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Abstract: The need for portable and inexpensive analytical devices for various critical issues has
led researchers to seek novel materials to construct them. Soft porous materials, such as paper
and sponges, are ideal candidates for fabricating such devices due to their light weight and high
availability. More importantly, their great compatibility toward modifications and add-ons allows
them to be customized to match different objectives. As a result, porous material-based composites
have been extensively used to construct sensing devices applied in various fields, such as point-of-care
testing, environmental sensing, and human motion detection. In this article, we present fundamental
thoughts on how to design a sensing device based on these interesting composite materials and
provide correlated examples for reader’s references. First, a rundown of devices made with porous
composite materials starting from their fabrication techniques and compatible detection methods is
given. Thereafter, illustrations are provided on how device function and property improvements are
achieved with a delicate use of composite materials. This includes extending device lifetime by using
polymer films to protect the base material, while signal readout can be enhanced by a careful selection
of protective cover and the application of advanced photo image analysis techniques. In addition
to chemical sensors, mechanical responsive devices based on conductive composite materials are
also discussed with a focus on base material selection and platform design. We hope the ideas and
discussions presented in this article can help researchers interested in designing sensing devices
understand the importance and usefulness of composite materials.
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1. Porous Material-Based Composites for Sensing Devices

The importance of inexpensive and portable analytical devices is on the rise due to
critical issues such as point-of-care application, chemical and biological detection, and
environmental pollutant sensing. Practical design and straightforward fabrication of
such devices often require composites of multiple distinct materials and methods, and
the integration of diverse science and engineering disciplines. Porous material-based
composites, which are obtained by physical or chemical modification of native porous
materials, retain the base materials’ favorable physical properties. They are ideal for
portable sensing devices because of their low weight, while the rendering large surface area
allows efficient chemical processing. In addition, these materials are readily available and
highly compatible with various sensing mechanisms [1–3]. These characteristics have led to
their extensive use in constructing sensing devices for different research fields. For example,
a porous paper material-based microfluidic chip designed by Reboud et al. delivers the
full DNA diagnostics of malaria in blood samples, including sample preparation from
whole-blood, isothermal amplification, and visualization of the output properties [4]. In
another design proposed by Hiraoka et al., a distance-based sensor using composites of
porous paper and a combination of chrome azurol S, lead chloride, tetrabromophenol
blue, and citric buffer allows an instrument-free naked-eye evaluation of human urinary
albumin/creatinine ratio in 15 min [5]. For environmental pollutant sensing, a Janus
electrochemical device was constructed by printing wax-defined channels on porous paper,
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which can combine with various chemical reagents for simultaneous detection of Cd(II),
Pb(II), Cu(II), Fe(II), and Ni(II) ions [6].

As demonstrated in these sensing devices, porous material-based composites are
incredibly useful and potent when an analytical platform is designed. Although diverse
device types and sensing target categories can be offered by different composite models, the
platform construction concept and important performance affecting parameters are similar
when working in this research field. To summarize recent works and for the ease of readers
interested in these topics, we outline the underlying concepts, including material selection,
device design, performance optimization, and signal output enhancement, in preparing a
sensor based on porous material composites (Figure 1). Rather than giving a comprehensive
review on all devices based on porous composite materials, this article focuses on bridging
the aforementioned ideas towards practicality. Porous paper, a vastly popular selection for
many sensing devices, is utilized as an example for interpretation. Beyond the illustration of
platform design guidelines, other representative examples are also included to demonstrate
the plausible expansion of these ideas and extensive correlated application fields (Table 1).
At the end of this article, a discussion of future challenges and perspective opportunities
are provided, which should be helpful for researchers planning to work on these exciting
composite materials.

Table 1. Representative examples of sensing devices that utilize porous composite materials.

Porous Composite Target Detection Method Sensor Performance

Filter paper/OPP-PVB/calcein blue
Metal ions

Fluorometric Cu2+ LOD: 1.28 µM [7]

Filter paper/PLA/eriochrome black T Colorimetric Ca2+ and Mg2+ LOD: 0.08 mg/L [8]

Filter paper/PET/Cu nanocluster

Small
molecules

Fluorometric Cysteine LOD: 70 µM [9]

Chromatography paper/PET/HRP & GOx Electrochemical Glucose LOD: 16.2 µM [10]

Chromatography paper/wax/BuchE Electrochemical Methyl parathion LOD: 0.06 nM
[11]

Chromatography paper/wax/Cu NP Electrochemical NOx LOD: 0.23 vppm [12]

Filter paper/PLA/4-aminoantipyrane Colorimetric Catechol LOD: 124 µg/L [8]

Chromatography paper/wax/Ag NP &
antibodies

Biomolecules
Electrochemical Ricin LOD: 34 pM [13]

Chromatography paper/wax/Ag NP &
DNA & magnetic microbeads Electrochemical HBV DNA LOD: 85 pM [14]

Chromatography paper/wax/AuPd NP &
concanavalin A Cells

Electrochemiluminescence MCF-7 cells LOD: 250 cells/mL [15]

Chromatography paper/wax/DNAzymes Colorimetric E. coli K12 LOD: 103 CFU/mL [16]

Filter paper/PET/Ag NP-PEDOS:PSS Pressure Piezoresistive Max sensitivity: 0.119 kPa−1 [17]

Polyurethane sponge/Ni(OH)2

Small
molecules

Electrochemical Glucose LOD: 0.32 µM [18]

PDMS-PU sponge/InOH3 & bromocresol
purple Colorimetric Ammonia LOD: 50 ppb [19]

Melamine sponge/graphene oxide Electrical Ethanol LOD: 70 ppm [20]

PU foam/multiwalled carbon
nanotube-reduced graphene oxide

Pressure

Piezoresistive Max sensitivity: 0.088 kPa−1 [21]

Melamine-formaldehyde sponge/WS2
nanosheet & hydrophobic nanoparticles Piezoresistive Max sensitivity: 0.39 kPa−1 [22]

PDMS/fragmented carbonized melamine Piezoresistive Max gauge factor: 18.7 [23]
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Figure 1. Key benefits of porous materials and considerations for their use in constructing sensing devices.

2. Material Selection and Device Design

In the construction of an analytical device, platform-supporting material selection
and multiple functionality integration are crucial parameters to be considered. The de-
termination of single or composite material usage relies on the purposes of an analytical
device, and importantly, the design concepts of the produced platform. For instance,
cellulose-based paper substrates have a long history of adoption for portable sensing
purposes, from conventional pregnancy test strips to the recent developments popularized
by Whitesides et al. [24]. This is due to advantageous characteristics of the soft porous
paper material, as it has unparalleled compatibility with different fabrication techniques,
reagent types, and detection methods. Besides, paper-based substrates are also intrinsically
hydrophilic, which allows for the easy integration with aqueous-based chemical reactions
and the spontaneous capillary wicking upon solution introduction. The capillary force that
spontaneously propels aqueous solution through the substrate eliminates the need for an
external driving source, and is critical when designing a miniature device for standalone
and single uses. Great advancements of paper-based devices in the recent years can there-
fore be observed, ranging from developing new fabrication methods and novel reagents
to inventing various fluid handling units. As can be seen in the representative example
described above, the determination of suitable platform material for desired reagents and
targets is the first task in an analytical device fabrication, where an optimal device design
for reagent storage and performing analysis is also crucial.

In the design and fabrication of sensing devices, researchers can always take advantage
of the supporting material properties not only in functionalities rendered by the device,
but also the integration strategy that can be applied in the process. For example, soft
porous paper materials’ machinability implies that channels and reservoirs can be defined
through subtractive shaping with ease, which is often accomplished by computer-aided
designing and a plotter [25]. For these devices, the use of composite materials is common,
and is often performed in conjunction with supporting polymer backings to increase device
robustness. On the other hand, the porosity of the paper substrate allows the material
hydrophilicity to be modified through impregnation of hydrophobic substances, such as
photoresist [24], wax [26–28], and polydimethylsiloxane [29]. These hydrophobic chemicals
can penetrate into the paper substrate pores, rendering the affected areas hydrophobic.
Through appropriate designs of the introduced patterns, complex channels with various
functionalities on a device can be realized. Among these reported strategies, the application
of wax materials through a printing process is favored due to its relatively economical
pricing, low toxicity, and simple operation. Furthermore, three-dimensional devices can
also be obtained by stacking or folding multiple layers of paper substrates, allowing more
functionality to be compiled into smaller devices [26,30].
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When designing a portable sensing device, one should focus on minimizing the re-
quirement of specialized equipment and well-trained operators. To this end, detection
methods that utilize inexpensive and nontoxic reagents for in situ, real-time, and on-site
data interpretation are preferred. Consequentially, colorimetric [8,9], fluorometric [7,31,32],
and electrochemical [10,33] approaches are the most prominent on portable analytical
devices. In colorimetric detections, a change in visual color after the introduction of analyte
solution indicates the existence of targets, while the extent of color changes can often
be used for rough quantification. Although the color change is ideally distinguishable
with naked eyes, instrumental aids such as digital analysis can always help to achieve
better quantification. Unlike colorimetric detections that produce changes in the visible
light region of the spectrum, fluorometric detections rely on observing the alteration in
fluorescence emission intensity under ultraviolet illumination. Despite issues such as
background signal from additives in commercially available materials and more instru-
ment/specialized experimental setting requirements, fluorescence sensing expands the
arsenal of these devices, and has been utilized for the detection of small organic molecules,
metal ions, bacteria, etc. By providing advantages such as higher sensitivity, better selec-
tivity, and more stable data readout, the incorporation of electrochemical detection into
porous substrate-based portable analytical devices has become increasingly popular. Vari-
ous electrochemical sensing techniques, e.g., amperometry, voltammetry, potentiometry,
have been demonstrated [34,35], and the detection of a wide array of targets, such as metal
ions, small organic molecules, and pH value, has been achieved.

In short, various sensing devices can be fabricated using porous composite materials
obtained by properly modifying porous materials with appropriate chemicals and pro-
cesses. This step could affect the performance of a produced device, and the decision relies
on specific aims and special requirements of the expected design.

3. Device Performance Optimization

Porous substrates allow easy storage and transportation of materials, but without
proper handling, stored reagents and flowing analytes inside open pore substrates are at
risk of environment contamination or interference during operation. Utilizing concepts
similar to commercial packaging, lamination of a substrate with polymer films proves
to be effective in improving handling experience. Such benefit was first emphasized by
Cassano et al. [36], Liu et al. [37], de Oliveira et al. [38], and Wang et al. [10]. In addition
to better handling brought forth by mechanical strength of the lamination film, a major
advantage of enclosing a substrate with polymer films is the increased protection offered
by the film. Environmentally sensitive reagents, such as enzymes or metal nanoclusters, are
common picks as reagents for assays in porous substrate-based devices due to their high
detection specificity and preparation customizability. These materials often experience
reactivity loss over time as they spontaneously degrade. This drawback can be mitigated
by sealing the reagent along with the porous substrate inside polymer films. Wang et al.
demonstrated this idea by using a glucose-detecting system composed of potassium iodide,
enzymatic glucose oxidase, and horseradish peroxidase [7]. The paper substrate was first
roll-laminated into two pieces of polypropylene/polyvinyl butyral (OPP/PVB) composite
film, and the reagents were thereafter spotted onto the paper substrate (Figure 2A). Device
inlets were closed with a piece of tape to further reduce exposure of contents to the
environment. The platform’s responses to glucose were compared to unlaminated substrate
pieces after the same period of storage under ambient conditions. Color changes on sealed
devices could still be observed three weeks after fabrication, while unsealed ones produced
significant less response after a week, and no color change was observed after three weeks
of storage (Figure 2B). With polymer film protection, the lifetime of devices made with the
porous paper substrate was greatly extended.
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In other research, the reactivity of oxygen-sensitive copper nanoclusters on paper
substrate was maintained for 23 days with assistance from polyethylene terephthalate (PET)
film lamination and ascorbic acid-containing antioxidative sheet [9]. The red fluorescence-
emitting copper nanocluster can be used to detect cysteine molecules when introduced
onto the porous paper substrate. However, these nanoclusters are sensitive to oxygen and
the fluorescent property is lost if this copper nanocluster-paper composite is stored under
ambient conditions for just one day. Importantly, the device lifetime can be extended to
five days with the help of enclosing the substrate in PET films, as material degradation
is avoided via the prevention of oxygen transmission through PET films. A much longer
device lifetime of 23 days was also achieved through the incorporation of antioxidative
sheets. The additionally introduced ascorbic acid containing antioxidative paper sheets
were able to react with the penetrated oxygen, resulting in prolonged device storage time.

As can be seen in these examples, the enrollment of multiple materials on a sensing
device generates functional composites that can help to integrate practical platforms
with more potent properties. It should also be noted that the introduction of additional
components inside an analytical device has to follow the original needs to avoid undesirable
issues.

4. Signal Readout Enhancement

From the device signal collection point of view, the use of composite materials for
sensing device designs may lead to specific tasks that have to be solved in the route. As
discussed in the last section, supplemental protection of paper substrates provides immense
benefits in terms of device handling and reagent perseverance. Unfortunately, this extra
layer of material coverage onto the main sensing substrates may result in unprecedented
signal disturbance issues. For example, the commercially available PET lamination film
exhibits a strong blue emission under ultraviolet excitation. This phenomenon induces
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troublesome background interferences if fluorescent reagents are used in conjunction with
it. To circumvent this type of problem, a homemade lamination film prepared by spin
coating polyvinyl butyral (PVB) on polypropylene (OPP) was invented by Wang et al. [7].
This composite film is free of blue emission under ultraviolet irradiation, and is compatible
with the calcein blue-containing paper device for various metal ion fluorescent detection. By
analyzing the grayscale intensity of photo images, devices laminated with OPP/PVB films
not only yielded a lower limit of detection (1.28 µM, compared to 10.45 µM from devices
with commercial PET film lamination), but a higher sensitivity was also obtained (as evident
from the higher slope value) (Figure 3A). In addition, this material also functions normally
under different pH values and supports multiplexed detection. These properties make this
simple combination of polymers a suitable replacement for commercially available PET
lamination films, especially when the use of fluorescent reagents is required.
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Other than preparing low-background composite backing materials for signal im-
provements, the readout obstacle can also be mitigated by inventing new reagents and
adopting new signal processing methods. A filter-free fluorescence detection of cysteine
on a laminated paper-based device was designed by Chen et al. [9]. The system features
red emitting copper nanoclusters to eliminate the fluorescent background signal without
the need of optical filters. Since the copper nanocluster presents emission in the red color
region, blue and green fluorescence interferences can be ignored during the photo image
analysis step by monitoring the emission changes in the red tuple only (Figure 3B). The
red fluorescence emission is quenched upon the addition of cysteine target molecules, and
the blue fluorescence background from the paper substrate and the backing polymer film
is therefore avoided under this operation. Owing to the pronounced fluorescence signal
alteration in the red tuple, a greatly increased signal-to-background ratio (>4 times) can be
obtained by observing the red tuple as compared to other color tuples. In addition, a linear
calibration curve with coefficient of determination (R2) over 0.99 can be obtained, while
calibration curves collected from the grayscale image or other color tuples give values
lower than 0.50. The calibration sensitivity, limit of detection, and coefficient of determi-
nation are on par with those obtained from instrumental fluorescence analysis, indicating
the effectiveness of this integrating approach for an optical filter-free paper-based sensing
device.

Evidenced for the aforementioned examples, the signal readout of an analytical device
based on porous composite materials can be improved to achieve a better sensing perfor-
mance. This can not only be achieved through a proper selection of utilized materials, but
can also be accomplished via a compatible integration of other useful techniques.



J. Compos. Sci. 2021, 5, 35 7 of 11

5. Beyond Chemical Sensors and Diversified Material Selections

Porous materials are easily integrated with various solution-based reagents as the
pores can store active ingredients, forming sensing devices based on chemical reactions.
However, this concept is not limited within the chemical sensing category and can be
extended into different research fields. For example, mechanical sensors can also be con-
structed by utilizing different aspects of the porous material for other intriguing purposes.
By integrating with conductive additives, e.g., conductive polymers [17,39], metal nanopar-
ticles [17], or carbon nanotubes [21,40,41], soft porous materials can become electrically
conductive. This material property modification enriches the usefulness of produced com-
posites, where a sensing device functioning from a different aspect can now be designed.
When an external pressure stimulus is applied to the aforementioned composite material,
contact point increases within the platform results in rising conductivity, which can be
used to calculate the applied force. Pressure sensing devices based on this mechanism
are termed piezoresistive sensors, and deliver a variety of useful recent applications, such
as breath detection, pulse mentioning, and human-machine interfacing. The low-power
consumption, straightforward sensor setup, and simple fabrication process led them to be
more extensively studied compared to other types of pressure sensors. Conductive porous
substrates, the core element in piezoresistive sensors, are often made by pairing a porous
spongelike material, e.g., polyurethane [21,42,43], melamine [22,23], and polydimethylsilox-
ane [40,44], with conductive additives, e.g., poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) and carbon nanotubes, in which the conductive additives are
physically adsorbed on the substrate filaments.

Alternatively, cellulose-based paper material can also be used as the sensing device
supporting substrate. A pressure sensor made by holding pieces of stacked conductive
paper with lamination films was designed by Tsai et al. [17]. Filter paper fibers were first
coated with the conductive polymer PEDOT, and their surfaces were thereafter decorated
with silver nanoparticles (AgNPs). As a porous substrate, the filter paper piece provides
sufficient space for force-induced deformation, while the PEDOT-coated fibers contribute
to electrical conductivity. The in situ reduction of AgNPs onto PEDOT-coated fibers further
increases overall conductivity, and enriches fiber surface roughness. By stacking multiple
layers of AgNP-PEDOT-paper pieces and lamination into polypropylene films with copper
wires for external circuit contacts, a composite material-based piezoresistive pressure sensor
is produced (Figure 4A). The lamination process holds the composite material together to
provide improved handling and robust pressure detection. Pressure sensors made with
this design exhibit broad detection range (0–12 kPa), high sensitivity (0.119 kPa−1), and
superior durability (stable over 2000 pressure cycles), which can be used to effectively
detect various types of human motions.

In addition to exploring different composites of porous substrates and seeking con-
ductivity modifications, details in device design can also be fine-tuned to improve the
performance of piezoresistive pressure sensors. For example, alternate designs for the
interface between the porous composite material and the external circuit can be adapted to
greatly enhance the sensitivity of a piezoresistive pressure sensor [45]. Conventionally, sil-
ver paste is used at this interface to provide a thorough connection between the composite
bulk sponge material and the external circuit. However, by replacing the silver paste with
ordered metal microwires, the sensor’s sensitivity is enhanced up to 106-fold (Figure 4B).
Prior to the application of pressure, the microwires are the only contact between the com-
posite sponge material and the external circuit, leading to a high initial electrical resistance.
When an external force is applied, the soft conductive substrate deforms and gradually
collapses into the gaps between the microwires, resulting in increased contact area and
decreased resistance. Accordingly, a large difference in resistance even under minute
pressure can be used to construct a highly sensitive piezoresistive pressure sensor. This
design functions regardless of the composite substrate’s intrinsic property, which was
proven by altering the base porous material and conductive modifications separately.
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silver paste is used at this interface to provide a thorough connection between the com-
posite bulk sponge material and the external circuit. However, by replacing the silver 
paste with ordered metal microwires, the sensor’s sensitivity is enhanced up to 106-fold 
(Figure 4B). Prior to the application of pressure, the microwires are the only contact be-
tween the composite sponge material and the external circuit, leading to a high initial 
electrical resistance. When an external force is applied, the soft conductive substrate de-
forms and gradually collapses into the gaps between the microwires, resulting in in-
creased contact area and decreased resistance. Accordingly, a large difference in resistance 
even under minute pressure can be used to construct a highly sensitive piezoresistive 
pressure sensor. This design functions regardless of the composite substrate’s intrinsic 
property, which was proven by altering the base porous material and conductive modifi-
cations separately. 

As can be learned from these examples, the use of porous composite materials should 
not be restricted within the chemical sensor study, but can be applied to various fields. 

Figure 4. (A) Fabrication process of a piezoresistive pressure sensor made by stacking multiple pieces
of silver nanoparticles–poly(3,4-ethylenedioxythiophene) (AgNP–PEDOT)-paper composite material.
(B) An improved bulk material–electrode interface design for a sponge-based piezoresistive sensor.
Adapted with permission from [27,37].

As can be learned from these examples, the use of porous composite materials should
not be restricted within the chemical sensor study, but can be applied to various fields.
This can be achieved by selecting suitable material pairs, and the device design is widely
changeable based on researcher’s interests.

6. Future Perspective

The potential of using porous composite materials to fabricate portable analytical
devices is immense, which is attributed to its extremely high versatility. As a base material,
the porous substrate can be arbitrarily patterned to render a hydrophilic or hydrophobic
characteristic. It can then be further processed, allowing the design of a complex system
even on a three-dimensional level. This advantageous property enables diverse opportuni-
ties, especially on designing a practical sensing device for specialized needs. Aside from
examples given here, a myriad of useful designs has also been proposed. For example,
origami devices incorporate multiplexed analysis within a compact platform by folding the
patterned substrate. Meanwhile, channel enclosure devices can isolate the porous support
from the environment through delicate partial modification of the substrate. Considering
available detection methods on these devices, the material’s porous nature makes it com-
patible with a wide array of common reagents, ranging from simple molecules and enzyme
combinations to custom-made novel nanomaterials. Compatible signal output methods
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can therefore include colorimetric, fluorometric, and electrochemical detections, but are
not limited to these. Furthermore, the assembled sensing device can be polished via the
addition of protective layers to provide benefits regarding the mechanical strength and
durability of the platform. Interestingly, in addition to chemistry-based sensing techniques,
porous materials with proper composition and design can also become core elements in
a different category of sensors, such as those described in numerous recently published
studies on the topic of piezoresistive pressure sensing.

Despite the efforts devoted in this field, commercialized sensing devices utilizing
porous composite materials for public analytical demands are still lacking. Nevertheless,
various testing strips, e.g., pregnancy test strips and urine test strips, are the most prevalent
ones on the market. These successful products are all simple and foolproof to operate,
and often require no sample pretreatments. Besides, a straightforward and distinct binary
signal readout that can easily be identified is also a guideline for researchers on designing
practical sensing devices. Although novel tools and methods for sensing device fabrication
can be found in abundance in literature, the technology readiness level of these published
designs mostly remains at 4 to 6, indicating that they are highly limited to demonstrations
in laboratories, while some have been tested in real-world environments. The transition of
these ideas into commercial products depends on the identification of market needs fol-
lowed by appropriate available tools and components assembling. Overall, the fabrication
of a sensing device based on porous composites depends on choosing and integrating the
suitable components from the large library available, but more attention should be directed
toward fitting designed devices to practical demands. We look forward to more exciting
composite devices designed by scientists and engineers, which will be updated in the near
future as more research is published.
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