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A Fully Integrated Flexible Heterogeneous Temperature
and Humidity Sensor-Based Occupancy Detection Device
for Smart Office Applications
Muhammad Naqi, Sungho Lee, Hyuk-Jun Kwon, Min Goo Lee, Minjung Kim,
Tae Whan Kim, Hyun Kyu Shin, Sunju Kang, Srinivas Gandla, Han-Seung Lee,
Yonghan Ahn,* Sanghyo Lee,* and Sunkook Kim*
the world’s energy.[1,2] Considering the
energy efficiency impact of an indoor
set-point temperature, 1.5% of the total
energy consumption for HVAC per 1°
of Fahrenheit change,[3,4] a significant
energy conservation opportunity exists.
Designing and operating HVAC systems
in an energy-efficient manner to meet
low-energy targets are therefore essential.[5] Several studies have suggested
that significant energy savings can be
achieved by using feedback from sensorbased occupancy detection when operating HVAC systems.[6–9] These studies
demonstrate a significant theoretical
energy-saving potential, i.e., when perfect occupancy detection and predictions
are assumed. However, the accuracy of
occupancy detection and predictions significantly affects the theoretical energysaving potential.[10] This issue calls for the
development of reliable yet simple and
inexpensive real-time occupancy detection approaches to include occupancy
information when optimizing real-time
HVAC operation.
In recent years, various types of occupancy detection methods
have been developed using tools such as passive infrared sensors,[11] cameras,[12] wireless sensor networks,[13] radio frequency
identification sensors,[14,15] and CO2 sensors,[16–18] among

Heating, ventilation, and air conditioning systems in building operations
have extensively gained significant interest in recent years for providing a
comfortable environment and energy savings by utilizing the occupancy
information of buildings. Herein, a flexible heterogeneous temperature
and humidity sensor-based occupancy detection device with an integrated
wireless communication system is introduced. The multichannel (threechannel) Pt-based temperature and single-channel humidity sensors afford
excellent electrical conductivity, exceptional linearity, and high mechanical
flexibility. The presented occupancy detection device design contains a
multichannel temperature sensor, an interdigitated humidity sensor, a
customized signal processing integrated circuit, a flexible battery, and a
wireless communication system, which can be used to perform occupancy
trials in offices. The proposed occupancy detection device is mounted on an
office chair to analyze the environmental changes according to the user’s
activities and to address the challenge of long-term continuous monitoring
of temperature and humidity for managing the energy consumption in the
building operations. The presented occupancy detection device provides a
new platform for introducing a flexible device system to collect the actual
occupancy information and is a new step toward “smart office” applications.

1. Introduction
Heating, ventilation, and air conditioning (HVAC) systems,
which are widespread in buildings, consume almost 20% of
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others. Each method has its own advantages and applicability;
in addition, each method has a specific limitation(s) in real
practice. In other words, occupancy detection might be unreliable when based on only an individual physical sensor.[11] To
improve the accuracy and reliability, the use of independent
sensor measurements and information from multiple sources
must be combined.[19] Various environmental parameters can
be used to control HVAC systems. Among the parameters
that influence the thermal environment, humidity, and temperature are the most important.[20] Previous thermal comfort
studies of hot-humid climates primarily focused on the acceptable temperature range and its relationship with the outdoor
climate[21,22] and on the impact of airflow on human thermal
comfort,[23–27] as reflected in the proposed adaptive comfort
models and related standards. In this respect, humidity- and
temperature-based heterogeneous detection systems offer valuable advantages, including energy savings, balancing the supply
of the operating voltage, and reducing power consumption.
Furthermore, a customized sensing system is required for
measuring various variables related to the thermal environment. Therefore, a number of studies have proposed optimal
sensor placement to increase the accuracy of individual thermal
comfort.[28–31] However, due to the complexity of these sensor
network deployments, practical applications of these sensor
systems for building control are limited. Specifically, the patterns of temperature and humidity changes for managing the
proper HVAC conditions are typically unpredictable in every
corner of the rooms in buildings, and thus, accurate and precise
measurement systems are required. Implementing a real-time
monitoring system for manipulating the HVAC situation in
every corner of a room, specifically in commercial buildings,
such as office buildings, pharmaceutical industry buildings,
manufacturing industry buildings, and hospitals, is essential to
provide a comfortable environment to users. Although heterogeneous detection systems exist in commercial office buildings,
continuous monitoring of environmental variations with high
accuracy and convenience for controlling the HVAC conditions
is difficult. Thus, establishing an accurate, convenient, and
reliable monitoring system for managing the energy consumption efficiency in commercial office buildings is necessary.
Herein, a flexible heterogeneous temperature and humidity
sensor-based occupancy detection device is proposed for realtime monitoring of HVAC conditions in building systems. The
proposed occupancy detection device was embedded in a chair
to monitor temperature and humidity fluctuations in an office to
enable thermal comfort for the users and manage the energy consumption of building systems. The multichannel (three-channel)
temperature sensor using platinum (Pt) as the sensing material
was fabricated on a polyimide (PI) substrate (thickness ≈ 5 µm).
The defined multichannel temperature sensor achieves high
precision over a large area because the individual sensor channels measure the temperature independently and the specific
measurements are averaged during signal processing to
provide a precise temperature value within an error range of
0.2 °C for commercialized products. To obtain the heterogeneous sensing device, a PI-based interdigitated capacitive
humidity sensor was also fabricated using gold (Au) as the
sensing material. The presented temperature and humidity
sensors show linear behavior under various temperature and
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relative humidity patterns, respectively. The electronic system
employs a microcontroller, a signal processing integrated circuit
(IC), and a Bluetooth (BLE) wireless communication IC on a
flexible printed circuit board (FPCB) to bridge the information
gap between sensing and application. To achieve long-term monitoring without any interruption between sensors and the FPCB,
we utilized an anisotropic conductive film (ACF) technique to
realize strong bonding that can accommodate placement of the
proposed occupancy detection device in any preferred location
in an office building. In addition, temperature and humidity
measurements are provided via a mobile application to monitor
the environmental conditions of the office to provide a userfriendly environment as well as manage the energy consumption of building systems. The presented occupancy detection
device can be utilized as a smart interface in building management systems and provide an advanced platform for “smart
offices.”

2. Results and Discussion
Substantial savings in energy and cost can be realized if buildings are made smarter in terms of their ability to determine
occupancy and avoid empty space conditions that result in
wasted delivery of heating, cooling, and ventilation. Therefore,
real-time occupancy information is crucial for demand-driven
HVAC operations. An occupancy detection device can capture
the occupancy situation in real time, which is an important
indicator when operating an HVAC system. In this paper, temperature and humidity variations are measured via a mobile
device while the proposed heterogeneous device is attached to a
chair, which can provide assistance to the energy management
department so that they can take the necessary actions or apply
the proper settings to prevent energy loss and provide a comfortable environment to the users with respect to their comfort
zone (Figure 1a). In addition, sensors embedded in chairs are
commonly used in the automobile industry, and these sensors
have the potential to provide more accurate occupancy information that can be used in occupancy-driven control applications
in buildings.[32] However, a real limitation related to the manufacture of chairs exists regarding the introduction of embedded
chair sensors for commercial buildings. The proposed heterogeneous sensors compensate for the drawbacks of existing
embedded chair sensors through their flexible characteristics,
which enable them to be placed in any preferred location in
office buildings. The proposed occupancy detection device
can 1) achieve precise assessment through continuous pattern
tracking, 2) accumulate occupants’ behavioral data related to
energy consumption from day to day, and 3) contribute toward
the improvement of the building energy efficiency and operating
cost. In addition, the data measured with the mobile device are
sent to building operation managers; these data help establish
effective energy management strategies. The aforementioned
description illustrates the conceptual overview of the presented
heterogeneous real-time occupancy detection device. Furthermore, owing to the high flexibility and soft texture properties
of the proposed heterogeneous sensor device, the proposed
device can be placed in any preferred location in an office
building. Herein, we have attached the proposed occupancy
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Figure 1. System overview and design of the flexible heterogeneous temperature and humidity sensors. a) Optical layout showing the conceptual
background of the flexible heterogeneous sensors attached to the front side of an office chair. b) Schematic and photographic illustrations of the circuit
design depicting the interface of the heterogeneous sensors and the flexible printed circuit board (FPCB) along with the labeling of each component.
c) Block diagram description of the signal processing system of the flexible heterogeneous sensor design. d) Schematic layout of the flexible heterogeneous sensors in a layer-by-layer form. e) Long-term real-time monitoring of temperature and humidity variations while attached to an office chair
during working and nonworking hours for ≈28 h.

detection device to an office chair, as shown in Figure S1 in the
Supporting Information depicting the front side (flexible heterogeneous temperature and humidity sensors) and back side
(flexible IC system). The proposed occupancy detection device
for temperature and humidity monitoring has the following
components embedded in it: 1) the proposed flexible heterogeneous temperature and humidity sensors, 2) a Wheatstone
bridge resistor network, 3) a customized signal processing IC,
4) a Bluetooth (BLE) module, 5) a switch, and 6) a long-life and
rechargeable flexible battery, as depicted in Figure 1b. Herein,
the ACF bonding technique was utilized to establish strong

Adv. Mater. Technol. 2019, 1900619

bonding between the proposed heterogeneous sensors and
FPCB at 200 °C for stable and precise long-term monitoring
of temperature and humidity variations (Figure S2, Supporting
Information). The entire signal operating system of the proposed occupancy detection device is depicted in Figure 1c,
showing the processes of amplification, filtering, modulation,
analog-to-digital conversion of data, and transmission of signals
in the block diagram, which are discussed later. A layer overview of the flexible heterogeneous temperature and humidity
sensors is illustrated in layer-by-layer form (Figure 1d). In
addition, the proposed occupancy detection device was used
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to measure the temperature and humidity variations for more
than 1 d (26 h) in an office space. The results show accurate
and precise measurements of temperature variations ranging
from 15.22 to 28.65 °C and humidity variations ranging from
19.93% to 27.83% (relative humidity scale) during the experiment, elaborated in the graphical representation of Figure 1e.
Regarding the proposed design of the flexible heterogeneous
environmental sensors and driving circuitry, notably, the solution-type polyimide substrate can tolerate a high-temperature
environment that accommodates extremely effective bonding
with a silicon (Si) chip and can afford a day-to-day monitoring
system with high accuracy, reliability, and good performance.
Figure 2a presents the sequential fabrication process of the
proposed flexible heterogeneous temperature and humidity sensors. In the first step, solution-type PI was spin coated onto a
rigid glass substrate. This material was chosen for its excellent
thermal stability and smooth surface condition when coated
onto the substrate. Although another substrate, Kapton film, has
been used as a flexible material in previous experiments, due to
the intrinsic defects and scratches in this film, it cannot be used
in this experiment because a very consistent sensor quality is
needed.[33] The spin-coated PI layer was dried for 2 h in an oven
and coated with lift-off resist (LOR) and photoresist (PR) for patterning the multichannel (three-channel) thermometer after
the adhesion of an Al2O3 layer (40 nm). To obtain a cleaner pattern, we performed a dry reactive-ion etching process to remove

unwanted defects, such as PR residues that remain after the
wet-etching process. Then, platinum (Pt) was deposited on the
patterned substrate, and the entire Pt layer, except for the sensor
array, was peeled away using a remover (mr-Rem 700). After
fully drying the patterned Pt layer, we simultaneously patterned
the interdigitated design of the humidity sensor and contact
pads of the multichannel temperature sensor using the same
lift-off process as described above and deposited gold (Au). After
deposition, the sensors were submerged in deionized (DI) water
for 5–10 min until the rigid glass substrate separated from
the sensors. To enhance the mechanical/electrical stability of the
sensors, we coated polyethylene terephthalate (PET) film above
and beneath the ultrathin PI substrate to form a neutral plane.
In addition, PET was coated on the downward side in the case
of the humidity sensor to obtain precise and accurate sensitivity
at low and high relative humidity scales. A schematic diagram
of humidity sensing and multichannel temperature sensing in
a clear view is shown in Figure 2b. The proposed flexible heterogeneous multichannel temperature and humidity sensors
have line spacings of 50 and 30 µm, respectively. In addition,
the width and length of the total area of the proposed flexible
heterogeneous multichannel temperature and humidity sensors are 20 and 25 mm, respectively, and a single sensor covers
an area of 4 mm (width) by 25 mm (length), as shown in the
visual parametric diagram of Figure S3 in the Supporting Information. The proposed flexible heterogeneous temperature and

Figure 2. Inclusive overview of the fabrication and design of the flexible heterogeneous temperature and humidity sensors. a) Comprehensive fabrication process of the flexible heterogeneous temperature and humidity sensors as a sequential schematic layout. b) Schematic design of the temperature
(multichannel) and humidity sensor layout. c) Photograph of the proposed sensors while being bent.
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humidity sensors exhibit high flexibility and deformability upon
deliberate bending, as shown in the optical image of Figure 2c.
Temperature and humidity are the most important aspects
for providing the thermal comfort zone as well as managing
the energy consumption in office buildings. Therefore,
continuously measuring the temperature and humidity of the
environment in office buildings can prevent an energy consumption crisis and prevent users from suffering stress-related
maladies. The proposed flexible heterogeneous humidity and
temperature sensors 1) provide real-time monitoring of each
section of an office at a low cost, 2) overcome the errors due
to an external disturbance, 3) achieve accurate measurements
over an extensive detection area and 4) realize the comfort
zone for users according to their choice. A multichannel temperature sensor array is applied to minimize the inaccuracy
of the temperature sensor. Figure 3a presents the temperature sensing of each channel at different temperature ranges
from −20 to 80 °C along with the average value of the multichannel temperature sensor. Outdoor temperature variations
are responsible for indoor temperature changes due to the
changeable weather conditions, which need to be monitored in
real time to provide the users with a comfort zone. Therefore,
we have examined the real-time monitoring of the proposed
temperature sensor from −20 to 80 °C for 25 s at an interval
of 5 °C (Figure 3b), and a maximum error of 0.1% for each
temperature sensor channel occurs in ambient conditions due
to impurities and defects in the fabrication process. Herein,
the normalized resistance scale has been used to elucidate the

reliability and stability of the temperature response, expressed
as the normalized resistance (ΔR/Ro) = (Ro − R)/Ro, where
Ro represents the resistance measured at −20 °C and R is
the resistance measured at a defined temperature. To clearly
observe the difference between one-channel and three-channel
temperature sensors, the deviation squared of the measured
data was compared because the size of the deviation is more
important than its value (Figure S4, Supporting Information).
The defined multichannel thermometer achieves high precision because the individual sensor channels measure the
temperature independently, and the specific measurements
are averaged during signal processing to provide a more accurate temperature value with a low error. Figure 3c displays
the mean and standard deviation of the multichannel temperature sensor with high precision and accuracy. Due to the
multiple complex stimuli from the ambient environment, an
examination was conducted to analyze the dependency and
sensitivity of the temperature sensor under various relative
humidity levels, ranging from 20% to 80%, at a fixed temperature of 30 °C. The results show an unchangeable behavior of the
temperature sensor, depicted in Figure S5 in the Supporting
Information. A comparison of the proposed temperature
sensor with previously reported temperature sensors is given
in the Table S1 in the Supporting Information, distinguished
by the materials, measurement range, and sensitivity.
The humidity in office buildings is also an important parameter for sustaining the environmental situation in the comfort zone and saving energy. The capacitive-type humidity

Figure 3. Electrical properties of the flexible heterogeneous sensors. a) Resistive responses of the multichannel temperature sensor at different
temperatures (−20– 80 °C) along with the average value. b) Resistive response of the temperature sensor at various temperatures ranging from
−20 to 80 °C for an interval of 30 s. c) Mean and standard deviation response of the temperature sensor in the temperature range of −20– 80 °C.
d) Capacitive response of the humidity sensor at various relative humidities (%RH) ranging from 20% to 60% (the inset of the figure shows the humidity
response for 20–80%). e) Humidity sensor response under different temperatures ranging from 20 to 80 °C at the same relative humidity (%RH) of
50%. f) Mean and standard deviation response of the humidity sensor at various %RH.
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sensor exhibits a linear response in the defined comfort zone
of the relative humidity (%RH) scale that ranges from 20%RH
to 60%RH, as depicted in Figure 3d. The proposed humidity
sensor shows a more sensitive response when the %RH
exceeds 60%, as shown in the inset of Figure 3d. To examine
the sensitivity of the proposed interdigitated capacitive-type
humidity sensor, we fixed the humidity scale at 50%RH
and confirmed the unchangeable behavior of the humidity
sensor under various temperatures ranging from 20 to 50 °C
(Figure 3e). The mean and standard deviation of the humidity
sensor are expressed in Figure 3f, which confirms the low error
rate and accurate linear response at various %RH. In addition
to these attractive sensor features, the electrical stability of the
proposed temperature and humidity sensors is indispensable
for allowing a flexible form factor to support a heterogeneous
detection system for utilization in building areas. A comparison
of the proposed humidity sensor with a previously reported
humidity sensor is depicted in the Table S2 in the Supporting
Information distinguished by the materials, sensor-type, measurement range, and sensitivity.
Currently, the requirements imposed on the switching and
driving circuitry with mechanical/electrical stability (robust,
reliable, and flexible) on a bending/folding substrate are the
main challenges for manufacturing flexible electronics. In general, the highest stress is generated at the outermost and innermost surfaces of a structure with a rectangular cross-section.
The generated stress can affect the device performance and
properties; the stress could make the device operation unstable

or cause malfunctions.[34,35] In this respect, more mechanically
robust structures are needed for flexible electronics. In our
research and this paper, to ensure the mechanical stability of
the temperature and humidity sensors, we designed a special
structure to minimize the strain induced by external forces
such as bending and stretching. The temperature sensor array
is located between two PET layers with a thickness of 77 µm
each to place the PI layer (containing the sensors and all other
components) in a neutral plane zone where strain and stress are
minimized.[36] This design enables the preparation of a larger
deformable structure with mechanical stability. Furthermore, a
nonlinear hyperelastic simulation allows the mechanical stress
in flexible devices to be estimated with respect to the radius of
curvature and thickness of each individual film; this simulation
is useful for determining practical design limits. However, we
should understand the mechanical properties of the bending
structure before analyzing and applying the design.
We used PET and PI materials, which have a randomly
oriented network of many entangled polymer chains through
vulcanization; this network can allow extensive deformation and
isotropic behavior. Figure 4a shows the real stress (σ)−stretch (λ)
(SS) result of our proposed structure obtained in a tensile test.
Generally, hyperelastic materials exhibit stress softening or progressive damage depending on the previous maximum loading,
called the Mullins effect. Therefore, ten cycles of loading/
unloading (up to 50%, strain) were performed to minimize this
effect and obtain more precise measurements of the properties
of this flexible structure in the practical case of cyclic loading.

Figure 4. Mechanical stress and strain analysis of the flexible heterogeneous sensors. a) Stretch and strain curve for the neutral plane condition of PET/
PI/PET. b) Variation of the flexible temperature sensor under a 5 mm curvature radius. c,d) Stress–strain (SS) curves of PET/PI/PET with the bending
radius and thickness of the substrate. e) Pristine and neutral plane resistance variations of the temperature sensor under the cyclic bending test with
the number of bending cycles (n = 0, 100, 1000, 5000, and 10 000). f) Normalized capacitive response of the humidity sensor under cyclic and radius
bending tests with respect to the bending cycle (n = 0–5000) and bending radius (r = 2, 3, 4, 5, 10 mm).
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The test was stopped at the exact moment that the specimen
(PET/PI/PET) fractured in the neutral plane. Here, the ultimate tensile stress (UTS) of the structure with a thickness of
0.158 mm is 108 MPa (N m−2) at the maximum elongation of
65% (λ = 1.65), as shown in Figure 4a. In addition, the shape of
the graph follows the typical SS curve of solid rubbers, which
are almost incompressible; the Poisson’s ratio of the structure
could be approximated as 0.5. To understand and predict the
behavior of our rubber-like material with a large deformation,
hyperelastic stress analysis was conducted using COMSOL
Multiphysics (Section S1, Supporting Information). As shown
in the inset of Figure 4a, the Mooney–Rivlin model can produce good curve fitting for our target range of the material
(within a 10% transformation) among the various models.[37]
Through this analysis, we can predict the internal stress and
strain generated inside the flexible structure with a given thickness (t) when it is bent to a specific radius of curvature “r”
(Figure 4b). With respect to the central plane or neutral plane,
the inner part experiences a compressive stress, whereas a tensile stress is generated at the outer part. The areas of greatest
interest are 1) the end of the device where the PI is located,
as the internal stress generated at the end of the PI mainly
affects the device and 2) the outermost surface of the PET/PI/
PET structure because the outermost area is where the stress is
highest across the entire PET/PI/PET structure. The stresses
in these areas are a measure of whether the structure can survive without being destroyed. Furthermore, by comparing these
stresses, we can predict and choose optimal design parameters, such as the thickness of the structure and the radius
of curvature (Figure 4c,d). Figure 4c shows the results of the
calculated SS trend for the neutral plane zone (end of the PI)
and maximum deformation zone (outermost) of the PET/PI/
PET structure with a thickness of 0.158 mm with respect to
the bending radius of curvature. Our structure could fail when
the bending radius of curvature is reduced to less than 2.0 mm
because the outermost part can reach the UTS. However, the
PI layer near the neutral plane is stable; the generated stress
is 3.89 × 106 N m−2 and the induced strain is less than 1%.
Therefore, we should pay more attention to the thickness of the
structure rather than to the stress applied to the devices placed
on the PI layer. For these reasons, we analyzed and simulated
the relationship between the SS and the thickness of the substrate when r (= 5 mm) was fixed (Figure 4d). According to
these results, the thickness can be increased up to 1.3 mm;
this value is almost ten times thicker than that of our structure
(thickness of 0.158 mm). Again, the outermost part limits the
increase in thickness; the SS at the end of the PI layer is so
small as to be almost insignificant. This result is evidence that
the neutral plane can be very effective for realizing a highly
flexible structure. However, the possibility of failure should not
be overlooked when producing a robust structure. Failure can
occur instantaneously due to extensive stress, but it can also
occur very gradually through the propagation of microcracks
generated by repeatedly applying cyclic loading, which is called
fatigue failure. Fatigue failure can weaken a material, and the
maximum stress limit of the progressively and locally damaged
structure can be much lower than the UTS. Therefore, a real
cyclic bending test may be needed to more precisely predict
the behavior of our structure because the hyperelastic stress
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analysis using the Mooney–Rivlin model does not reflect this
fatigue failure. Moreover, a comparison of the stress–strain
relationship between the neutral plane (PET/PI/PET) and
pristine plane (PET/PI) is depicted in Figure S6a,b in the Supporting Information. Figure 4e shows the results of an actual
cyclic bending test, differentiating the pristine and neutral
planes. These results confirm that no resistance changes occur
for various bending cycles, up to 10 000 cycles, in this structure and that the stress caused by bending does not have a significant impact on our device. To confirm the high mechanical
property of the humidity sensor, cyclic bending and radius of
curvature tests were performed up to 5000 cycles (5 mm radius
of curvature) and up to a 2 mm radius of curvature, respectively
(Figure 4f). The results show an unchangeable behavior under
the various mechanical tests, which are quite similar to what
we expected.
The presented flexible multifunctional heterogeneous temperature and humidity sensor-based occupancy detection
device can detect the temperature and humidity of individuals
while sitting in an office chair and enable a certain comfortable
environment as well as manage the energy usage of buildings. The proposed occupancy detection device consists of the
customized signal processing IC embedded with the following
components: 1) chopping stabilized amplifier, 2) analog signal
filter, 3) digital signal filter, 4) analog-to-digital converter (ADC)
for the humidity sensor, 5) on-chip clock generator, 6) serial
interfacing IC (I2C), and 7) ADC for the temperature sensor
(Figure 5a). Through this customized signal processing IC,
signals generated from the temperature sensor can be processed
automatically in the following sequential process. 1) In the first
step, the sensed data generated from the Pt-based temperature
sensor are amplified through the chopping stabilized amplifier
to suppress the offset and the flicker noise. The output voltage
through the respective amplifier becomes Vin × Gm1/Gm2 × (R1 +
2 × R2)/R1 (= Vout) with a ripple reduction loop of Gm4 and Gm5,
as depicted in Figure S7a in the Supporting Information. 2) To
prevent noise, the amplified data are filtered using a lowpass
filter. 3) The analog filtered data of the temperature sensor are
then converted to a digital signal through the 16-bit delta-sigma
ADC. To convert the analog signals of the humidity sensor, the
generated capacitive signals of the humidity sensor are first
converted to voltage signals through a capacitance-to-voltage
converter (C–V converter) with an amplification method at a
fixed ratio of Chumidity/Cref and then digitized using the 16-bit
delta-sigma ADC (Figure S7b, Supporting Information). After
digitizing the signals, the data can be processed by the microcontroller for wireless transmission of the data through the
Bluetooth module (BLE module). Regarding power consumption, a wireless communication test was performed using the
Bluetooth module, depicted in Figure S8a in the Supporting
Information. The connection time of the Bluetooth was set to
1 s and the total awake time was 4.42 ms. The measured current
consumption during the awake time was 19.2 mA. During the
sensing time (1.92 ms), the current consumption was 10.4 mA.
The average current consumption of the whole system was
calculated with the above parameters, which was 1.266 mA, as
drawn in the current waveforms elaborated in Figure S8b,c in
the Supporting Information. In addition, the expected lifetime
of the proposed occupancy detection device without any sleep
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Figure 5. Integrated circuit (IC) design and real-time data acquisition of the smart office device. a) Optical layout of the customized signal processing
IC with the labeling of each component. b) Comprehensive flowchart of the data acquisition process of the temperature and humidity sensors.
c) Custom-built android mobile application for continuously monitoring the temperature and humidity variations. d,e) Continuous monitoring of the
temperature and humidity sensors attached to a chair in an office during working and nonworking hours for ≈12 h.
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time was nearly 63.19 h, which is quite good for managing
HVAC conditions in building operations. The signal processing
system of the temperature and humidity sensors is given in
the form of a schematic flowchart in Figure 5b. To visualize
the temperature and humidity data, a custom-built android
mobile application was developed, as shown in Figure 5c; when
the application is run on the smartphone, the temperature and
humidity responses as the real-time data stream are displayed.
The experimental setup in the test-bed office space for the proposed flexible heterogeneous temperature and humidity sensorbased occupancy detection device is depicted in Figure S9 in the
Supporting Information. In the office space, where the subjects
were working, we attached our proposed device to multiple
places (six sensors attached to the individuals’ chairs), marked
as sensor # 1 to sensor # 6, and examined whether the sensors
appropriately detect the environmental changes according to the
presence or absence of occupants. The current experiment was
conducted such that five office workers were actually present in
the office to perform daily routine work except for one person
(sensor # 1). Figure 5d,e presents graphical representations of
the real-time monitoring of temperature and humidity variations, respectively, conducted for 12 h, differentiated by the
working and closing hours. Since each person has a different
comfort zone of temperature and humidity levels and different
routines of sitting on the office chair because of frequent outside activities, in the current experiment, two types of subjects
were examined: 1) a representative normal routine person sitting and working in the office and 2) an empty chair without
any person (sensor # 1). In both cases, the real-time monitoring of temperature and humidity variations was analyzed,
and the results show the prompt response to temperature and
humidity fluctuations in the case of persons sitting on their
seats (sensor # 2 to sensor # 6) and a consistent response to
temperature and humidity variations in the case of an empty
chair, as illustrated in Figure 5d,e. The graphical representation
in Figure 5d indicates that when an office worker is sitting on
the chair, the slight change in temperature can be visualized,
which is increased up to 28.65 °C, indicating that someone is
located in the specific zone. This result focuses on two thermal
environmental signals, those arising from the temperature and
humidity, that respond to surrounding ambient temperature
changes, meaning that the office worker sits in their chair and
affects the area around the sensor. In addition, the obtained
results also indicate whether a person is in a certain location by
detecting environmental changes. Furthermore, office workers
working in an open space have different routines according
to their individual patterns, such as sitting in their own seats,
having an outside meeting, or having lunchtime. In practice,
however, current HVAC systems steadily operate to maintain
an adequate temperature regardless of the occupant behavioral
patterns in the office space. The presented flexible heterogeneous sensor-based occupancy detection device proposed
in this study can be used as a monitoring tool to manage the
efficiency of the HVAC system that continuously consumes
energy regardless of occupant characteristics. This approach
can prevent waste of energy for a building that is ineffectively
operated and control of a real-time HVAC system based on
occupancy is possible. Furthermore, if combined with human
body information that can reflect individual characteristics,
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then the thermal sensation of the human body is expected to
enable automatic control to establish a pleasant indoor thermal
environment through the mechanical HVAC mechanism.
The presented flexible heterogeneous temperature and
humidity sensor-based occupancy detection device exhibits stable
and long-term measurement of occupant information in terms
of temperature and humidity variations in the office space. In
addition, the electrical and mechanical robustness tests of the
proposed temperature and humidity sensors reveal high electrical linearity, great robustness, and excellent flexibility through
a series of experimental and theoretical analyses. Further realtime experiments in an office space demonstrate the valuable
applicability of the device in collecting occupancy information for
the HVAC system to provide comfort zones as well as for energy
management in building operations. The wireless long-term realtime monitoring of temperature and humidity variations with
the proposed occupancy detection device provides stable and
precise occupant information via a custom-built mobile application. Thus, the presented flexible occupancy detection device can
enable new advances in building management techniques and
introduce flexible electronics into “smart office” applications.

3. Experimental Section
Fabrication of Flexible Heterogeneous Temperature and Humidity Sensors:
First, solution-type PI (thickness ≈ 5 µm, Chemical Abstracts Service (CAS)
# 872-50-4, Hitachi Chemical DuPont MicroSystems (HD-MicroSystems))
was spin coated on rigid glass after cleaning with isopropyl alcohol and
acetone and cured at 350 °C in an oven for 1 h and 30 min. The lift-off
process was adopted for patterning and depositing the sensing layer.
First, the negative photoresist (LOR3B) was spin coated, followed by spincoating of the positive PR (AZGXR-601, MERCK), and then, the sample
was exposed to UV light and developed to pattern the temperature
sensing part. After the pattern development, platinum (Pt) metal (100 nm)
was adopted for depositing the temperature sensing part. After deposition
of Pt metal through E-beam evaporation, the unwanted residues were
removed using PG remover (mr-Rem 700, Micro-Resist Technology). In the
case of the humidity sensing part, the same lift-off process was adopted,
and this part was simultaneously patterned with the electrode, followed by
the same procedure described above. Then, PI was peeled off by manually
dipping the sample in water at 80 °C, and then, the temperature sensor
was encapsulated with PET film both above and below, while the upper
side was left unencapsulated in the case of the humidity sensor.
Electrical Measurements of the Proposed Flexible Heterogeneous
Temperature and Humidity Sensors: The temperature variations were
measured in terms of the resistive response by a vacuum supported
Keithley 4200-SCS system, where a hot chuck controller was used to vary
the temperature. In the case of humidity measurements, a capacitance–
voltage measurement system was adopted in which the humidity was
varied (Enviros, KCL-1000, EYELA).
Flexible Integrated Circuit (IC) Design: The proposed flexible
heterogeneous temperature and humidity sensors were mounted on a
commercialized FPCB with a thickness of 0.2 mm. In the current design
of the FPCB, a complementary metal-oxide-semiconductor and a read-out
integrated circuit (ROIC) were customized to digitize the temperature
and humidity data. For the Pt-based temperature sensor, a Wheatstone
bridge network was utilized to generate noise-free differential voltage
signals. To amplify the signals generated from the bridge network,
a chopping bridge network was adopted as a front-end low-noise
amplifier. To deteriorate the precise temperature signals, flicker noise
was generated in the custom-built ROIC, in which the signals were
shifted to higher frequencies and eliminated in the customized lowpass
filter stage. To digitize the analog signals of the temperature sensor, an
integrated 16-bit delta-sigma ADC was adopted, and then, the digital
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data were transmitted to a commercial Bluetooth (BLE) IC using an
I2C serial interface. For the Au-based interdigitated humidity sensor, a
capacitance-to-voltage converter was embedded in the same ROIC; in
this case, a 10 pF reference capacitance and a humidity capacitance
ratio were employed in the amplifier to generate a proportional voltage
relative to the relative humidity. In the humidity sensor, the analog
signals were digitized using the same process as for the temperature
sensor. The aforementioned process was performed in the custombuilt signal processing IC of size 2 mm × 2 mm attached to the FPCB
using plastic packaging. To wirelessly obtain the data, a commercial
Bluetooth (BLE) module (SESUBPANT2541) was utilized to transmit the
generated data to the custom-built android mobile application. Finally, a
commercialized lithium polymer flexible battery (Solicore, SF-2529-25EC)
was used with a nominal voltage of 3 V to control the bending stiffness
by applying a 0.7 N force according to the International Organization for
Standardization (ISO)/International Electrotechnical Commission (IEC)
7810 and ISO/IEC 10373-1 specifications.

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