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Flexible and biocompatible strain sensors are becoming increas-
ingly important in fields such as health monitoring, wearable
electronics, and environmental sensing because they offer signifi-
cant advantages over conventional rigid systems. However, they
lack the versatility and ecological and physiological biocompatibility
necessary for broader integration within biological systems. Here, we
describe the development of an inexpensive water-based plasticized
chitosan—carbon black composite ink that can be used to produce
conductive and biocompatible strain sensors. The ink can be applied to
various surfaces, including skin, internal organs, and other biological
tissues, using numerous methods, such as painting, dipping, and
stamping. Furthermore, this unprecedented ability to attach and con-
form to biological surfaces allows the exploration of secondary sensing
innovations, such as exploiting skin wrinkles to improve sensitivity. This
study demonstrates that the ink exhibits a reliable change in electrical
resistance in response to a wide range of motions, from subtle
vibrations during speech and heartbeats to extensive articulations, like
finger and elbow movements. This exceptional sensitivity range, bio-
compatibility, and the ink's low cost, biodegradability, and ease of
removal enhance its applicability in sustainable, temporary, and cus-
tomizable sensing solutions, highlighting its potential for versatile
applications in human health monitoring, motion detection, and
environmental sensing.

Introduction

The current ‘“data age” is a transformative era in which the
exponential growth of data is reshaping industries and everyday
life, creating new opportunities for innovation, efficiency, and
informed decision-making. This surge in data generation is
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fueled by the proliferation of sensors embedded in all sorts of
products and devices, alongside recent advances in machine
learning that have enabled the processing and analysis of these
large data streams to identify trends and make predictions.

Flexible strain sensors are particularly rapidly evolving and
have enabled the incorporation of movement analysis into soft
and flexible materials, resulting in the development of new
applications in emerging fields with broad and direct implica-
tions for human life, such as health monitoring, smart textiles,
and soft robotics." In addition to enabling entire new fields,
these flexible and stretchable strain sensors have also shown
themselves to be promising alternatives to traditional, rigid,
metal-based or semiconductor-based sensors, providing better
performance without the existing limitations of detection range
or complex production processes.>” It is therefore not surpris-
ing that, despite the very recent inception of these flexible
sensors, even conservative estimates predict a global market
size of more than $15 billion by 2032.*

Flexible strain sensors—like rigid ones—work by measuring
physical changes in a material under stress. The most com-
monly used sensors are those based on changes in electrical
resistance, which is easily measurable with simple and minia-
turizable electronics.” Such sensors are usually made of syn-
thetic polymers, either alone or as part of a composite with
inorganic components, and the sole focus of their development
has been on their sensing abilities and manufacturability.

However, the ability of flexible strain sensors to interact with
curved and soft surfaces has sparked interest in developing
biocompatible sensors for applications that require continuous
but unobtrusive observation of biological systems, such as health
and environmental monitoring.>” Biopolymers, in particular, have
been shown to be superior to their synthetic counterparts for such
applications, but their biocompatibility comes with a high cost
and narrow applicability, limiting their use to semi-permanent
solutions for continuous monitoring in controlled environments.
However, there are numerous other potential applications for
temporary, flexible strain sensors in human health,*® food
safety,""" and environmental monitoring,"”> which remain
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Fig. 1 Formation and molecular characterization of the resistive ink. (a) Diagram of the formation elements of the biocompatible resistive ink. The ink is
made from chitosan (a byproduct of the processing of crustaceans by the fishing industry), carbon black (the product of natural or artificial incomplete
combustion of organic matter), and glycerol. Both elements form a colloidal suspension in a water solution to create a liquid ink, which, upon vitrification,
solidifies into a composite with variable resistance under stress. (b) Optical image (left) and scanning electron image (right) of the dry ink used during the
experiments (3.7% w/v) where the carbon particles and their densely packed aggregation are clearly differentiated. Scale bars are 10 mm (left) and
0.001 mm (right). See Fig. S1 (ESIT) for other concentrations. (c) X-ray diffraction of the 3.7% carbon black ink. Two major peaks of chitosan and carbon
black were observed at 20.6° and 42.6°, corresponding to the (110) and (100) planes, respectively. While the amount of chitosan and carbon black is very
similar (1.2 times higher for carbon black), the disruption of the crystallization of chitosan by introducing carbon black makes the former dominate the
spectrum, while most chitosan is present as an amorphous contribution. (d) Fourier-transform infrared spectrum of the ink, showing the interaction of
functional groups of chitosan, carbon black, and glycerol. The interaction of carbon black with hydroxyl groups of chitosan and glycerol results in a shift
of the major peaks with respect to the pure carbon black spectrum (Fig. $3, ESIT), while the presence of the carbonyl group is evidenced in the 1027 cm™*
peak. The strong C—C peak at 1648 cm™! overshadows the amide groups of chitosan. (e) Diagram of the molecular interactions between chitosan,
carbon black, and glycerol. Hydroxyl groups in chitosan and glycerol interact with carbon black, while aggregated carbon molecules also engage with
amide and hydroxyl groups. (f) High-resolution XPS scans of dry carbon ink (3.7%). From top to bottom: C 1s, N 1s, and O 1s spectra and their
deconvolutions. Refer to Fig. S4 (ESIT) for similar analyses of other ink compositions.

unexplored because current sensors lack simultaneous biode-
gradability, versatility, and cost-effectiveness.

Here, we demonstrate the production of a water-based ink
comprising chitosan and carbon black nanoparticles and plas-
ticied using glycerol that is intended for use in monitoring
physiological movements (Fig. 1a). The conductive and versatile
ink can be directly applied to various surfaces, including tissue
(such as skin and muscle), cellulose, and other organic and
inorganic materials. It can be applied using different methods
like brush painting, pen drawing, or stamping, and can be
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easily removed with warm water. This ink’s performance and
ability to abruptly and rapidly change electrical resistance in
response to movement is highly consistent. This allows it to
monitor a wide range of physiological actions, from a beating
heart to the vibrations of a throat while speaking, to the articula-
tion of bones and joints. The latter is used, as an example, to
record and virtually reproduce the movement of a hand. This ink
stands out from other conductive inks on the market and from
previous studies due to its unique combination of affordability,
biodegradability, biocompatibility, and sensitivity (Table S1, ESIt).

This journal is © The Royal Society of Chemistry 2025
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The use of chitosan is not arbitrary; this biocompatible
biopolymer exhibits mechanical characteristics that are similar
to those of commodity plastics while also being both approved
for medical use'® and fully biodegradable in environmental
conditions.'* This biodegradability is essential to mitigate the
accumulation of long-lasting materials in Earth’s ecosystems
that would otherwise result from applications for which recovery
is not feasible.">'® Furthermore, chitin—in all its deacetylation
forms, including chitosan—is the second most abundant natural
biopolymer on Earth, surpassed only by cellulose. Indeed, while it
is commonly harvested as a bioproduct from the processing of
crustaceans in the fishing industry, it can also be produced and
extracted locally from every ecosystem on the planet."” This
is because it is synthesized and used in almost all biological
kingdoms, from the walls of fungi to the exoskeletons and sensing
organs of insects and mollusks'® to the mucosa and electrorecep-
tors of vertebrates.">*°

Chitosan is, however, an insulating material, and for its use
in electrical applications, it must be associated with conductive
particles.”” The use of chitosan with pure metals has recently
created a new type of biological metalworking, which uses the
unparalleled ability of chitosan to bind and aggregate metallic
particles at room temperature into very compact solids that
exhibit the properties of the pure metal.*> While chitin-metal
composites have already shown promising conductivity and
applicability in electronics, their use in producing low-cost
temporary sensors has been restricted by the cost and potential
impact of the metal component. Similarly, carbon nanomater-
ials, such as nanotubes, nanorods, fullerene, and graphene,
have shown good performance in electrical applications, but
their cost severely limits their generalizability."”® Here, we use
the inexpensive carbon black—a byproduct from the incomplete
combustion of organic matter—as the filler in the chitosan
matrix.>® Even as the matrix provides the composite with its
mechanical characteristics, so the carbon black filler provides
electrical conductivity with an efficiency inversely proportional
to the distance between the particles (i.e., more conductive the
closer they are).

Carbon black is a zero-dimensional nanomaterial that is
characterized by a high surface area for its volume, and both
the electrical resistance between particles and the chitosan
polymer’s aggregation of particles are driven by surface-to-
surface interactions. We therefore hypothesized that carbon
black would be particularly suitable for forming a composite
material for sensing conformational changes, especially those
involving low levels of stress. This is the condition in which a
low volume of the particles—which set the baseline for con-
ductivity—is critical for observing a change in resistance from
the background value.**

Results and discussion

To create the water-soluble, biocompatible composite ink, we
used chitosan extracted from shrimp shells dissolved at a 3%
concentration in a weak solution of acetic acid (1%; for
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comparison, table vinegar is 5-8%). Due to the hydrophobic
surface of carbon black particles, they do not disperse naturally
within water-based solutions; glycerol was therefore used as
a natural and biocompatible dispersant.>® In addition to its
dispersive properties, glycerol acts as a plasticizer for chitosan,
improving the dry ink’s elasticity to match soft tissue (e.g.,
skin).”®

The chitosan/glycerol/carbon black mixture was sonicated
for 10 minutes to break the particle aggregates. It has been
demonstrated that the concentration of particles in a chitome-
tallic composite strongly affects its mechanical and electrical
properties;>* to explore the effect of particle concentration, we
therefore produced three samples within a pre-established
range of concentrations that we have previously observed to
produce positive results. Qualitatively, the low-loading samples
(1.9% w:v) were characterized by outstanding mechanical prop-
erties and rubber-like flexibility but poor conductivity, while at
the other extreme of the viable range, the high-loading samples
(5.5% w:v) resulted in brittle composites that tended to crack
when dried (Fig. S1, ESIT). To explore practical uses, we there-
fore used a composite between the extremes (3.7% w:v) that
showed a balance of mechanical and electrical requirements,
suitable for both low- and high-strain sensing and with mini-
mal cracks under load.

Molecular characterization

At the molecular scale, the concentration of carbon particles
was observed to influence the ability of chitosan to crystalize.
X-ray diffraction patterns of the different composites showed
that chitosan always precipitated in the same crystal configu-
ration (Fig. 1c and Fig. S2, ESIf). However, with increasing
amounts of carbon black hindering the process, the number of
organized molecules decreased, resulting in more amorphous
materials. Unexpectedly, at low concentrations of carbon black,
the particles tended to make aggregates, while at high concen-
trations, they showed a uniform distribution (Fig. 1b and
Fig. S1, ESIt). This might appear counterintuitive but is a result
of the emulsifying function of the glycerol. The dispersion of
the particles during sonication is driven by internal frictions®”
and benefits from higher particle concentrations. Under nor-
mal conditions, the dispersion process is balanced by the
tendency of the particles to reestablish surface interaction
and to aggregate again—a process that also benefits from large
particle concentrations.”® While glycerol does not contribute to
the dispersion process, it blocks the particles’ active groups
immediately after they become available, effectively preventing
interaction with other particles and thus the formation of
clusters.

The highest of the previously tested concentrations of con-
ductive particles (5.5% w:v) resulted in improved electrical
conduction through the dried colloidal suspension/ink but also
led to the formation of macroscopic cracks under minimal
stress (Fig. S1, ESIT), which ultimately resulted in the loss of
electrical conductivity. In contrast, the 3.7% concentration
showed a uniform distribution of the particles without the
disadvantage of macroscopic cracks, yet a more in-depth
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analysis revealed a surface riddled with microscopic cracks
(Fig. 1b). Unlike the cracks in the highest concentration sample,
these microcracks were not deep or long enough to prevent
electrical conductivity. Indeed, we hypothesized that they might
actually contribute to the material’s excellent results and broad
sensitivity range, particularly at low strains, as the changes in
conductivity would then be due mainly to the opening and closing
of the gaps created by the cracks rather than the relative separa-
tion of the particles embedded in the material—the latter being
the main contributor at high strains. Interestingly, using a vari-
able gap in a chitinous structure to sense strains and vibrations is
the main principle of the slit sensilla in the cuticles of scorpions
and spiders.*

The molecular interactions and structure of the chitosan,
carbon black, and glycerol colloidal suspensions are shown in
Fig. 1le. An infrared analysis (Fig. 1d and Fig. S3, ESIT) of dried
ink shows dominant peaks for the stretching of ~-OH (due to an
adsorbed water/hydroxyl group on the carbon black surface),
the bending vibration of -CH, and the stretching vibration of
-CO0.%° The sterically available hydroxyl groups on the surface of
carbon black nanoparticles can form hydrogen bonds with
similar groups on chitosan molecules; as discussed above,
the interactions between the hydroxyl groups and the carbon
black particles must compete with glycerol, which is a small
molecule of high mobility. The effect of glycerol can therefore
be observed as a red shift in the ~OH stretching peak position,
from 3253 cm ™' to 3336 cm ™.

The interaction of the carbon black particles with the
hydroxyl groups of the chitosan and glycerol is also accompa-
nied by additional C-O bonds, observed in the FTIR spectra as a
1027 cm ™! peak.*! Furthermore, adding glycerol to the chitosan
solution results in an amide II band shift from 1541 to
1563 cm™ " (Fig. S4, ESIf), confirming an interaction through
the primary amino group (C2). However, an interaction in the
same locus with the carbon black particles could not be
determined because the amide band is overshadowed by
the overlapping C-C/C-O stretching peak from the particles
(1648 cm ™', position A in Fig. 1€).>* This molecular information
is supported by similar observations in the lower fingerprint
region of the FTIR (400-1000 cm '), where the C-O stretching
band at 560 cm " corroborates the interaction between the
carbon black particles and the oxygen of hydroxyl groups.
Similarly, the sharp peak at 874 cm ' adjacent to the -OH
wagging vibration (894 cm™') is characteristic of the C-N/C-C
stretching vibration (position B in Fig. 1e) and is therefore
consistent with the possible interaction between the carbon
particles and the amine group of the chitosan, which again
cannot be unequivocally corroborated due to the overlap with
the particle-particle interactions. The redshift of the C-H
stretching band in the chitosan (from 1407 cm ™' to 1425 cm ™)
after adding the carbon black confirms that the vitrification of the
colloidal suspension into a solid ink is not driven solely by a
physical entrapment of the carbon particles and that strong
intermolecular interactions play a part in the process.*

An X-ray photoelectron spectroscopy (XPS) analysis also
supported the molecular interactions identified by infrared
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spectroscopy (Fig. 1f and Fig. S4, ESIt). The deconvoluted
high-resolution C 1s spectrum of dried ink shows three peaks
at 284.79, 286.56, and 288.55 eV, which are attributable to
C-(H, C), C-(0, N), and O-C-O/C=0, respectively.>** The first
peak corresponds to single-bonded carbon atoms (C-C) and
C-H groups of chitosan, while the second broad peak corre-
sponds to carbon atoms linked to the hydroxyl group (C-O).
This second peak, therefore, confirms the interaction between
the carbon black particles and the amide group of the chitosan,
which, as mentioned, could not be resolved using infrared
spectroscopy. This interaction is also observed in the N 1s
spectrum, where the formation of new C-N bonds is unequi-
vocally identified by the 401.6 eV peak.*® The formation
of hydroxyl bonds between carbon black and glycerol—to
the detriment of the bonding between separate carbon black
particles—is also evidenced by the 286.29 eV peak in C 1s and
the 533.47 eV peak in O 1s.>® This corroborates the transition
from a conglomerate of carbon black particles to a dispersed
and profusely connected colloidal suspension of carbon black,
chitosan, and glycerol.

Consistent with the molecular and supramolecular analysis
of the composite, its thermal degradation shows that the
introduction of carbon black results in greater susceptibility
of the chitosan to such degradation (Fig. S5, ESIt), which is in
accordance with the amorphous configuration of the biopoly-
mer. The decomposition temperature of the chitosan in the
3.7% carbon back composite is as low as 166 °C, in contrast to
260 °C for more crystalline pure chitosan. The amorphous
phase is also characterized by a significantly higher water
content, which in pure chitosan is 11.03% but increases to
19.51% for the 3.7% carbon black composite.

Applications

All the components that form the water-based colloidal suspen-
sion are biodegradable and biocompatible in both the environ-
mental and biomedical senses and are thus appropriate
for applications in which such biocompatibility is required.
However, beyond the suitable chemical characteristics, the
monitoring of human health and biological systems requires
sensors that can conform to and connect with the complex
curved surfaces that characterize organisms while still being
able to sense movements ranging from mere vibrations (e.g,
heart, lungs, larynx) to large strains (e.g., limb movements).*®
A sensitivity plot (i.e., gauge factor; see Fig. 2a) of the dry ink
demonstrates its ability to conform to this complex set of
characteristics, with GF values of 9.47 and 17.18 (linear fitting,
R®> = 0.98) at low and high strains, respectively, enabling
sensitivity to human motion that is vastly superior to both
rigid sensors and costly and non-biodegradable flexible inks
(Fig. 2b).%7*

There is a significant gap between the theoretical perfor-
mance of the ink and its practical use, which is conditioned on
factors that vary and are difficult to measure, such as applic-
ability, affinity to different surfaces, and responses to complex
movements. To demonstrate the potential applications of the
ink, we therefore sought to evaluate its performance in several

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Resistive properties and application of the bioink. (a) Sensitivity (gauge factor) determination for low and high strain values indicates that the 3.7%
carbon black-loaded sample exhibits two differentiated linear fittings. These fittings are characteristic of an inflection point in the material's response to
strain, enabling the separate detection of low and high strains (see Fig. S7 for the dependence of the sensitivity with the ink thickness and Fig. S8 for
mechanical characterization, ESIT). (b) The gauge factor indicates the magnitude of the electrical resistance change of the material in response to strain.
In the panel, the response of the resistive bioink under low and high strain is compared to state-of-the-art materials, showcasing significantly higher
sensitivity in addition to its unprecedented range and versatility (see Table S1 for further comparison with existing products, ESIt). (c) Relative change in
electrical resistance of a resistive ink painted on the index finger as it transitions between three positions (see Video S1 for further details, ESIT). (d) Elbow
motion recorded as changes in electrical resistance during full contraction and expansion of the arm, including holding positions for several seconds to
determine the articulation’s movement (i.e., dynamic) and state (i.e., static). (e) Electrical resistance across a painted line on the skin measured during
rapid wrist movements. (f) Ink applied on the throat and the electrical resistance in response to speech (see Video S2 for further information, ESI).
(9) Durability and reliability test of the ink painted on skin by bending and relaxing the wrist for 1000 seconds. At the right are close-up images of the
recorded signal at the experiment's beginning (top, blue) and end (bottom, red).

real-world scenarios. To test its use in tracking body functions,
we prepared comprehensive strain-sensing tests by applying the
ink using a paintbrush to a test subject’s wrist, finger, elbow,
and throat (Fig. 2c-f and Video S1, ESIt). The ink was allowed to
dry for 10 minutes before testing, and the subject’s movements
were recorded as changes in resistance using a multimeter
connected to the two ends of the painting by copper wire.
The first test was performed by painting a thin line (~5 mm
wide) on the top of the index finger, covering both the proximal
and distal interphalangeal joints. The resistance was recorded

This journal is © The Royal Society of Chemistry 2025

as a function of the finger bending at different angles and
demonstrated a linear and steady response, enabling the
unequivocal differentiation between different bending angles
(Fig. 2c). This steady and precise response would also enable
much more advanced use of the data than simple monitoring,
such as communication by Morse code using the position of
the ink-marked finger (Fig. S5, ESIT). However, it is important
to note that the current research focuses on developing the ink
and evaluating its capabilities; no data processing has been
attempted, and all signals are recorded and used exactly as
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captured by a commercial multimeter to show the raw capabil-
ities of the ink rather than its full potential for complex
measurements and tasks.

The ink was then applied to the elbow to test large move-
ments (Fig. 2d). Despite the different sizes and movement
ranges, the results were similar to those observed for the
fingers, with a consistent and measurable response after sev-
eral cycles of bending and extending the arm. While the speed
of response to any change in resistance is dependent mostly
on the measuring tool and the speed of the movement itself
rather than to the material employed, there was nevertheless a

a Input

6000

Signal recording

View Article Online
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transition of less than 0.2 seconds between full extension and
full contraction of the arm and measurement of the corres-
ponding resistance values, reflecting the lack of ink-related
bottlenecks in the measuring speed (Fig. 2e). Interestingly, for
both the elbow and finger, the sensor sensitivity was two to
three orders of magnitude higher than measurements per-
formed on other body parts (e.g., neck). While initially attrib-
uted to the relatively long range of the movements, this
increased sensitivity was also observed in movements of much
smaller amplitudes but performed on wrinkled skin, such as
the horizontal displacement of the metacarpophalangeal joints
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Fig. 3 Applications carbon ink and its degradation. (a) Biological ink painted on the knuckle and the recording of the electrical resistance to create a
digital twin of the hand (see Video S3 for further information, ESIT). (b) Painting of a resistive line on the surface of a heart and recording of the simulated
palpitation as changes in the electrical resistance across the extremes (see Video S4 for further information, ESI¥). (c) 3D stamp used to apply a custom
shape resistive sensor in predefined shapes. (d) Production of resistive sensors by loading the biological ink in a fountain pen, enabling the rapid
production of inexpensive and environmentally friendly strain sensors, such as paper-based electronics. (e) Example of the removal of a resistive sensor
on skin using warm water. Adding to the low cost and biodegradability, easily applying and removing the ink enables a generalizable use as a disposable
alternative for short-term applications or when the sensor cannot be recovered. See Video S5 (ESIT) for water-resistant applications and medical
wearables.
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(i.e., knuckles) during finger extensions. We hypothesize that,
similar to the macroscopic cracks reported above, the extra-
ordinary conformability of the ink to the wrinkled surface of the
skin during articulations creates greater sensitivity by effec-
tively using the expansion and contraction of the skin wrinkles
themselves, similar to how arachnids use the slit sensillum,
which inspired the fabrication of ultra-sensitive micro-crack-
shaped strain sensors.***> While wrinkles greatly enhanced the
ink’s sensitivity to movement—particularly over a relatively
long range—the test of the ink on the throat to record neck
movement and larynx vibrations during speech demonstrated that
even low-amplitude movements are measurable without the need
for secondary topographies (Fig. 2f and Video S2, ESIt).

Finally, the durability of the ink was tested over 1000 seconds of
continuous bending and relaxing the wrist (Fig. 2g). No significant
change in the output signal was observed, highlighting the ink’s
suitability for the measurement of repetitive physical movements.

During this study, we have emphasized the sensor’s flexi-
bility and ability to conform to complex shapes—even to
natural skin wrinkles—for enhanced sensing mechanisms.
However, due to its simplicity and to the lack of the multi-
layered structure that characterizes most flexible sensors, it can
be uniquely applied as an ink instead of a prefabricated sensing
element. This offers further versatility of application and cus-
tomizability to very specific use scenarios, such as the isolation
of complex movements. For example, the ink application to the
knuckles enabled accurate monitoring of the finger positions
without applying ink to the fingers themselves—information
that was then used to create a digital twin of the hand state in a
virtual environment (Fig. 3a and Video S3, ESIt). The animation
seamlessly synchronized with the real-time movements of the
hand, illustrating the capabilities of these flexible sensors to
track and interpret complex motions and providing a new
versatility to create distance between what we want to measure
(e.g., finger position) and what we can measure (e.g., knuckle
wrinkles). A similar test of the ability to monitor complex
biological movements was performed using an ex vivo heart,
in which the systole and diastole cardiac cycle was reproduced
using a purpose-built auxiliary hydraulic pump attached to the
left atrium (Fig. 3b and Video S4, ESIt). The composite ink was
painted on the left side of the heart, and the expansion/
contraction was recorded as a variance in the ink resistance,
producing a clear “cardiogram” in which a signal similar to the
QRS complex was observed.*®

For consistency in this study, we applied the ink to the
various surfaces—thus creating the sensors—using a paint-
brush, which would be possible on almost any surface, irre-
spective of roughness or hardness. We also focused on painting
on the surface of organs—including the skin—due to their
complexity and clear use cases. There are, however, few theore-
tical or practical limitations to applying the ink using other
methods (e.g., inkjet printing, dipping, spraying) or to other
surfaces (e.g., paper, cartons, fruits, vegetables, clay, construction
materials) suitable for water-based inks. For example, using a
stamp and ink pad—spreading the resistive ink across the face
of the stamp and transferring it to the target surface—would

This journal is © The Royal Society of Chemistry 2025
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minimize calibration for applications not requiring versatility
(Fig. 3c). Similarly, loading a fountain pen with resistive ink
would allow sensors to be directly written, similar to painting
with regular ink (Fig. 3d). Indeed, while the overall resistance of
the sensor as a whole can be tuned by its pattern, we did not
observe any significant differences in the sensing capabilities of
the ink due to the application method.

In addition to the direct application of the ink on tissues, its
water-based chemistry and compatibility with a wide range of
biomaterials—not limited to tissues—enable its combined
use with other biocompatible technologies to explore further
applications. For instance, the ink can be used in wearables,
transforming standard bandages and other medical products
into “smart” devices capable of sensing movement. Further-
more, although the ink is intended for low-cost, temporary
applications requiring water solubility and rapid biodegrad-
ability, combining it with other technologies can facilitate its
adaptation to other conditions. This includes use alongside
standard waterproof protections and composites for longer,
more durable applications (Video S5, ESIT).

Conclusion

In conclusion, in this paper, we have reported a new type of water-
based resistive ink with strong affinity for biological materials that
allows a wide variety of surfaces to be transformed into pressure/
strain sensors by direct application (i.e., without support), includ-
ing skin, internal organs, and other biological materials. The
low—around $38 per liter—estimated cost of the ink, its fully
biological composition and biodegradability (Fig. S6, ESIT), its easy
applicability using a wide variety of methods, and its ability to be
easily removed with warm water (Fig. 3e) make it an unprecedent-
edly sustainable and affordable alternative to existing flexible
sensors. Furthermore, the ubiquitous nature of the ink’s compo-
nents and their existing industrial-scale production should enable
the scaling up of resistive inks for generalized use in sensing
applications—unrestricted by the production costs and recovery
needs of current strain sensors—and its application to a broad
range of areas, from health and environmental monitoring to
motion capture and smart clothing.

Despite its high-level simplicity, the ink demonstrated
unprecedented range and sensitivity at both low and high
strains and proved effective in recording movements from
simple vibrations to full-amplitude limb movements when
applied directly to the skin. The conformability of the ink to
the topography of the skin at the microscale—making it de facto
a resistive skin—will enable the exploration of complex sensing
mechanisms, such as the use of secondary topographies
(e.g., skin wrinkles) to improve the sensing range. We believe
these results represent a new approach to developing sensors
that is centered on general, customizable, and temporary use
and is based on simple and ecologically integrated chemistry.
We further believe that this approach will enable new uses and
previously impossible applications, particularly involving bio-
logical systems.
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