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Abstract 

Temperature and moisture are critical factors for both the environment and living creatures. 

Most temperature sensors and humidity sensors are rigid. And it still remains an unsolved 

problem to fabricate a flexible sensor that can easily detect temperature and humidity at the 

same time. In this work, we made a flexible multifunctional temperature and humidity sensor 

from graphene woven fabrics. The integrated sensor could measure temperature and humidity 

simultaneously. The temperature sensing part and humidity sensing part were stacked in layer 

structure, occupying little space and good flexibility while exhibiting high sensitivity and very 

little mutual interference. The different factors that affected the sensing properties of the 

sensor were examined. The integrated sensor was successfully utilized in several real life 

application scenarios, which showed its potential for wider use in environment sensing and 

health monitoring. 
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1. Introduction 

Sensors are devices that can detect external stimuli and then convert them into standardized 

signals. Conventional sensors are usually rigid and cannot readily deform. In contrast, flexible 

sensors can be easily attached to various surfaces and can be used in wearable and portable 

electronics. As a result, flexible sensors may enable applications in electronic skin, robot 

sensing, wearable health monitoring, etc.
1
 Existing flexible and stretchable sensors can detect 

temperature
2
, pressure

3,4
, strain

5-7
, humidity

8
, liquid

9
, etc., but most of them can only monitor 

one single stimulus at a time. To make up for this drawback and expand the capacity of 

sensing applications, recent research has been targeting on the development of various 

multifunctional sensors that can detect multiple kinds of stimuli simultaneously or 

separately
10,11

. 

Temperature and moisture are critical factors for both the environment and living 

creatures. Temperature sensing has been realized through various mechanisms such as the 

pyroelectric effect
12

, the thermal resistance effect
13

, the Seebeck effect
14

, thermal expansion 

(e.g. mercury thermometer), infrared radiation
15

, etc. On the other hand, humidity sensing is 

mainly realized through the interaction between moisture and the sensing materials, such as 

electrolytes, semiconductor ceramics, polymers, etc.
16

 However, most temperature sensors 

and humidity sensors are rigid. And temperature and humidity sensing are mostly designed 

separately for their different principles for design. It still remains an unsolved problem to 

fabricate a flexible sensor that can easily detect temperature and humidity at the same time. 

Graphene has attracted extensive attention because of its excellent electrical properties, 

outstanding thermal conductivity, high transparency, ultra-thin thickness, large specific 

area
17,18

, and naturally it has been used as a sensing material. Some graphene-based sensors 

designed to detect temperature
19-22

 and humidity
23-27

 separately have been developed. The 

resistivity of graphene was found to be temperature-dependent when it was laid on SiO2 

substrate
19

. Few-layer graphene was used as hot-wire sensor on SiO2/Si substrate for 

thermo-flow and temperature sensing
20

, but these Si-based sensors were rigid and could not 

readily deform. Field effect transistor (FET) based on reduced graphene oxide showed both 

great thermal responsivity and good flexibility
21

 and graphene of nanowalls structure was 

combined with polydimethylsiloxane to furnish wearable temperature sensor that was highly 
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sensitive
22

, but the manufacturing process including harmful organics and complicated 

patterning technique
21

 or complicated low-pressure plasma enhanced chemical vapor 

deposition system
22

. Graphene-based humidity sensors have also been reported because 

graphene is sensitive to gas molecules (e.g., NH3, CO, H2O, etc.) adsorbed on its surface
28

. 

However, since graphene is hydrophobic, pristine graphene-based sensors showed poor 

sensitivity
23

 or serious humidity hysteresis
24

. Recent humidity sensors have tended to use 

graphene oxide (GO) as the sensing material to improve sensitivity
11,25-27

 because GO has 

many hydrophilic groups, but the preparation of GO requires toxic oxidizing chemicals, such 

as sodium nitrate, potassium permanganate, sulfuric acid, and etc.
29

, so it is not 

environmentally friendly. Furthermore, the response of GO-base humidity sensors is usually 

not linear
11,25-27

, and this makes the calibration process and data processing more complex. 

In this work, we prepared a flexible temperature and humidity sensor (FTHS) from 

graphene woven fabrics (GWFs) prepared by chemical vapor deposition (CVD) (see 

Experimental section for details)
30,31

. The sensor was prepared through an environmentally 

friendly procedure that was easy to operate. Compared with the common graphene films 

produced by CVD, the GWF was composed of crisscross-interlacing graphene 

micron-ribbons and had rectangular holes, demonstrating ultra-sensitivity with a gauge factor 

of 500 to deformation within 2%
30

. Simulation results
32

 and some reported devices made by 

GWF
33,34

 have proved the special macrostructure and microstructure of GWF which promise 

it unique properties and diversified potential applications. With a special design, we used 

GWFs to produce a flexible and bi-functional sensor. The FTHS showed high sensitivity in 

temperature sensing (1.343%/
o
C), good humidity sensing performance (0.19%/%), and little 

mutual interference. 

 

2. Results and discussion 

2.1 Fabrication and structure of the FTHS 

The FTHS included the temperature sensing part (TSP) and the humidity sensing part 

(HSP). Figure 1a shows the key steps to fabricate the FTHS. The flexible substrate was a 

piece of polydimethylsiloxane (PDMS) thin film (~500 µm thick), on which the GWF was 

transferred to furnish the TSP. The GWFs were prepared as described in the Experimental 
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section. The GWF has a crisscross structure woven with graphene micron-ribbons (Figure S1). 

The width of the graphene ribbons is around 90 µm and the size of the rectangular holes is 

around 150 µm. To minimize the interference of other stimuli (e.g., humidity) on the TSP, this 

assembly was spin-coated with a layer of PDMS as the encapsulation to separate the GWF 

from the surrounding environment. Afterwards, the TSP was flipped over and another layer of 

GWF was transferred onto the top side of the TSP. The solution of cellulose acetate butyrate 

(CAB) was then spin-coated on the GWF to form a thin humidity-active film. After the CAB 

layer had dried, another layer of GWF was transferred on it to furnish the HSP. The HSP was 

essentially a capacitor with a sandwich-like structure, i.e., the CAB layer acted as the 

dielectric layer and the two GFW layers acted as the conductive electrode plates. The inset 

photograph shows the as-assembled FTHS, which is centimeter-sized with good transparency. 

The FTHS has good flexibility so that it can be bent without causing device failure. 

 

 

Figure 1. (a) Schematic diagram of assembly steps of the FTHS. Inset: photograph of 

as-prepared FTHS. (b) Mechanism for temperature sensing. (c) Mechanism for humidity 

sensing.  

 

The TSP works as follows (Figure 1b). Because PDMS has a great thermal expansion 
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coefficient, when the temperature increases, the PDMS layer expands significantly. The GWF 

embedded in the PDMS will follow the deformation of PDMS. Since tiny deformation can 

cause the microstructure change of GWF and the resistance of GWF increases greatly upon 

the thermal stimulus. 

For the HSP (Figure 1c), water molecules can easily pass through the net-like GWF plate 

and enter into the CAB layer. CAB has plenty of hydroxyl groups and is thus sensitive to 

humidity because it can absorb and desorb moisture depending on the humidity level of the 

surrounding environment. Since the relative permittivity of CAB (~3.2–6.2) is much smaller 

than that of water (~80), the CAB will exhibit higher relative permittivity after it has absorbed 

water, and the capacitance of the HSP (which consisted of CAB and two conducting GWFs) 

will increase due to the rising humidity. 

 

2.2 Key factors that influence the TSP 

Most materials expand upon heating and contract upon cooling. With the expansion and 

contraction process of the object, the object will also deform. The GWF has been reported to 

be very suitable for deformation detection because of its high sensitivity
30

. It can also form a 

good contact with various materials, such as glass, PDMS, poly(methyl methacrylate), 

poly(ethylene terephthalate)(PET), etc., by the simple wetting transfer process. Hence, upon 

rising temperature, the substrate will expand and the GWF in contact with it will also deform. 

As a result, the resistance of the GWF will increase. In our case, we found that three factors 

influenced the TSP greatly: the substrate, the length–width ratio of the GWF, and the oxygen 

plasma treatment. 

For the TSP, the thermal expansion of the substrate played an important role in 

temperature sensing. In general, materials with lower modulus show higher coefficient of 

expansion. Because PDMS has a high coefficient of expansion (α ~ 4 × 10
−4

/K, at 20°C), 

when PDMS was used as the substrate, large resistance increase could be observed when the 

temperature increased. In contrast, inflexible glass has a very small coefficient of expansion 

(α ~ 7 × 10
−6

/K, at 20°C), and its expansion is practically negligible when the temperature 

rises by several tens of degrees. The PET substrate has good flexibility with a small 

coefficient of expansion (α ~ 6 × 10
−5

/K, at 20°C). It was found the resistance of GWF which 
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attached to glass or PET just slightly decreased with rising temperature (Figure 2a). The 

resistance change of glass or PET substrate was much smaller than that of PDMS substrate. 

This revealed that the sensitivity to temperature was not because of the own temperature 

effect of the graphene. It was the result of the thermal-mechanical-electric conversion, which 

caused much higher sensitivity than simple graphene. 

When the conductor has high length–width ratio, the carriers in conductor need to pass 

longer pathway but with less pathways. The initial resistance of GWF with higher length–

width ratio is also larger. As was reported before
30

, the extra high sensitivity of GWF in 

deformation detection mainly resulted from the relative sliding of the adjacent graphene 

sheets. The graphene sheets have strong van der Waals interaction with PDMS that allows 

graphene to remain in good contact with PDMS even under deformation. When the PDMS 

substrate expanded, the adjacent graphene sheets would slide between each other and 

non-uniform micro-cracks would emerge in the GWF, both of which further increased the 

resistance. When the length–width ratio was higher, the electric current passing the GWF was 

more likely to meet the micro-cracks, which led to a larger increase in resistance
30

 (Figure 

2b). 
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7 

Figure 2. Evaluation of the temperature sensing of the FTHS. Temperature sensing 

performances (a) with different substrates; (b) with GWFs of different length–width ratios; (c) 
different plasma treatment times. (d) Cyclic temperature tests. 

 

Plasma treatment with oxygen can also greatly increase the sensitivity of the TSP 

(Figure 2c). Longer plasma treatment time resulted in a larger resistance change of GWF. 

This could be attributed to three factors. Firstly, the oxygen plasma treatment could cause 

defects in the GWF. It was previously reported that the oxygen plasma treatment brings in 

oxygen functional groups on CVD graphene
23

. The defects could bring in higher sensitivity of 

GWF in deformation sensing.
31

 Secondly, the oxygen plasma treatment could enable better 

contact between the GWF and the PDMS substrate. The oxygen plasma could modify the 

inert surface of PDMS, leading to strong intermolecular bonds
35

. The enhanced van der Waals 

interaction could reduce the sliding between the GWF and the PDMS, which consequently 

resulted in larger resistance change. Lastly, the oxygen plasma treatment could cause 

micro-cracks on the PDMS surface
36

, which in turn caused inhomogeneous deformation on 

the surface when PDMS expanded. Thus, the GWF attached to PDMS surface would show 

larger resistance change. Figure 2d confirmed good stability of the TSP in cyclic temperature 

tests between 20°C and 55°C. 

 

2.3 Key factors that influence the HSP 

Humidity sensors based on capacitance include both the sandwich type and the 

interdigital type. The sandwich type humidity sensors generally have smaller parasitic 

capacitance and have higher sensitivity
37

, as long as the upper plates are designed in such a 

way that moisture can pass through and enter the humidity-sensitive layer. Our HSP consisted 

of humidity-sensitive material (i.e., CAB) that acted as the dielectric layer and two GWFs as 

the plate electrodes. The CAB layer absorbed moisture to increase the capacitance. The GWF 

was composed of crisscross-interlacing graphene micron-ribbons and had rectangular holes. 

This net-structured GWF provided a passage for the moisture in the surrounding environment 

to travel through the upper plate of the capacitor, which is an important structural feature to 

improve the moisture sensitivity. In comparison, we also tested the use of graphene film (GF) 

as the electrode plate. Figure 3a shows the humidity sensing performance with either GWF or 

GF as the electrode plate. The sensitivity of the HSP reached 0.2653 pF/% when GWF was 
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used as the electrode plate, but was merely −0.0071 pF/% when GF was used as the electrode 

plate. This was because the GF had a complete membrane structure that deterred moisture 

from passing. 

Figure 3b shows the humidity sensing performance of HSP when different materials 

were used as the dielectric layer. The sensitivity of the HSP was very small when PMDS was 

used as the dielectric layer, largely because the hygroscopicity of PDMS was negligible. In 

contrast, when CAB was used as the dielectric layer, the HSP responded to changing humidity 

instantly and did not show significant hysteresis. Therefore, CAB was deemed suitable for use 

as the humidity-sensitive layer. Figure 3c shows the time response property of the HSP when 

humidity was increased from 35% to 60%. It can be clearly seen that the time response 

property of the HSP compared favorably with that of commercial humidity sensors (CEM 

DT-83). 

 
Figure 3. Evaluation of the humidity sensing of the FTHS. (a) Humidity sensing performance 

with different electrodes (GWF and GF). (b) Humidity sensing performance with different 

dielectric layers. (c) Time response properties. 

 

2.4 Properties of the intergraded FTHS 

The intergraded FTHS could be easily fabricated through the layer-by-layer assembly 

process described above. The FTHS showed good flexibility and could detect temperature and 

humidity at the same time. Mutual interference is generally a common-existed in 

multifunctional sensors. Hence, the simplex sensing performance of the HSP was tested under 

different stimuli: humidity and temperature (Figure 4a). The HSP mainly responded to 

humidity change. Although the capacitance increased slightly with rising temperature, the 

response was much smaller than that of the humidity change. The simplex sensing 
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performance of the TSP to humidity and temperature was also measured (Figure 4b). The 

TSP responded only to temperature change. Because the GWF of the TSP was embedded in 

the PDMS, the GWF was separated from outside moisture by PDMS, which was why the TSP 

showed no response to humidity change. Therefore, the prepared FTHS could simultaneously 

detect both temperature change and humidity change. The sensitivity of the HSP can reach 

0.19%/%, which is higher than that of the reported CVD-graphene based humidity sensor 

(0.035%/%)
23

 and polymer-functionalized CVD-graphene humidity sensor (0.11%/%)
38

. The 

sensitivity of the TSP can reach 1.343%/
o
C, which is higher than that of the commonly used 

platinum sensor (0.039%)
39

. The good sensitivity and little mutual interference of FTHS 

promise the intergraded sensor good potential applications in temperature and humidity 

sensing.  

 

 
Figure 4. Sensing performance of the FTHS. Simplex sensing performance of (a) the 

humidity sensing part and (b) the temperature sensing part under different stimuli (humidity 

and temperature). 
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10 

The prepared FTHS sensor may be employed in various scenarios where simultaneous 

measurement of humidity and temperature is desired. Environmental humidity and 

temperature can be easily detected by FTHS. The sensing performance of the FTHS was 

evaluated with different stimuli, including human exhaled breath, water droplet, and urine 

(Figure 5). Exhaled breath increased both the humidity and the temperature of the 

surrounding environment, resulting in a higher capacitance of the HSP and higher resistance 

of the TSP (Figure 5a). When cool water (room temperature) was dripped on the FTHS, the 

capacitance of the HSP increased notably while the resistance of the TSP remained unchanged. 

When warm water (40 °C) was dropped on the FTHS, both the HSP and the TSP gave 

increased signals (Figure 5b). When the water droplets were removed from the FTPS, the 

response would return to its initial status. The FTHS was also attached to the baby diaper. 

Upon enuresis of the infant, especially at night, the FTHS immediately detected the rising 

temperature and humidity that resulted from the warm and wet urine (Figure 5c). The parents 

could be immediately informed of the wet diaper if the FTHS was connected to an alarm. 

 

Figure 5. Simultaneous sensing performance of the FTHS under different stimuli: (a) human 

exhaled breath, (b) water droplet (warm and cool), (c) urine on the baby diaper. 

 

3. Conclusions 
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In summary, we have demonstrated a facile and environmentally friendly preparation of a 

FTHS based on GWFs. The FTHS consisted of the temperature sensing part (TSP) and the 

humidity sensing part (HSP). It was found that the substrate, the length–width ratio of GWF, 

and the time of the oxygen plasma treatment greatly influenced the sensitivity of the TSP. The 

network structure of the GWF and the humidity sensitivity of CAB ensured the good 

performance of the HSP. The integrated FTHS could measure temperature and moisture 

simultaneously with good sensitivity and little mutual interference. This FTHS may have 

potential application in environmental sensing and health monitoring. 

 

4. Experimental 

Preparation of GWFs. The GWFs were synthesized similarly as described in our previous 

work
30

. Brass mesh (100 mesh, 100 µm) was used as the substrate for the CVD growth of 

GWF. The mesh was put in the center of a tube furnace. The GWF was synthesized at 

1000 °C in Ar/H2/CH4 (200/5/30 mL/min) atmosphere for 25 min. Then, the mesh was rapidly 

cooled down to room temperature. The GWF was obtained after the brass mesh was etched by 

FeCl3. 

Fabrication of the FTHS. PMDS (15:1 weight ratio of base to cross-linker) was molded in a 

plastic petri dish at 80 °C for 3 h to obtain the substrate (500 µm thick). The GWF with a 

length–width ratio of 5:1 (15 mm × 3 mm) was then transferred onto the PDMS substrate. The 

transferred GWF was treated with oxygen plasma for 1.5 min, and another PDMS layer was 

spin-coated on the GWF layer at 500 r/min to complete the TSP. The TSP was then turned 

upside-down and another piece of GWF (10 mm × 10 mm) was then transferred onto the 

PDMS substrate. Afterwards, the solution of CAB (25% in acetone) was spin-coated (1000 

r/min) on the square GWF layer, and the assembly was dried at 60 °C for 40 min before the 

final GWF layer was transferred on the top of the CAB layer. 

Measurement. The electrical response of the FTHS was tested with a Keithley 4200-SCS 

digital meter. A hot plate was used to increase the temperature and a thermocouple (UNI-T 

UT325) was used to gauge the temperature. The humidity sensing test was run by placing the 

sensor in a gas chamber. Dry nitrogen was bubbled in deionized water at a different flow rate 

and then purged into the chamber. The humidity in the gas chamber was adjusted by 

controlling the flow rate of nitrogen and was calibrated with a commercial humidity sensor 
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(CEM DT-83). 
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