
2008701 (1 of 13) © 2021 Wiley-VCH GmbH

www.advmat.de

ReseaRch aRticle

A Wearable Body Condition Sensor System with Wireless 
Feedback Alarm Functions

Kaichen Xu, Yusuke Fujita, Yuyao Lu, Satoko Honda, Mao Shiomi, Takayuki Arie, 
Seiji Akita, and Kuniharu Takei*

Prof. K. Xu,[+] Y. Fujita, Y. Lu, S. Honda, M. Shiomi, Prof. T. Arie,  
Prof. S. Akita, Prof. K. Takei
Department of Physics and Electronics
Osaka Prefecture University
Sakai, Osaka 599-8531, Japan
E-mail: takei@pe.osakafu-u.ac.jp
Prof. K. Takei
JST PRESTO
Kawaguchi, Saitama 332-0012, Japan

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202008701.

[+]Present address: State Key Laboratory of Fluid Power and Mechatronic 
Systems, School of Mechanical Engineering, Zhejiang University, 
Hangzhou 310027, China

DOI: 10.1002/adma.202008701

vital signs,[6,7] or biofluid information.[8–10] 
However, only a few flexible sensor sys-
tems have been applied to neonatal 
monitoring, especially sleeping posture 
detection. A pioneering work was con-
ducted by developing battery-free and 
wireless systems to detect vital signs or 
physiological states, and it affords addi-
tional options for infant cares.[11,12] To 
build the platform of neonatal monitoring 
toward secure and comfortable lives, addi-
tional efforts are still required to exploit 
innovative sensor configurations for vul-
nerable population monitoring.

Vulnerable populations such as those 
with disabilities, the elderly, and neo-
nates often require special care. Each year 
over 3.0 million infants under the age of 
12 months die globally.[13] A leading cause 
of infant mortality is “sudden infant death 
syndrome” (SIDS), which is primarily 
attributed to a prone (i.e., face down) 
sleeping position.[14] Infants in a prone 
position are susceptible to accidental suf-
focation chiefly owing to a respiratory 
infection or a lack of oxygen. Therefore, 

the desired sleeping posture is to place infants on their backs. 
Another factor to maintain the sleeping quality of infants is the 
diaper change frequency. Conventional strategies to monitor 
the sleeping status rely on live-streaming videos or inflexible 
chip sensors. However, these methods often lag or have rela-
tively poor wearable comfortability.

In this work, we demonstrate a laser-induced graphene 
(LIG)-based wearable multimodal wireless sensor system with 
feedback alarm functions by integrating tilt, breath, and mois-
ture sensors. Table S1 (Supporting Information) highlights 
the LIG-based integrated body condition sensor system com-
pared to recent research work on wearable wireless sensor sys-
tems.[5,9,10,15–20] The tilt sensor realized by only soft materials 
can track at least 18 slanting directions using a GaInSn (gal-
instan) liquid metal. Existing tilt sensors are typically based on 
inertial measurement units (IMU), electromagnetic, or opto-
electrical effect, which usually involves rigid components and 
may affect the wearable comfortness. Owing to the distinct 
merits of gallium-based liquid metals with regard to fluidity, 
softness, stretchability, and high thermal/electrical conduc-
tivity, they have been applied in diverse functional devices.[21–23] 
In terms of liquid metals on flexible electronics, mainstream 

Emerging feedback systems based on tracking body conditions can save 
human lives. In particular, vulnerable populations such as disabled people, 
elderly, and infants often require special care. For example, the high global 
mortality of infants primarily owing to sudden infant death syndrome while 
sleeping makes request for extraordinary attentions in neonatal intensive 
care units or daily lives. Here, a versatile laser-induced graphene (LIG)-based 
integrated flexible sensor system, which can wirelessly monitor the sleeping 
postures, respiration rate, and diaper moisture with feedback alarm notifi-
cations, is reported. A tilt sensor based on confining a liquid metal droplet 
inside a cavity can track at least 18 slanting orientations. A rapid and scalable 
laser direct writing method realizes LIG patterning in both the in-plane and 
out-of-plane configurations as well as the formation of nonstick conduc-
tive structures to the liquid metal. By rationally merging the LIG-based tilt, 
strain, and humidity sensors on a thin flexible film, the multimodal sensor 
device is applied to a diaper as a real-time feedback tracking system of the 
sleeping posture, respiration, and wetness toward secure and comfortable 
lives. User-friendly interfaces, which incorporate alarming functions, provide 
timely feedback for caregivers tending to vulnerable populations with limited 
self-care capabilities.

1. Introduction

Wearable flexible sensors have emerged as promising alterna-
tives for human healthcare monitoring owing to their light-
weight and thin-film-based nature.[1,2] In the past decade, 
various flexible physical and chemical sensors have been con-
ceived and demonstrated to track human physical activities,[3–5] 
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research efforts have been devoted to developing stretch-
able conductors/wires,[21,24] soft robotics,[25] or soft sensors to 
measure pressure,[26] strain,[27,28] or tactility.[29] The concept of 
our tilt sensor is to confine a liquid metal droplet inside a non-
stick elastomeric cavity, which is homogeneously surrounded 
by eight pairs of functionalized electrodes. This configuration 
allows for the formation of multiple droplet-based “floating” 
sensors.

A grand challenge is to develop reliable manufacturing strat-
egies that realize well-defined selectively patterned conductors 
with controlled in-plane and out-of-plane distributions without 
adhesion to the liquid metal. Herein, by virtue of scalable laser 
digital patterning coupled with an additive manufacturing tech-
nique, LIG electrodes are transferred onto soft elastic materials 
where a portion of conductors extends into the cavity using 
a 3D-printed mold with a central embossment. This over-
comes the issues of nanomaterials’ patterning limited in 2D 
planes.[30–32] Another challenge is to simultaneously achieve 
both a nonadhesive elastomeric surface and electrical conduc-
tivity to the liquid metal.

Furthermore, to leverage porous LIG as an active sensing 
material and interdigital electrodes, a stretchable strain sensor 
and a humidity sensor are achieved, respectively. They are able 
to track the breathing rate and diaper wetness in real time. To 
reduce interconnected hard wires for practical applications, 
elaborate integration of multimodal sensors is crucial in flex-
ible electronics. By properly merging tilt, strain, and humidity 
sensors on a thin film and attaching the sensor system onto 
a disposable diaper, the acquired ten channel signals can be 
transmitted wirelessly via Bluetooth to a user-friendly smart-
phone interface. For timely decision-making, programmed 
alarming functions can provide immediate feedback for the 
caregiver of a vulnerable population, who cannot care for 
themselves.

2. Results and Discussion

To continuously track the sleeping status, a multimodal flexible 
sensor sheet is integrated with a wireless feedback signal pro-
cessing system placed on a disposable diaper (Figure 1a). Then 
tilt, strain, and humidity sensors are developed by leveraging 
LIG as conductive electrodes and active sensing materials 
(Figure 1b). LIG, which is realized by photothermal carboniza-
tion of polymers, is endowed with various distinct merits, such 
as programmable digital patterning of arbitrary LIG shapes, 
compatibility with pattern transfer method, and efficient mac-
roscale fabrication capability in ambient atmosphere.[33–35] It 
provides a more straightforward fabrication manner with a 
higher reproducibility compared to the laser reduction of gra-
phene oxide (GO).[36] Figures S1 and S2 (Supporting Informa-
tion) depict the fabrication processes of each sensor and the 
integrated sensor system. The tilt sensor, which encapsulates 
a galinstan droplet is to record sleeping postures. Owing to 
its desirable intrinsic fluidity and electrical conductivity, galin-
stan moves freely within a controllable hollow space. Each pair 
of LIG electrodes coupled with a droplet forms a switchable 
floating sensor. Specifically, the LIG electrodes and cavity are 
pretreated to overcome the common issue of strong adhesion 

to Galinstan. The “ON” and “OFF” states of these eight pairs 
of floating sensors determine the slanting orientations based 
on intrinsic sensing criteria. For the strain sensor, the poly-
dimethylsiloxane (PDMS) solution infiltrates into porous LIG, 
leading to the seamless fusion for a stretchable breath sensor 
to perceive the respiration rate. Furthermore, the humidity 
sensor uses stacked ZnIn2S4 (ZIS) as an active sensing mate-
rial and porous interdigital LIG as electrodes to promote the 
absorption and desorption of water vapors. A humidity pass 
membrane, which is water liquid-resistant to allow water 
vapor permeation, is laminated on the humidity sensor to 
prevent direct contact of water onto the ZIS, scratching, and 
contamination.

To facilitate on-site measurements with minimal inter-
connected wires, a printed circuit board (PCB) (dimensions: 
40 mm × 23 mm × 2.5 mm) is developed by merging signals 
collection, processing, and wireless transmission (Figure 1b–d). 
Ten channel signals (i.e., eight channels for the tilt sensor, two 
channels for the strain and humidity sensors) are synchro-
nously acquired and transmitted to a user-friendly interface 
over low-energy Bluetooth, which is powered by a mini 3.7 V 
lithium-ion battery. Figure S3 (Supporting Information) depicts 
a block diagram of the compact integrated circuit. Furthermore, 
an individual alarm function for each sensor is preprogrammed 
in an Android environment. To afford timely feedback to a 
guardian, the corresponding warning could be initiated in the 
circumstance of sleeping in the prone position, respiratory 
arrest, or a diaper with a high wetness.

First of all, to achieve a galinstan-based tilt sensor, it is vital 
to develop a functional soft matrix that not only exhibits a non-
stick effect to the liquid metal but also has a superior selective 
conductivity. Notably, considering the safety issue, gallium-
based liquid metal is applied as an alternative to toxic mercury. 
Here, we use a versatile laser direct-writing (LDW) technique as 
an environmentally friendly and rapid manufacturing approach 
to address the aforementioned challenges in an ambient envi-
ronment. Using the programmable patterning process, the 
LDW method selectively converts polyimide (PI) into porous 
graphene (i.e., LIG) based on the photothermal effect (Figure 2a 
(1)).[37,38] LIG is subsequently transferred into the elastomeric 
PDMS matrix (Figure  2a (2)). The secondary LDW process 
creates cross-hatched texturing with highly rough conductive 
surfaces, allowing free movement of the galinstan droplets 
(Figure 2a (3)–(4)).

The scanning electron microscopy (SEM) images show 
porous and continuous structures in LIG on PI (Figure 2b (1)). 
Transferring LIG into PDMS drastically eliminates the rough 
structures of LIG due to PDMS infiltration (Figure 2b (2)). The 
subtle laser texturing on LIG/PDMS recovers micro/nanostruc-
ture roughness (Figure  2b (3)), enhancing the nonwettability 
of galinstan. The Raman spectra show typical D (≈1350 cm−1), 
G (≈1580 cm−1), and 2D (≈2700 cm−1) peaks of LIG (Figure 2c). 
A relatively low ID/IG (≈0.5) on PI at the optimized laser pro-
cessing parameters indicates a high degree of graphitization, 
and the 2D band originating from the second-order zone-
boundary phonons confirms the formation of stacked gra-
phene layers (Figure S4, Supporting Information).[34,39] After 
transferring LIG into PDMS, the 2D peak disappears along 
with a higher ID/IG value. This is probably owing to additional 
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defects formed during mechanical delamination. However, 
the transferred LIG layers still retain a low sheet resistance of 
37.6±3.13 Ω sq−1 (21.4±0.6 Ω sq−1 before LIG transfer) based on 
fabricated 60 samples (Figure  2d and Figure S5, Supporting 
Information). Such a high reproducibility is attributed to the 
almost complete transfer of LIG from PI to PDMS at the opti-
mized laser processing conditions (Figure S6, Supporting Infor-
mation). Furthermore, this sheet resistance is along the laser 
scanning direction with a relatively smaller sheet resistance 
compared to other laser processing orientations (Figure  S7, 
Supporting Information) and decreasing image densities (lines 
per inch, i.e., LPI) increase the sheet resistance owing to the 
formation of lower density of LIG, especially at LPI smaller 
than 160 (Figure S8, Supporting Information). In addition, the 
laser power density can control the LIG thickness (Figure S9, 
Supporting Information). Interestingly, laser texturing on LIG/
PDMS enables to recover all the LIG Raman peaks (Figure 2c). 
It is worth noting that the laser texturing on PDMS at the 
higher power density can directly promote the formation of 
graphite (Figure S10, Supporting Information) and silicon car-
bide to form flexible semiconductor/elastomer composites or 
for high-quality PDMS patterning.[40–42]

More importantly, the sheet resistance (≈44 Ω sq−1) of laser-
textured LIG/PDMS has a very slight conductivity degradation 
compared to that of LIG/PDMS (Figure  2d). This is crucial 
to create LIG-based conductive electrodes for the tilt sensor. 
In fact, the sheet resistance of the LIG/PDMS matrix after 
laser texturing increases only slightly (from ≈42 to 51 Ω sq−1) 
when the laser scanning energy density is below 5.8 J cm−2 
(Figure  2e). Further increasing laser texturing energy den-
sity gives rise to a larger laser penetration depth, which even 
exceeds the thickness of the embedded LIG film. This breaks 
the continuity of the LIG layers and leads to a sharp increase 
of sheet resistance (Figure  2e, inset). This broad laser tex-
turing threshold is advantageous to flexibly tune the wettability 
between galinstan and a LIG/PDMS surface while concurrently 
maintaining its conductivity.

Furthermore, the freely mobile capability of a galinstan 
droplet on the patterned LIG/PDMS substrate is crucial for 
the tilt sensor. Because liquid metals easily adhere to most 
surfaces owing to the rapid formation of a thin oxide shell, 
several attempts have been made to create nonstick surfaces. 
These are typically achieved by designing liquid metal-based 
composites[43] or filling liquid metal droplets inside a solvent.[44] 

Figure 1. Conceptual illustration of the multimodal flexible sensor system for wireless vulnerable population monitoring. a) Schematic of the wearable 
sensor system attached onto a disposable diaper. b) Schematic of a wearable body condition sensor system integrated with tilt, breath, and moisture 
sensors. Multiple channel signals are wirelessly transmitted to a smartphone interface via Bluetooth. The smartphone can generate an alarm under 
certain conditions. c) Block diagram of the wearable device integrated with signal processing, wireless transmission, and feedback alarm functions.  
d) Photo of the fabricated multimodal flexible sensor sheet.
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Nevertheless, the intrinsic fluidity and conductivity are sac-
rificed, and additional solvents (e.g., glycerol) may enable 
the liquid metal droplet to suffer from friction and viscosity, 
which affects the frequency response. However, our laser 

texturing method overcomes this wettability issue. Galinstan 
droplets exhibit a relatively high wettability on PI, PDMS, 
and LIG/PDMS surfaces with contact angles of ≈105°, ≈92°, 
and ≈130°, respectively (Figure  2f and Figure S11, Supporting 

Figure 2. LIG-based matrix for the tilt sensor. a) Schematic of the fabrication process for the nonadhesive LIG-based soft substrate to a galinstan 
droplet. b) SEM images, c) Raman spectra, and d) sheet resistance of the (1) LIG/PI, (2) LIG/PDMS, and (3) laser-textured LIG/PDMS substrates. 
e) Sheet resistance of the LIG/PDMS substrate as a function of laser texturing energy density. Laser texturing speed: 425 mm s−1. f) Photo of galinstan 
on different substrates (side-view, left column, scale bar: 3 mm) and photo after retracting galinstan (top-view, right column, scale bar: 1 cm). g) Contact 
angle and sliding angle of galinstan on LIG/PDMS surfaces as a function of laser texturing energy density. h) Wetting model of a galinstan droplet over 
a laser-textured LIG/PDMS electrode. i) Photo of a laser-textured LIG/PDMS with a gap. j) Schematic of the measurement setup for the droplet-based 
floating sensor. k) Real-time measurement of a galinstan droplet and steel ball rolling off the oblique plane covered with a laser-textured LIG/PDMS 
electrode. l) Photos of the LED operating in the ON/OFF states driven by a galinstan droplet.
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Information). Additionally, residues remain on these surfaces 
after retracting galinstan. In contrast, large contact angles of 
≈158°, 159°, and ≈164° of galinstan on the LIG/PI, laser-tex-
tured PDMS, and laser-textured LIG/PDMS, respectively, are 
observed without a surface residue (Figure  2f and Figure S11, 
Supporting Information). This is because of the formation of 
micro/nanostructures on these surfaces endowed with a lower 
surface energy. Dynamic interactions of droplets with different 
surfaces demonstrate that galinstan rebounds off of the laser-
textured LIG/PDMS surface, verifying its robust repellency to 
galinstan (Video S1, Supporting Information).

The contact and sliding angles are investigated as func-
tions of laser energy density (Figure 2g). At an energy density 
of 1.5 J cm−2, a galinstan droplet is tightly immobilized on the 
surface until the substrate tilting angle reaches 64°. This cor-
responds to a relatively small contact angle of 132°. However, 
increasing the laser energy density dramatically reduces the 
sliding angle with an inverse change of contact angle owing 
to the rougher textured surfaces (Figure S12, Supporting 
Information). The minimum sliding angle of 3° is achieved at a 
laser texturing energy density of 5.3 J cm−2, which is in accord-
ance with a large contact angle of over 160°. It is noteworthy 
that such a high laser texturing energy density is still below 
the threshold associated with the sheet resistance discussed in 
Figure 2e. The nonstick galinstan droplet on the laser-textured 
LIG/PDMS surface is attributed to the relatively high surface 
stress (up to ≈0.5 N m−1) of the thin oxide skin encompassing 
galinstan (Figure  2h).[45,46] This prevents the outflow of the 
interior liquid metal penetrating into the pores of the textured 
LIG/PDMS and PDMS. In fact, residues are not observed after 
one month regardless of the presence of planar or nonplanar 
textured surfaces, demonstrating its robust nonadhesive prop-
erty (Figure S13, Supporting Information). Overall, a galinstan 
droplet forms a Cassie wetting state and easily moves on the 
selective LIG-patterned and laser-functionalized soft matrix.

The laser-textured substrates are also endowed with a self-
cleaning property owing to the formation of superhydrophobic 
surfaces (Figure S14, Supporting Information). The surface 
maintains a dry state after extracting the substrate from water, 
indicating a superior waterproof characteristic (Video S2, Sup-
porting Information). This does not change the resistance even 
upon immersing the laser-textured LIG/PDMS substrate in 
water. Furthermore, pouring water easily removes contaminants 
(e.g., coffee powder) on the functional substrates, suggesting a 
self-cleaning feature (Video S3, Supporting Information). Con-
sequently, the functional waterproof and self-cleaning proper-
ties suggest that the sensing performance of laser-textured LIG/
PDMS platform-based wearable sensors is sustained even in a 
high moisture environment.

As the proposed flexible laser-textured conductive or non-
conductive surfaces contribute to the free motion of a galinstan 
droplet, a droplet-based floating sensor was developed. By con-
tinuously rolling a galinstan droplet (≈18  µL) from a sloping 
step, an electronic circuit can be switched to the “ON” state once 
the floating droplet rolls across the LIG electrodes with a 150-µm 
gap distance (Figure 2i–k and Figure S15, Supporting Informa-
tion). Although galinstan does not stick to the laser-textured sub-
strate, the low wettability is preserved, leading to electrical con-
tacts between galinstan and electrodes. This is also verified from 

the uniform signal reproducibility (Figure 2k). It is noteworthy 
that a galinstan droplet can bridge the electrode even if the gap 
distance is increased up to 1350  µm (Figure S15, Supporting 
Information). However, a 3-mm-diameter conductive steel 
ball fails to connect the electrodes caused by the full nonwet-
ting state between the steel ball and functionalized surface. As 
a proof-of-concept, we demonstrate the capability of a droplet-
based floating sensor to control a light-emitting diode (LED) 
(Figure 2l). Repeatedly slanting the substrate switches the “ON” 
and “OFF” states of LED (Video S4, Supporting Information).

Next, the tilt sensor is developed based on the laser-textured 
LIG/PDMS matrix. The kernel is to confine a galinstan droplet 
inside a nonadhesive cavity, enabling the free movement of the 
droplet (Figure  3a). The attachment and detachment between 
the galinstan droplet and conductive LIG electrodes, which 
are partially extended into the cavity determine the “ON” and 
“OFF” states, respectively, owing to the varied slanting orien-
tations. Specifically, eight pairs of LIG electrodes regularly 
surrounding a cavity are fabricated by laser processing, 3D 
printing, and pattern transfer, providing a cleanroom-free fab-
rication strategy with scalable, rapid, economical, and green 
production advantages (Figure S16, Supporting Information). 
Figure 3b displays the macroscale 8 × 6 core part array for the 
tilt sensor. Compared to screen printing or inkjet printing, the 
proposed methods are able to create embedded conductive 
structures inside elastomeric materials both in the in-plane and 
out-of-plane configurations with wettability tunable capability.

In our fundamental study of the tilt sensor, the sensors 
are connected to the measurement setup via a screen-printed 
silver (Ag) electrode film (Figure S17, Supporting Informa-
tion). Figure 3d,e depicts the working principle (mechanism 1) 
of the galinstan-based tilt sensor (slope angle θ: 50°) in real-
time measurements. Initially, the tilt sensor is in the horizontal 
upward position and the galinstan droplet is inside the cavity. 
This renders eight pairs of electrodes in good contact with gal-
instan, resulting in the “ON” states of all sensors. As the tilt 
sensor is gradually inclined from the direction of sensors #1–#5, 
the galinstan droplet shifts off center owing to its intrinsic flu-
idity property and gravitational force. Consequently, the droplet 
detaches from floating sensors #1, #2, and #8, while the other 
five sensors still maintain their “ON” states, but floating sen-
sors #3 and #7 are approaching their “OFF” states. Owing to 
the better contact between galinstan and sensors #4–6, the 
output of these three sensors becomes slightly lower. Returning 
the tilt sensor to the horizontal upward position restores the 
droplet back to the central point, which switches all the floating 
sensors back to the “ON” states.

The other sensing mechanism (mechanism 2) is that when 
the tilt sensor inclines from the central point of floating sen-
sors “#1 and #8” to “#4 and #5”, sensors #1, #2, #7, and #8 
are switched to the “OFF” states, while others maintain their 
“ON” states (Figure S18, Supporting Information). Further-
more, upon completely flipping the tilt sensor to the downward 
position, the droplet detaches from all the floating sensors, 
switching all units to the “OFF” state (Figure S19, Supporting 
Information). In sum, the proposed tilt sensor can, in principle, 
monitor at least 18 directions.

Additionally, the slope angle θ (Figure S20a, Supporting 
Information) of the cavity plays a crucial role in defining the 
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working principle of the tilt sensor. If the slope angle θ is 
decreased to 30°, sensing mechanism 1 is the same as that 
at 50° (Figure  S20, Supporting Information). However, for 
sensing mechanism 2, only two floating sensors are in the 
“OFF” state when inclining the tilt sensor. Further decreasing 
the slope angle θ to 10°, the galinstan residues remain on the 
cavity sidewall, suggesting that the tilt sensor is not success-
fully fabricated (Figure S21, Supporting Information). This is 
because laser texturing is difficult to apply to an almost vertical 
surface. The following measurements and applications use a 
tilt sensor with slope angle θ of 50°.

For practical applications, signal reproducibility is important. 
By alternatively moving the tilt sensor between the horizontal 

and tilting states (Figure  3d), the tilt sensor exhibits highly 
stable signal repeatability for more than 190 cycles (Figure 3f). 
After nearly ten months, over 200 cycles were performed using 
the same tilt sensor, which can still work properly (Figure S22, 
Supporting Information). Such a durable performance is attrib-
uted to the softness and lightweight of liquid metal droplet 
that cannot structurally change the property of laser-textured 
surfaces. Additionally, the tilt sensor can work properly at the 
operation frequency of around 1  Hz (Figure S23, Supporting 
Information). The volume of galinstan inside the cavity deter-
mines the minimum slanting angle that drives the working of 
tilt sensor at a specific direction. For both working mechanisms 
1 and 2, the minimum slanting angle presents an almost linear 

Figure 3. Design and characterization of the tilt sensor. a) Schematic of the side views of the tilt sensor in upward horizontal and slanting positions. 
b) Photo of a large-scale LIG-based core body arrays for the tilt sensor. c) Photos of the tilt sensor at horizontal and slanting states. d) Schematics of the 
tilt sensor in the (1) upward horizontal state and (2) tilting state. Arrow indicates the slanting orientation. e) Real-time measurement of the tilt sensor 
by alternatively varying the position between states (1) and (2) (cavity slope angle θ of 50°). f) Cycle test of the tilt sensor between states (1) and (2) 
as shown in (d). g) Minimum slanting angles as a function of the galinstan volume regarding the two sensing mechanisms. h) Real-time detection of 
the tilt sensor at various slanting directions.
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increase with the galinstan droplet increase (Figure  3g). This 
affords a potential route toward detecting more tilting directions 
by injecting different volumes of the droplets inside the cavities 
of a flexible tilt sensor array. To exhibit its versatile functionality 
while monitoring various slanting orientations, real-time meas-
urements are performed (Figure 3h). By extracting the ON-OFF 
state of each floating sensor, the slanting directions can be 
obtained.

Next, the stretchable strain sensor and flexible humidity 
sensor using the LIG as active sensing materials and porous 
electrodes, respectively, are discussed as they are used to per-
ceive the respiration rate and diaper wetness (Figure  4). To 
achieve a thin strain sensor that conformally attaches onto a 
diaper, spin-coating and pre-baking (three cycles) of the PDMS 
solution on the LIG/PI film (Figure S1b, Supporting Infor-
mation) realizing ≈200-µm-thick LIG/PDMS composite were 
applied (Figure 4a). Based on the piezoresistive mechanism, the 
structural elongation of LIG filaments embedded in PDMS can 
increase the resistance under stretching (Figure  4b). Different 
from the sensor architectures with active sensing nanomate-
rials on stretchable elastomers,[47,48] the proposed strain sensor 
based on embedded LIG in PDMS affords an interlocking effect 
that can overcome the intrinsic poor adhesion issue owing to 
their difference of Young’s modulus.

To investigate the effect of laser energy density on sensitivity 
of the strain sensor, LIG on the PI film was fabricated with an 
energy density ranging from 1.5 to 4.4 J cm−2 at a constant scan-
ning speed of 50 mm s−1 (Figure 4c). The strain sensor sensi-
tivity increases as the laser scanning energy density increases 
because a higher laser energy density realizes a higher degree 
of graphitization, which leads to denser high-aspect-ratio fila-
ments (Figure S24, Supporting Information). However, a higher 
laser energy density results in a larger hysteresis behavior, 
which is undesirable in wearable electronics (Figure S25, Sup-
porting Information). This relatively large hysteresis behavior at 
a high scanning energy density (>3.6 J cm−2) is probably attrib-
uted to the higher density of the LIG filaments sliding inside 
the PDMS matrices upon stretching because it is difficult for 
them to immediately slide back after releasing the strain.[49] To 
reduce the hysteresis while preserving both the sensitivity and 
linearity, we used a strain sensor fabricated at a moderate laser 
scanning intensity of 2.9 J cm−2 for the following applications 
(Figure 4d).

To investigate the signal reproducibility, Figure  4e displays 
real-time measurements of nearly 10 000 stretching and releasing 
cycles. The resistance variations are almost the same without 
resistance drifts during the long-time testing (Figure 4e, insets). 
The resistance changes at 0% and 8% strain at different time 
frames are extracted as depicted in Figure  S26 (Supporting 
Information). It clearly shows that almost no performance 
degradation is observed. This is a crucial feature for wear-
able long-time respiration monitoring while sleeping. Addi-
tionally, results of a tape peeling-off test (50 cycles) present 
almost no resistance variation of the LIG-based strain sensor 
(only ≈0.1% resistance increase), indicating that the LIG is well 
encapsulated inside the PDMS (Figure S27, Supporting Infor-
mation). As a proof-of-concept, the stretchable strain sensor 
was attached onto an adult’s abdominal area (Figure  4f). The  
expansion and constriction of the abdomen correspond to the 

inhalation and exhalation of respiration. The resistance change 
of the strain sensor was wirelessly transmitted to the interface 
of a smartphone via Bluetooth (Figure 4g and Figure S28, Sup-
porting Information). The volunteer’s breathing period is in the 
range of 3–4 s, indicating a healthy status for an adult. If the 
volunteer ceases to breathe for a specific period (in this study, 
10 s), the smartphone generates alarm music, and the smiling 
cartoon face is changed to a sad profile (Video S5, Supporting 
Information). The alert is to remind the caregiver to check the 
baby’s status in time. If the strain sensor is applied in infant’s 
breathing monitoring, the device can be attached onto the 
diaper with an elastic band, which is properly fit to the body. 
This is able to improve the signal-to-noise ratio during the real-
time detection.

To probe the diaper wetness, a flexible humidity sensor was 
fabricated by depositing ZIS nanosheets on the porous LIG 
interdigital electrodes (Figure 4h (1) and Figure S29, Supporting 
Information). To avoid scratches, contamination, and direct 
moisture contact with the ZIS film, a water-resistant humidity 
pass filter was laminated over the ZIS/LIG/PI substrate 
(Figure 4h (2)). The surface morphology of the ZIS nanosheets 
has a wrinkled structure, and ZIS nanosheets are stacked layer 
by layer (Figure 4i–j). Different from the contact detection,[50] a 
distinct merit for the proposed humidity sensor is its capability 
for noncontact moisture detection. For instance, when the fin-
gertip approaches the sensor with a distance between the device 
and fingertip, the humidity around the finger leads to the 
decrease of sensor resistance (Figure S30, Supporting Informa-
tion), indicating its potential applications in human–machine 
interactive interfaces based on noncontact detection.

To maximize the performance, the thickness dependence 
of ZIS on the LIG electrodes was investigated (Figure  4k and 
Figure S31, Supporting Information). Gradually adding water 
droplets (5–100 µL) on the humidity pass filter on the humidity 
sensor decreases the sensor resistance. This is because water 
molecules reduce the bandgaps of ZIS nanomaterials.[51] 
When the ZIS film thickness is ≈770  nm, the resistance of 
the humidity sensor decreases by ≈40% with a rapid recovery 
time of less than 10 s after retracting 100 µL water. Increasing 
the ZIS film thickness improves the resistance change up to 
64%. However, it also extends the recovery time owing to the 
deeper penetration of water vapors, which requires longer 
periods for desorption. Therefore, 0.5 mg ZIS (≈2.5-µm thick) 
was used to obtain the comparatively optimal performance.

A humidity pass filter effect for humidity sensing was 
studied. The resistance change for the humidity sensor with 
the filter is slightly smaller than that without filter (Figure 4l). 
However, this should not affect diaper wetness monitoring. 
Both categories of humidity sensors present quite stable out-
puts when placing the devices in a moisture-controllable oven 
while varying the humidity from 30% to 80% (Figure  4m). 
In contrast, the humidity sensor using screen-printing Ag as 
interdigital electrodes exhibits gradual performance degrada-
tion (Figure  S32, Supporting Information). This is owing to 
the merit of nanostructured LIG porous structures that con-
tribute to the rapid absorption/desorption of water vapors and 
then comparatively stable humidity sensors.[51,52] It should be 
noted that the ZIS deposited on LIG/PDMS with and without 
laser texturing exhibits poorer performances for the humidity 
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Figure 4. Design and characterization of the LIG-based breath sensor and moisture sensor. a) Photo of a LIG-based strain sensor on a curved sur-
face. b) Schematic of the sensing mechanism of the strain sensor. c) Strain responses of strain sensors fabricated by varying laser scanning energy 
densities. d) Forward and backward strain response of the strain sensor. e) Cycle tests of the strain sensor. f ) Photo of the strain sensor attached 
onto the abdomen. g) Wireless real-time measurement of the respiration rate. Insets show photos of wireless monitoring of the breath rate by a 
smartphone. h) Photos of a LIG-based humidity sensor without (1) and with (2) a humidity pass filter. i) Top and j) cross-sectional SEM images 
of the stacked ZIS nanosheets. k) Real-time measurement of the humidity response by adding water droplets onto the humidity sensors with dif-
ferent thicknesses of ZIS. l) Humidity response with and without a humidity pass filter. m) Cycle test comparison of the fabricated and commercial 
humidity sensors. n) Wireless real-time measurement of diaper wetness by the humidity sensor. Insets show photos of wireless measurements of 
a wet diaper by a smartphone.
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response (Figure S33, Supporting Information). This is most 
likely because the embedded LIG electrodes within PDMS 
expose limited surface areas for the ZIS nanosheets. Further-
more, laser texturing forms hydrophobic surfaces, leading 
to weak accessibility of water vapor into the active sensing 
materials.

As a proof-of-concept, the humidity sensor was attached 
onto a baby diaper for wireless urine monitoring (Figure  4n). 
Water, which was applied to imitate urine, was injected into the 
baby diaper. After the water molecules approach the humidity 
sensor, the smartphone generates alarm music once the output 
of the humidity sensor decreases below the preset threshold 
(Video S6, Supporting Information). This can promptly inform 
the caregiver to replace the diaper to improve the sleeping 
comfortability.

As a wireless feedback wearable sensor system, the inte-
grated flexible sensor system coupled with the tilt sensor, res-
piration sensor, and moisture sensor was attached onto the 
baby diaper for vulnerable population monitoring (Figure 5a,b). 
By intelligently merging multimodal sensors with the micro-
controller and a smartphone with user-friendly interfaces and 
alarm functions, the hybrid flexible sensor system can wire-
lessly track the body condition and wetness status, especially 
during a sleeping period. Owing to repeatable usages of each 
sensor, the multimodal flexible sensor sheet can be reused. 
As a proof-of-concept, the integrated system onto a diaper was 
worn by an artificial baby model (Figure  5c). The baby’s pos-
ture can be read on the interface of the smartphone where eight 
floating sensors are denoted by red dots. Various baby sleeping 
postures are wirelessly measured, including sleeping on the 
back (Figure 5c (1)), side (Figure 5c (2)–(3)), stomach (Figure 5c 
(4)), and standing posture (Figure  5c (5)). Importantly, if the 
baby sleeps in the prone position, the alarm mode is initiated 
at once to alert the caregiver to change the baby’s sleeping posi-
tion (Video S7, Supporting Information).

To demonstrate the versatility of the wireless multimodal 
flexible sensor system, the device onto an adult diaper was 
worn by a volunteer (Figure 5d–f). The real-time multichannel 
signals are detected and transmitted to the smartphone inter-
face, including information of breathing, diaper wetness, 
and sleeping posture (Figure S34, Supporting Information). 
It should be noted that although the sleeping postures may 
change the baseline of the breath sensor, the breathing rate can 
still be obtained. The humidity response shows slight variations 
under different sleeping postures. When the volunteer slept on 
his stomach, peaks are not observed for the breathing sensor 
because the mattress hinders the expansion and constriction of 
the abdomen. This leads to alarm music after a period of 10 s, 
while the tilt sensor produces the alarm immediately (Video S8,  
Supporting Information). To verify the results, additional six 
batches of data sets were recorded when the volunteer wore 
the wireless multimodal sensor system in different sleeping 
positions (Figure S35, Supporting Information). Overall, the 
flexible multimodal wireless sensor system integrated with 
multiple sensors and timely feedback alarm functionalities will 
contribute to vulnerable population monitoring, especially new-
born infants to reduce risk while sleeping.

Notably, for the integrated multimodal flexible sensor system, 
cross-sensitivity is a common issue. Here, the resistance 

variations of LIG are measured when both humidity and strain 
change. As illustrated in Figure S36a (Supporting Information), 
the resistance of LIG electrode remains highly stable at dif-
ferent humidity levels, while it slightly increases with decrease 
of curvature radius owing to bending-induced strain change 
inside the graphene. Only ≈4.5% resistance change is observed 
at the curvature radius of 1.6 cm from the flat state. This small 
resistance change does not affect the output of tilt sensor 
owing to that the working mechanism of tilt sensor is based 
on the “ON” and “OFF” states of each LIG electrode regarding 
the position of liquid metal droplet. In terms of the humidity 
sensor, its overall resistance change is negligible owing to the 
sensor’s large resistance at a MΩ level. Furthermore, the resist-
ance change of LIG was tested as functions of temperature and 
strain (Figure S36b, Supporting Information). The resistance 
linearly decreases as the temperature increases, which is attrib-
uted to the enhanced electron–phonon scattering at the higher 
temperature in LIG.[53] However, the temperature sensitivity is 
only ≈0.036% °C−1. This temperature-induced small resistance 
change has no effect on the tilt sensor, while its effect on the 
humidity sensor is insignificant. For the strain sensor, the base-
line may be slightly changed, but the peak frequency cannot 
be affected. In addition, the LIG-based temperature sensor can 
be integrated into the multimodal sensor system to compen-
sate for the temperature effects if necessary. Overall, the signal 
cross-sensitivity has almost no effect on the proposed multi-
modal sensor system.

3. Conclusions

We demonstrate an integrated multimodal wireless sensor 
system equipped with timely feedback alarm functionalities 
to track the sleeping status of vulnerable populations. The 
tilt, strain, and humidity sensors are successfully developed 
based on a rapid and scalable laser processing approach using 
the LIG as active porous sensing materials or highly conduc-
tive electrodes. In particular, our proposed tilt sensor perceives 
18 slanting directions by confining a galinstan droplet inside 
a selective LIG patterned cavity. Relying on a LDW strategy 
coupled with an additive manufacturing method, we realize 
a macroscale LIG patterning in both the in-plane and out-of-
plane configurations. Such hybrid manufacturing techniques 
may also provide viable routes to design other categories of 
functional devices, for example, by patterning LIG on complex 
curved surfaces.

By judiciously merging these three sensors on a thin film 
using screen-printed Ag electrodes, ten channel signals were 
wirelessly transmitted to a smartphone interface through an 
electronic circuit via Bluetooth. As a proof-of-concept, we syn-
chronously monitored sleeping postures, respiration rate, and 
diaper wetness. The appropriate alarm functions are driven by 
the specific circumstances. Hence, this integrated smart wire-
less sensor system may strengthen ties between the caregiver 
and members of a vulnerable population, especially neonates, 
to substantially diminish their mortalities.

Future tasks include integration of extra sensing modules 
into the thin-film-based flexible sensor system to comprehen-
sively track skin temperature, heart and pulse rates, oximeters, 
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and other health vital signs. If the sensor system is attached 
onto the infant diaper for real-time monitoring, a proper pas-
sivation layer against moisture is required for long-term detec-
tion. Using advanced processing equipment and standard 
assembling methods is of high importance to greatly shrink 
the size of sensor elements. For safety issues, the scheme of 

battery-free wireless circuits should be involved in multimodal 
flexible sensor systems using the strategies such as near-field 
communication,[54] magnetic resonant coupling,[55] or energy 
harvesting.[56] The material safety issues should be further 
evaluated and improved, especially for infant monitoring. In 
addition, highly bendable and stretchable circuits are desired 

Figure 5. Demonstrations of an integrated wireless wearable body condition sensor system for sleeping status monitoring. a) Photo of multimodal 
flexible sensors attached onto a diaper. b) Photo of the printed circuit board. c) Photos and results extracted from the smartphone of an artificial baby 
model wearing a wireless integrated tilt sensor for various body positions, including sleeping on the (1) back, (2) right side, (3) left side, (4) stomach, 
and (5) standing posture. d) Photo of an adult lying on a mattress wearing the sensor system. e) Photo of the wireless monitoring results on a smart-
phone. f) Wireless real-time monitoring results measured from an adult lying on a mattress.
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with high signal-to-noise ratios at large mechanical deforma-
tions.[57] One possible solution is to merge distributed chips 
with different functions into a single chip. To reduce power 
consumption (down to ≈µW) for the multichannel flexible 
sensing, innovative multiplexing schemes should be involved, 
such as orthogonal frequency-division multiplexing,[58] and 
discrete-time/continuous-time Walsh coding multiplexing tech-
niques.[59,60] In sum, an all-in-one wireless sensor system with 
superior mechanical compliance and prolonged monitoring 
capability is highly expected to form feedback closed-loop 
hybrid flexible sensor systems.

4. Experimental Section
Fabrication of the Tilt Sensor: As depicted in Figure S1a (Supporting 

Information), a PI film (125-µm thick) was loaded onto a CO2 laser 
system (25 W, 10.6-µm wavelength, beam size of ≈76 µm, pulse duration 
of ≈14 µs, VLS2.30, UNIVERSAL Laser System). The raster mode was 
applied to fabricate eight pairs of circularly distributed graphene 
electrodes with a laser scanning energy density, speed, and pulses per 
inch (PPI) of 3.6 J cm−2, 50 mm s−1, and 500, respectively. Then the vector 
mode removed the central unnecessary parts using laser cutting with an 
energy density and speed of 24.2 J cm−2 and 300 mm s−1, respectively. 
This LIG/PI film was fastened using double-sided adhesive tape on a 
mold equipped with a central embossment, which was manufactured by 
a 3D printer (Keyence, AGILISTA-3200). A PDMS solution with an agent 
ratio of 10:1 (Dow Silicones, SYLGARD 184, USA) was poured into the 
mold. It was subsequently cured at 90 °C in an oven for 2 h. Then the 
PI/LIG/PDMS with a cavity was manually peeled from the 3D printed 
mold, and the PI film was fully removed. To prevent adhesion between 
the galinstan droplet and LIG/PDMS substrate, laser texturing was 
performed on the LIG/PDMS surface with the optimized parameters of 
energy density, speed, and PPI of 5.3 J cm−2, speed 425  mm s−1, and 
500, respectively. A galinstan droplet was injected into the cavity using 
a syringe, while the volume was controlled on a balance. Finally, a laser-
textured PDMS cap was laminated to encapsulate galinstan within the 
cavity.

Fabrication of the Strain (Respiration) Sensor: As active sensing 
material, porous graphene was formed on a PI film (125-µm thick) by 
the CO2 laser system with the optimized laser scanning parameters 
of energy density, speed, and PPI of 2.9 J cm−2, 50  mm s−1, and 500, 
respectively (Figure S1b, Supporting Information). Then the PDMS 
solution was spin-coated on the LIG/PI film at 500 rpm for 6 s followed 
by 3000  rpm for 10 s. Subsequently, it was pre-baked at 90  °C for 
15 min on a hotplate. The spin-coating of a PDMS solution and curing 
processes were repeated three times with the final curing time of 2 h. 
Eventually, the LIG/PDMS film was carefully removed from the PI film.

Fabrication of the Humidity (Moisture) Sensor: Active humidity 
responsive stacked ZIS nanosheets were synthesized based on the 
processes reported elsewhere.[51] Briefly, 0.5  mmol InCl3·4H2O (Sigma-
Aldrich, 97%), 1  mmol ZnCl3 (Sigma-Aldrich, 99.999% trace metal 
basis), and 2  mmol thioacetamide (Sigma-Aldrich, ≥99%) were mixed 
in 150 mL deionized water for 10 min under vigorous magnetic stirring. 
The mixture was allowed to react within a water bath at 95 °C for 5 h. It 
was then cooled naturally to room temperature. The ZIS precipitations 
were collected via centrifugation at 4000 rpm for 5 min and washed with 
deionized water several times. Finally, 10 mg mL−1 ZIS nanosheets were 
produced by dispersing the nanomaterials in deionized water.

To fabricate the humidity sensor (Figure S1c, Supporting Information), 
multi-interdigital porous graphene electrodes were generated by the CO2 
laser system on a 50-µm-thick PI film. Then drop-casting formed the 
as-synthesized ZIS nanosheets solution over the graphene electrodes. 
This was followed by curing at 110 °C for 15 min. A humidity pass filter 
(TEMISH, Nitto Denko) was finally laminated to form the humidity 
sensor.

Integration of the Flexible Sensor System: As shown in Figure S2 
(Supporting Information), a screen-printing method was applied to 
print Ag ink (Asahi Chemical Research Laboratory, Japan) as electrodes 
onto a 50-µm-thick PI film, which was then cured at 70 °C for 90 min in 
an oven. Then the porous graphene electrodes were fabricated for the 
humidity sensor, and holes were made using the laser cutting mode to 
integrate the tilt sensor. Subsequently, the humidity sensor was formed, 
and the LIG/PDMS strain sensor was laminated onto the Ag/PI film. The 
core body of the tilt sensor was laminated onto the backside of the Ag/
PI film using Ag ink as the interconnected electrodes, followed by the 
injection of a galinstan droplet into the cavity. Finally, a laser-textured 
PDMS cap was laminated to encapsulate the liquid metal.

Characterizations: A SEM (Hitachi S-4300) was used to elucidate 
the surface morphologies of the prepared materials and structures. 
Raman measurements were performed by a commercial Raman 
spectrometer (HORIBA Raman, Labram HR Evolution). A high-speed 
camera (KYENCE, VW-300M) recorded the dynamic interactions 
between galinstan and different surfaces. A high sampling rate data 
logger (50 kS s−1) (Hioki MR6000 Memory HiCorder) was used for the 
droplet-based floating sensor measurement. Preliminary tests of the 
humidity sensor were performed in a bench-top oven (Espec SH-222). 
The fabricated device was compared with a commercial humidity sensor. 
All the data were obtained by a data logger (Hioki, LR8400) based on the 
voltage divider circuit. To ensure the accuracy of fabricated sensors, the 
sensors are calibrated using a commercial tilting stage, high-resolution 
(down to 10  µm) stretching and releasing platform, and commercial 
oven with controllable humidity levels.

Physiological Monitoring: The sensors were attached onto the abdominal 
region of a volunteer using double-sided tape for respiration monitoring. 
For multimodal monitoring (tilt, respiration, and moisture), the integrated 
sensor system was attached onto the underwear of a volunteer. The sensor 
outputs were transmitted wirelessly to a smartphone via Bluetooth. The 
experiments were performed in compliance with the protocol approved by 
the ethical committee at Osaka Prefecture University. Informed consent was 
obtained from the volunteers for recording of the body conditions.

Power Delivery: The integrated sensor system was powered by a 
pocket Li-ion battery with the capacity of 150 mAh (voltage: 3.7 V). The 
operation power of circuit composed of 30 channels without external 
sensors was around 30  mW (current: 8.0  mA). After connecting the 
sensor system (ten channels) with the circuit, the power was increased 
to 31.4 mW (current: 8.5 mA). Therefore, the running duration could be 
up to 17.6 h for the entire system.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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