primarily interested in two crucial biomarkers that inform
the health and metabolic state: Lactate and Glucose.

Lactate: Lactate is considered an important biomarker for such
purpose due to its involvement in anaerobic metabolism. Prior
studies have shown a correlation between sweat lactate and exer-
cise intensity [66]. Lactate in sweat provides unique information
about the general health status of the individual, including pressure
ischemia and insufficient oxidative metabolism [13]. As a result,
the real-time and continuous monitoring of lactate in sweat has
been claimed as a rich source of information to preserve the health
status [11, 31]. Despite these potential benefits, we are yet to see
sustainable and widely-accessible approaches for fabricating lactate
Sensors.

Glucose: To demonstrate the versatility of our approach, we
also fabricated glucose sensors. Prior work in HCI has explored
sweat-based glucose sensors [76, 81, 90]. However, these are electro-
chemical devices which do not support passive battery-free sensing.
Bioweave [90] and Dermal Abyss [81] did contribute colorimetric
glucose sensors by incubating commercial urinalysis test strips.
However, this method was not compatible with our substrate mate-
rials. Hence, we contribute an alternate approach for fabricating
glucose sensors.

5.1.1 Assay Preparation. The sensing of lactate and glucose lev-
els is based on the preparation of enzymes. To create a conducive
environment for these enzymes to flourish, we need to maintain
appropriate pH levels. This is done using Phosphate Buffer Saline
(PBS) which has a close to neutral pH level (around 7.2-7.4). Addi-
tionally, to produce a noticeable colour change, we use Potassium
Iodide and Starch solution. This is because both Lactate Oxidase
(LOx) and Glucose Oxidase (GOx) produce Hydrogen Peroxide
(H202) which induces the oxidation of potassium iodide (KI) to io-
dine which in presence of starch produces dark noticeable colours.
We modeled this formulation based on the underlying chemical
reactions that occur between GOx-Glucose pair and LOx-Lactate
pair as shown in Figure 6.

Lactate Assay: We used Lactate oxidase derived from the bacte-
ria Aerococcus Viridans as the key enzyme for preparing the assay.
To create the lactate sensing assay, firstly, we prepared 30 mL of 1
mM (Millimolar) PBS (Phosphate Buffer Saline, PBS, Sigma-Aldrich
806552) buffer by diluting 1000 times 1 M PBS stock solution with
distilled water. We then added 2.49 g of KI (Potassium Iodide, Molec-
ular wt- 166 g/mol, Sigma-Aldrich, 221945) to 15 ml of 1 mM PBS
to obtain 1 M KI solution. To prepare the Lactate Oxidase (LOx) So-
lution, 100 U of Lactate Oxidase (Sigma Aldrich, L9795) was added
to 1 ml of PBS. Starch (Potato Starch, Sigma-Aldrich, 101252) is also
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Target Analyte Phosphate Buffer Potassium lodide Oxidase Starch
Glucose 1 mM 150 mM 0.1 U/mL (GOx) 10 mg/mL
Lactic Acid 1T mM 150 mM 16 U/mL (LOx) 10 mg/mL

GOx = Glucose Oxidase, 0.1 U =160mg

LOx = Lactate Oxidase, 16 U = 0.4mg

Figure 5: We contribute a very simple and easy fabrication process that works on both soft material and fabric substrates. Once
the sensing assay is prepared, they can be drop-casted, brushed with a paintbrush or sprayed on the substrate. The sensors are
ready to use once they are allowed to dry for about 20 mins at room temperature. The proportions shown here are optimized
for healthy participants. For sensing higher levels, please refer to the supplementary material.

used as a component at a desired concentration of 10 mg/mL. Once
the PBS, KI stock solution and lactate oxidase stock solutions are
prepared, we created an assay of 180 L by adding all these compo-
nents in the following proportions: 118 uL of PBS, 32 uL of LOX,
and 30 pL of KI solution and 2 mg of Starch (in powdered form)
to obtain the desired concentration of each components and then
they are gently mixed. These proportions have been optimized for
sensing lactate levels in healthy participants (i.e. in range 5-20 mM).
However, for monitoring excessive lactate levels that go beyond the
healthy levels, the levels of lactate oxidase need to be fine-tuned
accordingly. Our supplementary material provides more detailed
calculations in this regard and shows the mathematical calculations
based on molecular weights of the compounds we are using. Table
2 provides an overview of all the materials we used, their function
and sustainable properties.

Glucose Assay: We used Glucose oxidase derived from the bac-
teria Aspergillus niger Mold as the key enzyme for preparing the
assay. To create the glucose sensing assay, firstly, we prepared
30 mL of 1 mM (Millimolar) PBS (Phosphate Buffer Saline, PBS,
Sigma-Aldrich 806552) buffer by diluting 1000 times 1 M PBS stock
solution with distilled water. We then added 2.49 g of KI (Potassium
Iodide, Molecular wt- 166 g/mol, Sigma-Aldrich, 221945) to 15 ml
of 1 mM PBS to obtain 1 M KI solution. To prepare the Glucose
Oxidase (GOx) Solution, 160 mg of Glucose Oxidase (Sigma Aldrich,
G7141) was added to 10 ml 1 mM PBS to obtain the desired 100 uM
concentration. Starch (Potato Starch, Sigma-Aldrich, 101252) is also
used as a component at a desired concentration of 10 mg/mL. Once
the PBS, KI stock solution and Glucose oxidase stock solutions are
prepared, we created a 160 L assay by adding all these components
in the following proportions: 110 L of PBS, 20 pL of GOx, and 30

L-Lactate

L-Lactate + O2 ————— C3H3O0H (pyruvate) + H202
Oxidase

Kl + Starch + H202=————— KOH +[12 (lodine) + Starch olographic Response-

Color + Absorption change

Glucose
Glucose + H20 + O2 = C6H1207 (Gluconic Acid) + H202
Oxidase

Kl + Starch + H202 ~—— KOH +|12 (lodine) + Starch olographic Response-
Color + Absorption change

Figure 6: We designed our biochemical formulation based on
the underlying chemical reactions of lactate and glucose in
the presence of Lactate oxidase and glucose oxidase respec-
tively.

uL of KI solution and 2 mg of Starch (in powdered form) to obtain
the desired concentration of each component and then they are
gently mixed. These proportions have been optimized for sensing
glucose levels in healthy participants (i.e. in the range of 0.1-0.20
mM). However, for monitoring excessive Glucose levels that go
beyond the healthy levels, the levels of Glucose oxidase need to be
fine-tuned accordingly. Our supplementary material provides more
deta