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a b s t r a c t

Nowadays, point-of-care testing (POCT) techniques have achieved flourishing development in human
health monitoring, where paper-based POCT platforms have exhibited superior properties of low cost,
easy accessibility and eco-friendliness. For fabrication of paper-based POCT platforms, the pen-on-paper
(PoP) strategies through directly writing desired functional materials on paper have been creatively
developed in recent years. The PoP strategies are characterized by simplicity, rapid prototyping and do-
it-yourself capability, and are also likely to realize scalable manufacturing through integration with
software-controlled plotter. In this review, we firstly introduce various kinds of papers and pens
employed in the PoP strategies, and then summarize the state-of-art advances of PoP strategies for
making paper-based POCT platforms. Subsequently, we discuss the representative applications of PoP
strategies for human health monitoring. Conclusions, current challenges and future perspectives of the
PoP strategies for human health related POCT uses are finally given.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Point-of-care testing (POCT) techniques, characterized by ad-
vantageous features including low cost, practicability and minia-
turization, have been undergoing rapid development in recent
years [1e3]. One of the most extensively investigated applications
of POCT lies in human health monitoring, including evaluation of
indexes associated with human health from human ambient
environment (e.g., volatile organic compounds [4e6] and food
contaminations [7e9]) and human body (e.g., human motion
[10e12] and human diseases [13e17]). For these applications, the
POCT platforms are preferable to meet the requirement of being
ASSURED (i.e., affordable, sensitive, specific, user-friendly, rapid
and robust, equipment-free and deliverable to end-users) proposed
by the World Health Organization (WHO) [18]. In addition, the
design of POCT platforms is also dependent on surrounding envi-
ronment, where rapid prototyping techniques are required for
fabricating such on-demand platforms for in-situ use [19]. Recently,
significant efforts have been devoted to developing various POCT
platforms, among which paper-based platforms have been
iomedical Information Engi-
ience and Technology, Xi'an
demonstrated to be well suitable candidates owing to their evident
advantages of ubiquity, flexibility, disposability and eco-
friendliness [20e24]. More importantly, paper holds the capa-
bility of wicking fluids by capillary force, avoiding the need of
external pumping which is often compulsorily required for other
chip-based POCT paradigms. Hence, the paper-based platforms
show superior application perspective in the POCT field.

In general, three key steps are involved in fabricating paper-
based POCT platforms, i.e., (1) fabrication of paper testing sub-
strates, (2) construction of sensing components on the substrate,
and (3) deposition of reagents. The paper testing substrates mainly
refer to the pretreated papers for functional modification (e.g.,
hydrophobic treatment). The sensing components, converting
target information to more easily detectable signals, are subse-
quently patterned on the paper substrates. To achieve identification
and analysis of specific targets during assays, the deposition of
reagents is carried out. Till now, various methods have been
developed to realize these three steps. For instance, photolithog-
raphy [25] and computer-controlled knife cutting techniques [26]
have been used for fabricating paper testing substrates. Laser
etching [27] and screen printing [28,29] have been employed to
deposit sensing components on paper. And inkjet printing tech-
nique [30e33] has found applications for the deposition of re-
agents. Even though these techniques have been well developed in
lab, they are either time- or energy-consuming, which can't meet

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:feili@mail.xjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.trac.2018.08.010&domain=pdf
www.sciencedirect.com/science/journal/01659936
www.elsevier.com/locate/trac
https://doi.org/10.1016/j.trac.2018.08.010
https://doi.org/10.1016/j.trac.2018.08.010
https://doi.org/10.1016/j.trac.2018.08.010


Z. Li et al. / Trends in Analytical Chemistry 108 (2018) 50e64 51
the demand of being ASSURED and rapid prototyping for practical
POCT applications. Thus, they are not ideal for fabricating paper-
based POCT platforms.

Recently, pen-on-paper (PoP) strategies, which are based on
directly writing functional materials on paper with various pens,
have been introduced for fabricating paper-based POCT platforms
[34]. For example, a commercial marker pen has been adopted to
construct barrier-defined microfluidic channels on paper through
directly writing hydrophobic ink [35]. Commercial pencils have
been employed to write graphite-based conductive materials as
electrodes of electrochemical sensing components on paper
[36e38]. “Biopen” has also been designed and applied to the
deposition of biomaterials (e.g., gold nanoparticles, cells) on paper
to achieve detection of biomarkers (e.g., nucleic acid) [39].
Compared to the traditional methods for fabricating paper-based
POCT platforms, the PoP strategies have remarkable advantages of
simplicity, inexpensiveness, do-it-yourself (DIY) and rapid proto-
typing capabilities, thus holding a great application potential for
practical uses, especially those in resource-limited areas.

In this review, we summarize the state-of-art development of
PoP strategies in fabrication of POCT platforms (Fig. 1). Firstly,
different kinds of papers with varying properties and pens
(including regular pens and self-made pens) employed in the PoP
strategies are introduced. Subsequently, the most recent advances
of the PoP strategies employed to realize the three key steps of
constructing POCT platforms are illustrated. After that, the repre-
sentative POCT applications through using the PoP strategies in
human health monitoring are introduced and discussed, including
monitoring of human ambient environment and human body.
Finally, conclusions, current challenges and future perspectives of
the PoP strategies in the POCT of human health field are given.

2. PoP strategies for writing materials on paper

Papers and pens are the two key constituents in the PoP stra-
tegies. To meet the requirements of different application scenarios
(e.g., for making paper electronics and paper microfluidics), papers
with different properties are firstly selected. Pens, mainly classified
by solvent-free pens (e.g., pencil) and solvent-based pens (e.g., ball
pen), show different capabilities for engineering different func-
tional components on papers. In this section, the types and prop-
erties of papers and pens used in the PoP strategies are introduced.
Fig. 1. Schematic landscape of the PoP strategies for human health monitoring at point
which includes three steps for fabricating paper-based POCT platforms, i.e., fabrication of pa
reagents. The paper-based POCT platforms fabricated by the PoP strategies are used for
contaminations, monitoring human motion and human diseases. Images of pens are reprod
2.1. Papers

Due to the characteristics of ubiquity, accessibility, eco-
friendliness, mechanical flexibility, hydrophilicity and dielectric
property, papers have gained increasing interests as substrates of
POCT platforms, which can be classified into paper microfluidics
[40] and paper electronics [41]. At present, various types of papers
have been used for fabricating POCT platforms, such as chroma-
tography paper [42,43], filter paper [44], copy paper [45] and
weighing paper [46,47]. And due to the variance in raw materials
and production processes, papers with different physical (e.g.,
thickness, porosity) and chemical properties (e.g., pH, flamma-
bility) can be achieved. Among these features, the porosity of paper
is a double-edged sword in constructing functional components on
paper. For example, papers with high porosity (e.g., filter paper
[44,48]) are appropriate for making paper microfluidics, since the
highly porous structure eases fluids to flow inside paper under
capillary forces [25,49e53]. While on the other hand, papers with
low porosity (e.g., printing papers [45,54,55]) are suitable for
making paper electronics, since the rough and porous surface could
induce reduced electric conductivity of patterned electric traces
[56e58]. Thus in some cases, such as making paper-based elec-
trochemical devices, there exists a tradeoff between the fluidity of
sample and the electric conductivity of patterned electrodes in
terms of selecting papers with specific porous architectures. The
structure and composition of three typical types of papers used in
POCT, including nitrocellulose (NC) membrane, filter paper and A4
paper, are illustrated in Fig. 2A. As shown in the figure, the NC
membrane presents relatively high porosity and uniform pore
distribution. The filter paper with high porosity exhibits disordered
fiber distribution. While the office paper with low porosity has
many impurities distributed around the fibers. So the NC mem-
brane and filter paper are frequently adopted as substrates for
lateral flow test strips [59] and microfluidic paper-based devices
(mPADs) [60], respectively. While the office paper is usually utilized
for deposition of electrodes [61].

2.2. Pens

The universal and easily accessible pens have been widely uti-
lized to write functional materials on papers thanks to their superb
compatibility with paper [62]. As shown in Fig. 2B, various pens
-of-care. The pen combined with paper has been developed to form the PoP strategies,
per testing substrate, construction of sensing components on paper, and deposition of
human health monitoring, including detecting volatile organic compounds and food
uced from [62].



Fig. 2. Pen writing on paper. (A) SEM images of NC membrane, filter paper and office paper. (B) Optical images of regular pens, a flexible toy pencil and a disassembled self-devised
pen. (C) SEM images of various materials deposited on paper through pen writing, i.e., carbon nanofibres deposited on photo paper through fountain pen writing, single-walled
carbon nanotubes deposited on weighing paper through pencil writing, graphitic materials deposited on Xerox paper through pristine graphite rod writing. Images are repro-
duced from [46,54,64,77,79].
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including regular pens, a flexible toy pencil and a self-made pen
have been involved in the PoP strategies.

Pens that have been utilized in the PoP strategies can be clas-
sified into two major categories, i.e., solvent-free pens (e.g., pencil)
and solvent-based pens (e.g., ball pen, fountain pen). Pencils, as a
representative of the solvent-free tactic, have been used to directly
write conductive graphite-based materials on paper, since pencils
are made of graphite and additives (e.g., clay/polymer binders) [54].
Different grades of pencils from 9H (hardness) to 9B (blackness)
have different graphite contents ranging from 40% to 90% [63].
Higher graphite content in pencils results in higher electric con-
ductivity of written traces. Benefiting from this fact, pure graphite
rods have been employed to write graphite traces on paper with
improved electric conductivity compared to those from commercial
pencil writing [64,65]. However, regular pencils and graphite rods
can only be used to write graphite-based materials, limiting their
universal applications. To address this, self-made pencils with
capability to write diverse materials (e.g., carbon nanotubes (CNTs)
[46,47,66], Ag/AgCl [42] and formulated mixtures [43]) have been
developed. These complementary pencils endow users with the
capability to write more kinds of functional materials on paper in a
solvent-free manner, which can also eliminate time-consuming
post treatment procedures such as drying. In addition, wax pencil
or crayon with the similar structure to regular pencils have also
been used to deposit wax on paper through abrasion [38,48], which
can be used to construct hydrophobic barrier in paper micro-
fluidics. But this strategy needs a post heating treatment step to
melt the deposited solid-phase wax for its penetration into paper.

Ball pen with an ink reservoir, as a typical solvent-processed
pen, can transfer ink onto substrate through ball rotation during
writing [39]. For writing desired materials on paper using a ball
pen, a primary step of developing functional inks is necessarily
needed. Recently, various new formulated inks, including silver-
based inks [67,68], copper-based inks [69e71], enzymatic ink [19]
and liquid metal inks [72,73], have been developed for ball pen
writing, which make it popular in fabrication of diverse functional
components on paper. Since the ball pen-writing process involves
the potential issue of clogging and leakage, it is noteworthy that the
fluid properties of inks (e.g., concentration and viscosity) dramat-
ically affect the writing process of ball pen. For instance, silver-
based ink can only be smoothly transferred from ball pen onto
paper with a concentration range of 45e55 wt% and a viscosity
range of 1e10 Pa s [74]. Similar to ball pen, fountain pen, also
resorting to a ink reservoir to store ink with suitable fluid proper-
ties, has been employed to write on substrate through synergistic
action of gravity and capillarity. And to meet different application
demands, a variety of inks have been developed for fountain pens,
such as FeCl3 ink [75], Ag and Au nanoparticle inks [76], carbon
nanofiber ink [77] and CNTs ink [45]. However, due to their rigid
pen tips, the ball pen and fountain pen-based writing scenarios
may not be applicable to rigid substrates. Fortunately, another type
of solvent-based pen, commercial marker penwith soft fibrous pen
tip connected to the ink reservoir is compatible with both soft and
rigid surfaces [35,78]. The ink in the marker pen is usually consti-
tuted by water-resistant materials (e.g., hydrophobic resin). Thus
the marker pen can be directly used to construct hydrophobic
patterns on paper [35]. As the hydrophobic resin remains inside
paper after ink evaporation at room temperature, the marker pen-
based PoP strategy holds the advantage of avoiding any post
treatment step.

Besides the above mentioned commercially available pens, self-
made pens loaded with suitable functional ink materials have also
been developed, targeting at various using purposes [44,79]. For
example, a self-made pen composed of four parts (i.e., a chrome-
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plated tip, a polyethylene cartridge, a cap and a holder) was
designed for depositing water-resistant materials on paper (Fig. 2B)
[79]. A custom-made pen filled with a formulated poly-
dimethylsiloxane (PDMS) ink was developed for building PDMS
barriers on paper [44]. These self-made pens are compatible with
inks of high viscosity because of their customized pen tips, thus
expanding the selection range of ink materials. Furthermore, these
self-devised pens can also be integrated with a computer-
controlled plotter, which acts as a three-dimensional positioner
to realize automatic production, further paving the way for pro-
moting PoP strategies into scalable batchmanufacturing [44,79,80].

2.3. Pen writing on paper

As introduced above, pens have shown great compatibility with
paper substrate towrite awide range of functionalmaterials, such as
carbon nanofibers, CNTs and graphites (Fig. 2C). Among various PoP
strategies, the solvent-free pencils, including regular pencils and
self-made pencils, are mainly used to deposit carbon-based mate-
rials (e.g., graphite and CNTs) on paper through abrasion between
paper andpencil leads [38,54,81]. Benefiting fromsuch a solid phase
processing, there is no need of any post treatment after writing.
Because the pencil writing process depends on the mechanical
abrasion of pencil leads, it is challenging to precisely control the
amount of written materials. Similar issue also exists for the wax
pencil writing during depositing wax pattern on paper. Besides, an
additional heating treatment after wax pencil writing is needed to
melt the solidwaxonpaper surface and to further enable thewax to
permeate into the interior matrix of paper, which complicates the
fabrication process [38,48]. On the other hand, the marker pens
loaded with permanent ink can simplify the fabrication process
through directly depositing hydrophobic materials into paper in a
one-stepmanner [35]. In addition, the solvent-processed pens, such
as ball pens and fountain pens, canwrite uniform lines and patterns
through directly depositing inks on paper, owing to the fact that
their pen nibs remain intact in structure during writing [45,55,77].
However, as illustrated in Fig. 2C, the meniscus phenomenon
occurringduring fountainpenwritingdue to the structureof pennib
may induce uneven surface morphology of written traces. Further-
more, some self-madepens have also beendesigned towrite diverse
functional materials on papers, which extend the PoP versatility for
fabricating POCT platforms [44].

3. PoP strategies for making paper-based POCT platforms

In this section, the PoP strategies used in the three key steps of
fabricating paper-based POCT platforms, i.e., fabrication of paper
testing substrates, construction of sensing components on the
substrates and deposition of reagents, are introduced. The detailed
information including the types of pens, writing materials and
papers, functions, post treatment step, category and POCT appli-
cations is summarized in Table 1.

3.1. PoP strategies for fabricating paper testing substrates

Construction of paper-based POCT platforms starts with the
fabrication of paper testing substrates, in which building micro-
fluidic channels on paper through patterning hydrophilic/hydro-
phobic regions to guide fluid flow is an essential process [82].
Several methods have been proposed to construct microfluidic
channels on paper, including photolithography [25], inkjet etching
[33], plasma treatment [83], cutting [26], contact-printing [51] and
wax printing [50,52,84]. However, there are several limitations
associated with these methods, such as the engagement of
expensive equipment, harmful chemicals and sophisticated
fabrication processes, thus hindering their practicability in fabri-
cating substrates for POCT applications, especially those aiming at
the resource-limited regions.

To circumvent these limitations, the PoP strategies have been
recently proposed for building microfluidic channels on paper
through directly writing hydrophobic materials. The PoP strategies
hold the advantages of minimized cost, simplified process,
improved portability and rapid prototyping process over the above-
mentioned traditional methods [44,48,78,79]. As for the selection
of hydrophobic materials, various candidates have been employed
to produce water-repellent barriers into paper using the PoP stra-
tegies. For instance, wax has been successfully deposited on paper
via a commercially available wax pencil to form the microfluidic
channels [48]. Two steps are involved in this fabrication process: (1)
writing desired wax patterns on both sides of a paper by hand with
wax pencil, (2) forming hydrophobic barriers by heating the paper
(e.g., in an oven) tomelt thewax and facilitate wax penetration into
the paper matrix. The whole fabrication process is simple and cost-
effective with utilization of ubiquitous and cheap tools (e.g., wax
pencil, ruler and heating equipment). Apart from wax, other hy-
drophobic polymers have also been introduced into the PoP stra-
tegies. For example, a pen filled with the mixture of PDMS solution
and hexanes was used to build PDMS pattern on paper, where the
solid PDMS barrier was formed along the overall thickness direc-
tion of paper after curing at 70�C (Fig. 3A) [44]. Since the cured
PDMS is elastomeric, the fabricated PDMS/paper hybrid substrate
can be folded into three-dimensional structure without damaging
the microfluidic channels. Additionally, this self-made pen has
realized direct writing of cross-linked PDMS on paper, which
cannot be fulfilled by the regular pens because of the high viscosity
of PDMS. More recently, commercial marker pens composed of
colorant, solvent and resin have also been utilized to write the
hydrophobic resin on paper to form hydrophobic barriers after
natural evaporation of solvent (Fig. 3B) [35,78,79]. This method can
realize one-step fabrication of paper testing substrate without the
need for heating process, and demonstrates the compatibility with
both rigid (e.g., silica [78]) and soft (e.g., paper [35]) surfaces
benefiting from the soft manner of fibrous pen tip, thus holding
great potential for widespread POCT applications. These above-
introduced pens are mainly dependent on hand-writing process,
which are easy to operate but suffer from poor repeatability and
slow prototyping. A self-made pen loaded with either commercial
permanent ink or special custom-made ink was then developed to
make microfluidic channels on paper [79]. Moreover, such self-
devised pens can be further integrated with a software-controlled
plotter to realize automatic and mass production of paper micro-
fluidic substrates (Fig. 3C), which is beneficial to improve
manufacturing speed and repeatability from batch to batch [79].

3.2. PoP strategies for constructing sensing components on paper

The sensing components functioning as collection and conver-
sion of detection signals are pivotal units of the paper-based POCT
platforms. Utilizing the PoP strategies in construction of sensing
components on paper can minimize manufacturing cost, simplify
fabrication process, improve portability, promote rapid prototyping
ability and facilitate the process of DIY fabrication. Therefore, the
PoP strategies have ignited many research interests for
manufacturing a variety of functional components for piezor-
esistive sensing [85], chemiresistive sensing [66] and electro-
chemical sensing [42] in recent years.

3.2.1. PoP strategies for making piezoresistive sensors
Piezoresistive sensors are widely used in many fields, such as

pressure sensing [86] and disease detection [87]. The working



Table 1
Summary of the PoP strategies for making paper-based POCT platforms.

Pen type Materials Paper type Functions/Objectives Post-treatment Category POCT applications Refs.

Regular pencils (HB,
2B, 6B, 9B)

Graphite Whatman
chromatography
paper ♯1, office paper

Acting as electrodes of
electrochemiluminescence
device or strain sensing
elements

None Paper
electronics

Human motion
monitoring

[38,54,81]

Flexible toy pencil Graphite/polymer
composites

Office paper Acting as sensing elements
of chemiresistors

None Paper
electronics

VOCs monitoring [54]

Custom-made pencils Carbon nanotubes Copy paper, weighing
paper

Acting as sensing elements
for chemiresistive gas
sensors

None Paper
electronics

VOCs monitoring [46,47,66]

Horseradish
peroxidase, glucose
oxidase

Whatman
chromatography
paper ♯1

deposition of enzymes on
paper

None Paper
microfluidics

Human diseases
monitoring

[99]

Doped pencils Graphite powder
doped with either
redox compounds or
Ag and AgCl

Whatman
chromatography
paper ♯1

Acting as modified
electrodes or reference
electrodes for paper-based
electrochemical detectors

None Paper
electronics

e [42,43]

Ball pens Silver/carbon ink A4 paper To write electrodes for
paper-based
electrochemical detectors

Heating in an oven at
70�C, 30 min for
carbon ink and 120�C,
30 min for silver ink

Paper
electronics

Food contaminations
monitoring

[55]

Capture and control
probe solution, Au
nanoparticle probe
solution

Nitrocellulose
membrane and
conjugate pad of a
lateral flow test strip

To make test and control
lines on the nitrocellulose
membrane and deposit
gold nanoparticle probe on
the conjugate pad

Heating in an oven at
37�C for 2 h

e Human diseases
monitoring

[39]

Fountain pens Carbon nanotubes Copier paper Acting as sensing elements
for chemical sensor

None Paper
electronics

VOCs monitoring [45]

Saturated FeCl3
solution

A4 paper To pattern oxidizing agent
on paper

None Paper
electronics

VOCs monitoring [75]

Plasmonic
nanoparticles

A4 paper Surface enhanced Raman
scattering sensor

None Paper
electronics

Food contaminations
monitoring

[76]

Crayon Solid wax Whatman
chromatography
paper ♯1

To form the hydrophobic
wax into paper

Baking in an oven at
130�C for 150 s

Paper
microfluidics

Human diseases
monitoring

[38]

Wax pencil Solid wax Filter paper To form the hydrophobic
wax into paper

Heating in an oven at
150�C for 5 min

Paper
microfluidics

Human diseases
monitoring

[48]

Marker pen Commercial
permanent ink
containing
hydrophobic resin

Chromatography
paper

To form the hydrophobic
resins into paper

None Paper
microfluidics

Human diseases
monitoring

[35]

Self-devised pen PDMS Whatman filter paper To create the hydrophobic
PDMS into the paper

Curing at 70�C after
1 h

Paper
microfluidics

Human diseases
monitoring

[44]

Formulated inks Whatman qualitative
filter paper grade 1

To form the hydrophobic
barriers into paper

None Paper
microfluidics

Food contaminations
monitoring

[79]
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principle of piezoresistive sensors is dependent on the resistance
change induced by the mechanical tensile/compressive strain
applied on the sensors, which is usually due to substrate defor-
mation (i.e., tension or compression). Specifically, stretching the
substrate deposited with conductive sensing components can in-
crease the resistance because the gap between coated conductive
particles is widened, and compressing the substrate can decrease
the resistance conversely. In general, piezoresistive sensors are
formed by a cantilever beam deposited with conductive materials
as the sensing elements. Silicon is a traditional substrate of pie-
zoresistive sensors, but its rigid format makes it not appropriate for
flexible applications, such as wearable devices. To address this,
paper as a promising flexible substrate has been alternatively used
to construct piezoresistive sensors for flexible applications.

Recently, the PoP strategies have been introduced for the
fabrication of paper-based piezoresistive sensors. A typical example
is pencil-writing compact and conductive graphite particles on
paper as pressure sensing elements [88]. So far, commercially
available pencils with a variety of hardness and blackness grades,
such as 9H, 6H, 2H, HB, 2B, 6B and 9B, have experienced uses in
depositing graphite traces on paper for realizing piezoresistive
sensors (Fig. 4) [54,85,89]. Based on the tunneling effect between
the adjacent graphite particles in traces varying with graphite/
additives ratios, the sensors written by various grades of pencils
show tunable piezoresistive properties. It has been demonstrated
that the piezoresistive sensors written by harder pencils (with
lower graphite/additives ratio) present better sensitivity to strain
loading [85]. This fact could be due to that the volume fraction of
graphite particles inwritten traces by harder pencils is closer to the
conductive percolation threshold, which is a critical impact factor
affecting the electric conductivity of particle-based conductive
composites [54,85]. In short, the pencils used for making piezor-
esistive sensors on paper are very cost-effective and can be acces-
sible at local stores, which is crucial to expand the application of the
piezoresistive sensors written by pencils. However, due to their
complex components and unknown ratio, pencil leads made by
different manufacturersmay show inferior repeatability when used
to fabricate piezoresistive sensors.

3.2.2. PoP strategies for making chemiresistive sensors
Chemiresistive sensors are designed to detect chemicals in

surrounding environment. Their working principle relies on the
change of electric conductivity (reflected by resistance or current)
in response to chemical reaction with target analytes. The chem-
iresistive sensors are composed of two main components, i.e., the
conductive elements and the sensing elements. Owing to the



Fig. 3. Pen-on-paper strategies for making paper testing substrates. (A) A self-devised writing pen filled with PDMS for making paper microfluidic devices: (a) optical image of
the devised pen, (b) a microfluidic system in filter paper, in which hydrophilic channels bounded by hydrophobic PDMS barriers, (c) a sample of red ink that wicks along the
channels. (B) Schematic of one-step writing strategy for making paper-based microfluidic devices using a marker pen. (C) A self-devised writing pen for making paper microfluidic
devices: (a) writing hydrophobic barriers on paper using the developed pen, (b) the developed pen was integrated on a desktop software-controlled plotter for mass production of
paper microfluidics. Images are reproduced from [35,44,79].
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capability of writing both conductive and sensing materials on
paper in a simple and cost-effectivemanner, the PoP strategies have
been utilized to produce chemiresistive sensors on paper in a fully
written way. For instance, an HB pencil and a flexible toy pencil
were respectively employed to write conductive graphite and
polymer sensing materials on paper to form a paper-based chem-
iresistive sensor for detection of volatile organic compounds (VOCs)
(Fig. 5) [54]. As demonstrated in the figure, this sensor consisted of
two layers of pencil-written traces: the first layer composed of
graphite particles and polyvinyl chloride (PVC)-based binders
(acting as the sensing element) was written by a flexible toy pencil;
the second layer composed of graphite (acting as the conductive
electrodes) was written by an HB pencil. Upon exposure to VOCs,
the polymer binders in pencil traces swelled, widening the gap
between graphite particles and thus leading to an increased resis-
tance of the sensor. However, due to that the flexible toy pencil is
not accessible at all cases, the sensors written by this type of pencil
are hard to be applied widely.
Besides the application in fabricating the resistance change-
based chemiresistive sensors, the PoP strategies have also been
employed to fabricate the paper-based chemiresistive sensors that
are based on electric current change through applying a constant
voltage on the sensor during testing [46]. Considering that CNTs are
desirable materials for chemical sensing owing to their high
sensitivity to chemical analytes (e.g., NH3 [90,91]), CNTs acting as
the sensing materials have been utilized in making chemiresistive
sensors with the PoP strategies. For instance, Swager's group
devised a home-made pencil to write CNTs (as the sensing element)
between gold electrodes (as the conductive element) to form
paper-based chemiresistive sensors [46,47,66]. The pencil was
manufactured by adding the mixture containing CNTs into a die
(i.e., a special mold) and extruding the mixture through adding a
constant pressure (~0.4 GPa) [46]. For realizing fully-written CNTs-
based chemiresistive sensors on paper, both conductive elements
and sensing elements were written on paper by using different
pencils [47,66]. Furthermore, this strategy makes it possible to



Fig. 4. Pen-on-paper strategies for making paper-based piezoresistive sensor. A bioinspired paper-based piezoresistive sensor made by pencil writing: (a) sketch map of cat's
whiskers, (b) optical image of pencil trace on paper, (c) SEM image of the pencil trace on paper, (d) schematic structure of the piezoresistive sensor, (e) normalized resistance change
as a function of substrate deflection. Images are reproduced from [81].
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fabricate CNTs-based sensors in a solvent-free manner, which
avoids the slight solubility of CNTs in most solutions. But on the
other hand, this strategy is not compatible with the substrates with
smooth surface, which may fail to supply sufficient friction to peel
off conductive materials from pencil leads.

3.2.3. PoP strategies for making electrochemical sensors
Electrochemical sensors, typically consisting of a two- or three-

electrode system, are mainly used to detect targets through redox
reactions on electrode surfaces. Integration of electrodes on paper
to form the paper-based electrochemical sensors has been
employed to realize POCT in a quantitative and sensitive manner
[22]. Conventional methods involved in the fabrication of elec-
trodes on paper mainly include sputtering [92], sintering [93],
screen printing [94] and inkjet printing [95], which are subjected
to the disability in rapid prototyping and DIY. To address this, the
PoP strategies have been introduced to establish electrodes on
paper through writing with pencils and ball pens. For instance,
Dossi et al. used diverse grades of commercial pencils (HB, B, 2B,
3B, 4B, 6B and 8B) to write electrodes on paper, and proved that
the electrodes written by 3B pencils presented optimum electro-
chemical performance, which is probably due to the favorable
proportion of graphite and additives (clay and polymers) [36,37].
Although this method is simple and rapid to manufacture elec-
trodes, the written electrodes may suffer from relatively low
electron transfer capability due to the limited content of graphite
in commercial pencil leads. Also, there may exist a disturbance for
electrochemical response to analytes because of impurities. To
address this, self-made pencils have also been developed to
fabricate both modified electrodes and Ag/AgCl reference elec-
trodes on paper (Fig. 6A). Herein, pencils were made by doping the
mixtures of graphite powder and binders (e.g., sodium bentonite
and sodium silicate) with electrode modifiers (e.g., deca-
methylferrocene or cobalt (II) phtalocyanine), or by mixing the Ag/
AgCl-electrodeposited graphite powder with binders [42,43]. But
in this approach, the modification of working electrode was ob-
tained during pencil fabrication and the modifiers were physically
bonded with graphite particles, which may not be stable for long-
term testing. Besides pencils, the ball pen-based PoP strategies
have also been applied to fabrication of paper-based electro-
chemical sensors. For instance, Bandodkar et al. created a ball pen
loaded with an enzymatic ink composed of graphite powder and
enzyme, and used it to directly write enzyme-modified working
electrodes of electrochemical sensors [19]. This PoP strategy shows
the merit of eliminating additional sensor modification steps and
endowing the user sufficient freedom to make DIY sensors.
However, to prevent clogging and leakage during writing, the
pretreatment step to adjust the concentration and viscosity of the
ink is needed as the ball pen writing is solvent processing. To
simplify the fabrication process, our group developed a pressure-
assisted ball pen to directly write carbon working electrode and
silver reference electrode on paper without the ink pretreatment
step (e.g., dilution) [55], which can enhance the versatility of the
ball pen-based PoP strategy for making electrochemical sensors on
paper (Fig. 6B).

In short, the application of PoP strategies in manufacturing
piezoresistive sensors, chemiresistive sensors and electrochemical
sensors has been demonstrated. Moreover, PoP strategies have also
been applied in making paper-based surface enhanced Raman
scattering (SERS) sensors, due to their ultrahigh sensitivity for
detection. As an example, Polavarapu et al. employed a fountain
pen filled with metallic nanoparticles to directly write SERS arrays
on A4 paper and acquired expected SERS activity and efficiency
[76]. Further, a pen-written SERS sensor combined with a portable
Raman spectrometer was proposed to improve its practicality for
field use [96]. Hence, the PoP strategies, circumventing the limi-
tations of time consumption or equipment dependence involved in
conventional methods for paper-based SERS sensors fabrication,
are expected to transform SERS technologies toward real life
applications.



Fig. 5. Pen-on-paper strategies for making paper-based chemiresistive sensor. A bilayer chemiresistor written by an HB pencil and a flexible toy pencil: (a) schematic structure
of the chemiresistor, (b) photograph of the pencil-written chemiresistor, (c) schematic diagram illustrating the mechanism of the chemiresistor responding to VOCs, (d) normalized
resistance changes of the chemiresistor upon exposure to different VOCs, (e) real-time normalized resistance changes of the sensor upon repeated cycles, showing good reversibility.
Images are reproduced from [54].
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3.3. PoP strategies for deposition of reagents

Deposition of reagents onto the POCT platforms can enhance
their specific identification capability to targets, thereforeplaying an
important role in the POCT platform construction. Traditional
methods for deposition of reagents are mainly achieved through
coating [97], electrochemical deposition [98] or inkjet printing
[31,33], which are subjected to either non-flexibility for desired
patternorhigh cost. Alternatively, the PoP strategies have shown the
feasibility of depositing reagents in a simple, rapid and cost-effective
way. For instance, a ball pen filled with the ink mixture of glucose
oxidase, graphite powder and additives (including polyethylene
glycol, chitosan, xylitol, methylene green) has been employed to
deposit enzymeon theworking electrode surface of electrochemical
glucose sensor (Fig. 7A) [19]. The enzyme-modified electrodes were
achieved bydirectlywriting the enzymatic ink onto the fresh carbon
working electrode of the sensor. This process is simple and rapid, but
exhibits low repeatability in modification of different sensors.
Generally, the deposition of enzymes on paper is mainly carried out
in a solvent-processed manner through dissolution and ready for
use after drying. However, the unexpected denaturation of enzymes
occurs during drying process. To address this limitation, a custom-
ized pencil was created to deposit enzymes onto paper in a solvent-
free manner (Fig. 7B) [99]. Firstly, a certain amount of enzymes
(horseradish peroxides and glucose oxidase) mixed with poly-
ethylene glycol (PEG) and graphite were pressed into the shape of a
pencil lead. And then, the pencil lead integrated with a holder was
applied to deposition of enzymes on paper surface through direct
writing. Finally, the written enzymes dissolved and reacted with
targeted analytes after the introduction of aqueous sample con-
taining analytes. This PoP strategy has been demonstrated to
improve the enzyme stability during its storage on paper in



Fig. 6. Pen-on-paper strategies for making paper-based electrochemical sensors. (A) A self-devised pencil for directly writing paper electrochemical sensors: (a) schematic
illustration of the fabrication process of the pencil leads, (b) the pencil leads were inserted in a commercial holder to write the sensor, (c) cyclic voltammograms recorded to reflect
the electrochemical performance of the sensor. (B) A pressure-assisted ball pen to write electrochemical sensors on paper: (a) schematic of the written electrodes on paper using the
pen refilled with carbon ink and silver ink, (b) photograph of a fabricated electrochemical sensor on a paper cup to depict the versatility of the strategy, (c) cyclic voltammograms
showing good electrochemical performance of the sensor. Images are reproduced from [36,42,43,55].
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comparison with traditional solution-based deposition methods.
Furthermore, this reagent pencil is applicable to the deposition of
different kinds of reagents on paper, such as glucose and Erioglau-
cine, by using various PEGs with different molecular weights [100].
In addition, our group has developed a “Biopen” loaded with func-
tional inks to modify a lateral flow test strip for detecting human
immunodeficiency virus type 1 (HIV-1) nucleic acid [39]. The “Bio-
pen” integrated three ink reservoirswhichwerefilledwith solutions
of capture probe, control probe and gold nanoparticle probe,
respectively. Correspondingly, the capture and control probes,
acting as the test line and the control line, were easilywritten on the
NC membrane of the test strip, while the gold nanoparticle probe
was written on the conjugate pad of the test strip. This method
shows great potential for deposition of testing probes during prep-
aration of lateral flow test strips benefiting from its requirement for
relatively low amount of reagents. On the other hand, although the
PoP strategies for deposition of reagents in preparing POCT plat-
forms have shownmanyattractive features (e.g., lowcost, simplicity
and portability), some challenges still exist, such as deficiency in
precise control of the amount of reagents.

4. PoP strategies for human health applications

Human health refers to a safe ambient environment that human
beings live in and a healthy human body. For monitoring and
evaluation of human health status, POCT techniques possessing
reliable, affordable and accessible characteristics are preferred. By
now, the PoP strategies as emerging POCT techniques have been
widely applied in human health testing due to their unparalleled
inexpensiveness and easy accessibility. In this section, we sum-
marize the applications of the PoP strategies in the human health-
oriented POCT field.

4.1. Human ambient environment monitoring

4.1.1. Volatile organic compounds monitoring
VOCs (e.g., acetone and NH3) as a kind of harmful gases pose a

great threat to human health. Therefore, rapid, sensitive and in-situ
monitoring of VOCs in human ambient environment is critically
demanded. Gas chromatography-mass spectrometry (GC-MS)
technology is traditionally used for monitoring VOCs with high
sensitivity and specificity. But GC-MS requires high operating cost,
bulky instrument and skilled operator, making it not appropriate
for POCT applications. To circumvent these limitations, the sensors
based on electric signal changes in response to VOCs absorption
have been developed for monitoring VOCs. Moreover, to fabricate
these sensors in an easy and rapid manner, the PoP strategies have
been applied. For instance, Lin et al. used a flexible toy pencil to
write graphite-based chemiresistive sensor on paper, which was
successfully engaged in the detection of six types of VOCs, including
acetone, methanol, ethyl acetate, tetrahydrofuran (THF), toluene
and hexane [54]. This sensor exhibits good detection reversibility



Fig. 7. Pen-on-paper strategies for deposition of reagents. (A) the deposition of enzymes with a ball pen: (a) photograph of the ball pen, (b) writing of enzymatic ink onto a fresh
sensor using the pen and a template, (c) a close-up view and (d) microscopic image of the sensor surface after writing, (e) stability test of electrochemical ink, (f) amperometric
response obtained at 0 mM and 2 mM glucose concentrations. (B) the deposition of enzymes with a reagent pencil: (a) photograph of the reagent pencil, (b) the reagents written on
paper by using this pencil, (c) the dissolution of the written-reagents after water introduction, (d) the transformation of the dissolved reagents to detection zone. Images are
reproduced from [19,99].
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for each of VOCs, attributing to the reversible resistance changes
caused by the rapid absorption of VOCs when exposed to VOCs and
the rapid desorption of VOCs when re-exposed to fresh air. In
addition, the CNTs-based sensors have been demonstrated to be
well suitable for monitoring VOCs, due to their extremely high
sensitivity to VOCs [90,101]. For example, Swager's group devel-
oped a PoP strategy to write CNTs-based sensors on paper for
detecting various VOCs, including NH3, acetone, THF and dimethyl
methylphosphonate (DMMP) (Fig. 8A) [46,47,66]. In their work,
they firstly cast the CNTs powders into the shape of pencils and
then mechanically abraded the pencils on paper to make sensors in
a solvent-free manner. In comparison to the traditional solvent
processing of CNTs, their method can eliminate the concern of
sparing solubility of CNTs in most solvents. Then, the selectors
designed to specifically identify VOCsweremixedwith CNTs during
the pencil preparation process, which helps to dramatically
improve the detection sensitivity and specificity [66].
Apart from the pencil-based PoP strategies, fountain pens
could also find applications in making NH3 sensor through
writing polypyrrole arrays on paper, in which the detection
results were demonstrated by the electric current changes of
the sensors (Fig. 8A) [75]. To further improve the detection
sensitivity of the NH3 sensor, poly (sodium-p-styrenesulfonate)
was added into polypyrrole to form a polymer mixture during
the ink preparation process, through which the interaction be-
tween the sensor with NH3 could be enhanced, further resulting
in an increased sensitivity with an electric current change of
6.25%e100 ppm concentration. In summary, the sensors made
by the PoP strategies show great prospect in monitoring VOCs
owing to their high sensitivity and selectivity. But there is still a
bit far away to apply these sensors into practical applications,
as peripheral devices (such as gas collectors) and portable
readers are yet to be integrated with these sensors so far as
investigated.



Fig. 8. Pen-on-paper strategies for POCT in human health applications. Human ambient information monitoring: (A) Chemiresistive sensors for monitoring volatile organic
compounds: (a) the change in conductance in response to NH3 at various concentrations, (b) the plot showing repeated exposure of sensor to a certain concentration of NH3, (c) NH3

(100 ppm) response of paper chemiresistors, (d) normalized conductance change as a function of NH3 concentrations. (B) A PoP microfluidic device for monitoring food con-
taminations (e.g., antioxidants): (a) the device before determination of total phenols (TP), total flavonoids (TF) and 2,2-diphenyl-1-picrylhydrazyl (DPPH), (b) the device after sample
introduction, (c) the detection results for each antioxidant testing. Human body information monitoring: (C) A PoP piezoresistive sensor for human motion monitoring: (a)
schematic image of pencil-written piezoresistive sensor as human-machine interface, (b) sketch map of a pencil-written sensor for monitoring human finger motion, (c) signs of
“CAS” and “BINN” realized through finger bending. (D) A PoP electrochemiluminescence device for human diseases monitoring: (a) hand-written PoP electrodes using a 6B pencil
(b) schematic representation of the procedure for immunoassay, (c) calibration curves for immunoassay of CA 199. Images are reproduced from [38,46,75,79,81].
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4.1.2. Food contaminations monitoring
Nowadays, food safety is of great importance for human health

all over the world. In recent years, monitoring food contaminations
(e.g., melamine [102]) has attracted increasing interests especially
in developing countries. Traditional methods for detecting illegal
food additives are mainly based on assays operated in central lab-
oratory, which are dependent on complex instruments and are
time- and energy-consuming. Thus, there exists a great need for
detecting food contaminations in a simple, reliable, rapid and
sensitive way.

For this purpose, the POP strategies have been introduced to
establish paper-based POCT platforms for monitoring food con-
taminations. For example, our group have developed a pressure-
assisted ball pen to write electrochemical sensors with
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conductive inks (e.g., carbon and silver inks) on paper to realize
electrochemical detection of melaminewith detection limit of 1 mM
[55]. Polavarapu et al. created a fountain pen loaded with silver
plasmonic ink and used it to write SERS arrays to detect thiaben-
dazole with detection limit of 20 ppb [76]. In addition, during food
processing and for long-term storage, antioxidants are normally
added in food samples to prevent food from spoilage. Recently,
Nuchtavorn et al. manufactured a paper-based colorimetric
microfluidic chip using a self-made pen for detection of phenolic
and flavonoid contents in food samples (Fig. 8B) [79]. In their
method, the colorimetric results can be easily read by naked eyes
and further quantitatively analyzed by a cell phone. In the above
examples, monitoring food contaminations based on electro-
chemical and colorimetric methods has been realized through the
PoP strategies with merits of simplified fabrication process and
rapid results readout. By and large, researchers are devoting to
bringing these PoP strategies to the real world for practical moni-
toring of food contaminations.

4.2. Human body monitoring

The vigorously rising tendency of personalized medicine, in
which patients are pledged to learn insight of their health situation
by themselves, is triggering advances in wearable human health
monitoring systems (i.e., the front-end of personalizedmedicine) to
ensure gradual perfection of this emerging healthcare industry.
Among all the strategies for realizing body-worn health moni-
toring, the PoP strategies have recently drawn increasing interests
mainly due to its easy accessibility. The operation process of PoP
strategies is simple and cheap enough to be competent for DIY
purposes. In addition, such PoP strategies can be scaled up to
further drop the cost for making wearable healthcare monitoring
systems.

4.2.1. Human motion monitoring
Monitoring of humanmotion can provide useful information for

human health, especially for disabled and old people, where
human-friendly wearable sensors are demanded for improved user
experience. For instance, Liao et al. fabricated a wearable strain
sensor via pencil writing graphite sensing materials on paper [103],
which was successfully utilized to detect human finger motion
through monitoring the regular resistance change responding to
the finger bending-stretching motion. Besides, the sensor offers the
advantages of being human-friendly and the capability of direct
and conformable attachment on human skin. More recently,
inspired by the tactile feedback function of mammals’ (e.g., cat)
facial whiskers, Hua et al. developed a bioinspired strain sensor
made by a pencil and attached the fabricated paper-based sensor
on a finger to monitor the finger motion [81]. As an example, the
signs of “CAS” and “BINN” produced by finger bending were suc-
cessfully detected (Fig. 8C). The final signal based on the resistance
change of the sensor can be easily monitored. The above examples
indicate that the strain sensors fabricated by the PoP strategies
show promising prospect in the field of monitoring human motion
[81]. At the present stage, the wearable sensors can be easily
fabricated by the PoP strategies and conformably attached onto
body. But the peripheral signal acquisition systems are sophisti-
cated and inaccessible, which would be the main challenge to
expand wearable sensors into real applications.

4.2.2. Human diseases monitoring
At present, many people are afflicted by infectious diseases (e.g.,

vairal hepatitis) and chronic diseases (e.g., diabetes). Thus moni-
toring these diseases is utterly important for improving human
health. The POCT platforms characterized by moderate cost, user-
friendly operation and quick result readout are highly demanded
for early screening of serious diseases and routine monitoring of
chronic diseases. Recently, the PoP strategies have found wide ap-
plications for making POCT platforms in monitoring human dis-
eases. For example, Yang et al. developed a PoP strategy to
manufacture electrochemiluminescence immunosensor con-
structed by hydrophilic regions and conductive electrodes through
writing hydrophobic barriers with a crayon and writing electrodes
with a regular 6B pencil on paper (Fig. 8D) [38]. The immunosensor
was reliably used to detect Carbohydrate antigen 199 (CA 199),
which is the highest sensitive tumor marker of pancreatic cancer, in
real serum samples. The detection results agreed well with those
obtained from the commercial enzyme-linked immunosorbent
assay (ELISA), demonstrating its practical feasibility for screening
tumor marker. Further, prostate-specific antigen (PSA), a tumor
marker for identifying prostate cancer [104] and breast cancer
[105], in real clinical serum samples was successfully detected us-
ing a colorimetric paper platform fabricated by a marker pen with
detection limit of 0.3602 ng mL�1 [35]. In this work, the assay was
performed in a circular detection zone on paper realized by marker
pen writing. During testing, the repeated washing steps were
involved before each reagent introduction, which is complicated,
time-consuming and user-unfriendly. Another valuable example is
the detection of HIV-1 with detection limit of ~10 nM using a lateral
flow test strip prepared by a Biopen [39]. The achievement of this
strategy is close to practical application, as the preparation of test
strip via Biopen writing is easy to achieve and the final assay needs
minimum user intervention. In addition, the PoP strategies have
also been employed to make paper-based colorimetric devices for
glucose monitoring [44]. Herein, the PoP strategies were devised to
write hydrophobic materials (e.g., PDMS [44], wax [48]) on paper to
define the microfluidic channels for transferring the sample to the
detection zone. The detection results were obtained through color
change once the sample reached the detection zone, which could
be directly read by naked eyes. Hence, such PoP strategies show
great practicability for monitoring biomarkers of both serious dis-
eases and chronic diseases.

5. Conclusions, current challenges and future perspectives

The PoP strategies, characterized by writing desired functional
materials on paper using pens, have been widely used in the POCT
field for human health monitoring owing to their advantages of
simplicity, accessibility, low cost, user-friendliness and rapid pro-
totyping capability. Regular pens including pencils, ball pens and
fountain pens have been employed to write various functional el-
ements on paper targeting at different POCT application purposes.
Moreover, some self-made pens with a wide range of formulated
inks have also been developed to meet specific personalized de-
mands, further reinforcing the versatility of the PoP strategies in
fabrication of POCT platforms. Most importantly, these PoP strate-
gies have shown satisfactory feasibility in human health moni-
toring applications through monitoring both human ambient
environment they live in and human body.

The PoP strategies have been undergoing unprecedented
development in recent years aiming at the most advanced and
urgently needed POCT applications. However, they are also facing
some challenges. The limited selection range of ink materials
available for PoP strategies due to the fastidious selection standard,
requiring potential inks to be of proper surface tension, viscosity
and concentration, may restrict the practical functionality of the
written elements. Similarly, the limitation that only a few paper
substrates with suitable wettability to write inks are capable for
realizing PoP scenarios is going against the vista of their extensive
applications. Additionally, the tedious and energy-consuming post-



Fig. 9. Future perspectives of PoP strategies. They mainly refer to materials science (i.e., ink and substrate materials selection) and technology development (i.e., writing in-
struments, fully written fabrication and scalable manufacturing. Images of pens are reproduced from [62].
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treatments necessary for most solvent-based writing methods are
unexpectedly tarnishing the reputation of PoP strategies of being
easily accessible and rapid prototyping. Besides, due to manual
errors from different operators, the repeatability of written pat-
terns needs to be further improved, which is crucial for the
commercialization of the written paper-based platforms. Another
key challenge associated with PoP strategies is their poor capability
for mass production [106]. Until now, most PoP strategies are
exploited to write mono-functional ink for making single compo-
nent, which are not satisfactory for commercialized paper-based
products generally constituted by multi-components. On the ba-
sis of these challenges, the PoP strategies are highly active in lab-
oratory, but limited in practical applications. To eventually ensure
the PoP strategies to be feasibly used in practical applications, these
disturbing hurdles require to be circumvented in a near future.

Based on the literatures of PoP strategies summarized in this
review, the future perspectives of the PoP strategies can be oriented
in two main directions, i.e., the materials science and the technol-
ogy development (as shown in Fig. 9). For the materials science, the
development of varying novel ink materials for pen writing is
highly needed, which means that more functional components can
be realized by simply hand writing. More kinds of substrate ma-
terials with unique structural porosity, roughness and wettability
are also anticipated to collaboratewith pens in specific applications
of human health monitoring. The recently emerging paper mate-
rials composed of carbon derivatives (e.g., graphene paper, carbon
fiber paper and CNT paper) are nominated as promising substitutes
to enrich the army of paper materials for POCT uses. For the tech-
nology development, it is expected to introduce more writing in-
struments (e.g., marker pen) with reinforced functionality to
fabricate POCT platforms through one-step writing without any
need for tedious post-treatment procedure. In addition, integrating
PoP strategies with digitally controlled plotters is a prospectiveway
to eliminate human factor during writing and achieve scalable
batch manufacturing. Due to the simplicity of deploying different
pens or cartridges with a plotter (like a revolver), this next-
generation all-in-one device could write all functional inks
needed onto paper substrates, thus showing enormous potential to
make fully written POCT platforms. We envision that these
improvements will facilitate the commercialization of pen-writing
paper-based platforms. Another key element that deserves inten-
sified attention is the combination with the cutting-edge wearable
technology to output wearable POCT platforms and devices [107].
Benefiting from the simplicity of pen writing and human friendli-
ness of paper materials, this wearable vision can be a big hit in
offering real-time, on-site human physiological monitoring and
disease diagnosis, moving a giant step forward to the ultimate goal
of precise and personalized healthcare.
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