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Abstract—This paper presents design, fabrication, and char-
acterization of flexible capacitive graphene oxide (GO) based
humidity sensors, which can be used in many applications, such
as environmental protection, civil engineering, and agriculture.
They consist of interdigitated electrodes ink-jet printed on a
polyimide flexible substrate and GO based sensing layer. Mea-
surement setup for testing and characterization was developed
in laboratory conditions. The dependence of the capacitance and
resistance of the GO based humidity sensors on the percentage of
the applied humidity is presented. The main advantage of devel-
oped GO based capacitive humidity sensors is very large variation
of capacitance, almost five orders of magnitude, compared with
the previously demonstrated sensors. The other advantages of the
sensors are fast response-recovery time, excellent reproducibility
of the measurement results, and use of cost-effective additive
ink-jet technology.

Index Terms—Capacitive sensor, graphene oxide, humidity
sensor, ink-jet printing.

I. INTRODUCTION

DUE to their high sensitivity, low power consumption,
and fabrication costs, humidity sensors play an important

role in many measurement and control applications, includ-
ing meteorology, agriculture, industrial control, and medical
instrumentation [1]–[4]. In the past years, a lot of effort
has been made to develop high performance humidity sen-
sors [5]–[8], exhibiting large sensitivity, fast response and
recovery [9]–[10], and small humidity hysteresis. Various
transduction techniques, such as capacitive, resistive, acoustic,
optical and mechanical, have been adopted for the design of
humidity sensors. Novel sensing materials, such as graphene
oxide (GO), have recently been introduced in humidity
sensors [11]–[21].

For instance, the sensitivity of complementary-metal-
oxide-semiconductor (CMOS) interdigital capacitive humidity
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sensors has been significantly improved by using GO as a
sensing material [22]. However, some of the GO based sensors
have been made by complex and costly fabrication techniques,
such as etching [18] or layer-by-layer deposition [16]. The
humidity sensors based on gold nanoparticles and GO have
been fabricated by a combination of self-assembly and the
sol–gel technique [23]. Spin-coating chemically derived GO
on a quartz crystal microbalance have been used to fabricate
humidity sensors in which the frequency response of the
microbalance depended on the relative humidity (RH) [24].
Uniform GO films deposited by a dip-coating technique have
been used for optical humidity sensing [12].

It has been widely acknowledged that ink-jet fabrica-
tion technology is a cost-effective method for manufacturing
humidity sensors [25], [26]. Ink-jet printed GO has been used
in temperature-modulated resistive humidity sensors which
employ CMOS micro-electro-mechanical-system micro- hot-
plate technology for the monitoring and control of indoor air
quality [27]. Thin-film chemiresistors, made of a thin film
composed of overlapped and reduced GO (rGO) platelets,
were printed onto flexible plastic surfaces by using ink-jet
technique [28]. However, in order to achieve the required
sensitivity, the demonstrated sensors needed a large num-
ber of printed interdigitated electrodes on the substrates,
i.e., a large area of the sensor chip.

Here we demonstrate GO based capacitive humidity sensors
fabricated on flexible substrates, with very large variation of
capacitance with percentage of applied RH. As a result of
the extraordinary sensing properties of GO, the occupied area
of the sensor chip was reduced with respect to the GO-free
sensors which had more electrodes. The sensing was carried
out for RH between 55 % and 95 %. The main advantage of the
developed sensors compared to the previously demonstrated
sensors is their remarkable sensitivity because the change of
the measured capacitances was ∼5 orders of magnitude. The
other advantages are fast response-recovery time, excellent
reproducibility of the measurement results and use of cost-
effective additive ink-jet technology, which allowed scalable
production of the sensors. Mechanical flexibility of the sensors
is also one of the very important advantages which allows
installation of the sensor and measuring humidity in uneven
and inaccessible places.

II. DESIGN AND FABRICATION

The fabricated sensors were prepared by ink-jet print-
ing process, using Dimatix deposition material printer
(DMP-3000) and spin coating. An interdigitated capacitor with
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Fig. 1. Capacitive humidity sensor based on GO. (a) Schematic of the sensor.
(b) Sensor’s electrodes before deposition of GO. The ruler is in cm.

20 pairs of electrodes was designed, as shown in Fig. 1. It con-
sists of a polyimide substrate, interdigitated Ag electrodes and
sensing GO material.

The length of each electrode was 7 mm, while the electrode
width and spacing were 100 μm, which was within the
resolution limit of the used ink-jet printer. The first sensor
layer was fabricated by printing commercially available Sun-
Chemical Ag nanoparticle ink with 20 wt%. The thickness of
the GTS polyimide film in the active area was 75 μm [29].
The resolution of the ink-jet process using DMP-3000 was
mainly limited by the nozzle diameter (approximately equal
to the droplet diameter) and the statistical variation of the
droplet flight and spreading on the substrate. In case of printing
with Ag nanoparticle ink, the minimum droplet diameter was
∼36 μm, and center-to-center drop spacing was 18 μm, which
was obtained by changing the printhead angle [30]. Three
structures with the same active area were printed and sintered
at 240 °C for 30 min. Although the designed width of the
electrodes was 100 μm, the printed lines shrunk to 90 μm
after printing and ∼80 μm after sintering.

The second sensor layer was fabricated by spin coating
3 layers of commercially available Graphenea graphene oxide
ink, with a concentration of 0.4 wt%, on top of the electrodes
at 750 rpm for 5 s and then at 1500 rpm for 40 s. Monolayer
content in the ink was >95% at 0.05 wt%. The samples
were dried at 100 °C for 30 min and then cooled to room
temperature.

Proper deposition of GO was firstly verified by an optical
microscope. Fig. 2 shows optical microscope images of sensor
electrodes before and after spin coating of GO ink.

The presence of the GO flakes on top of the Ag electrodes
is clearly visible in the latter case. The thickness of GO
flakes was also verified by atomic force microscope (AFM)
characterization, as it is shown in the same figure. The
thickness of the GO flakes was ∼9 nm which confirmed
successful deposition. The thickness of the Ag layer and the
lateral dimensions of the flakes were ∼400 nm and ∼10 μm,

Fig. 2. Sensor Ag electrodes without and with the GO film. (a) An optical
microscope image of bare sensor electrodes. (b) A tilted scanning electron
microscope (SEM) image of a bare sensor electrode showing a typical
thickness of ∼400 nm of the printed Ag layer. (c) An optical microscope
image of sensor electrodes after spin coating GO ink. (d) An AFM image
of the GO film deposited on the electrodes. A topography analysis along the
sections 1, 2 and 3 indicated in the image reveals typical thickness of the GO
flakes of ∼9 nm, (e) A top view SEM image of the sensor electrode showing
a lateral dimension of deposited GO flakes of ∼10 μm.

Fig. 3. Schematic of a humidity sensing measurement setup.

respectively, as shown in Fig. 2(b) and 2(e). The thickness of
the GO layer was not uniform over the whole active area due
to limitations of spin coating technology. AFM measurements
showed multiple GO flakes agglomerated at some areas of the
sensors.

Different geometries of the Ag electrodes were printed in
order to understand whether they have influence on the spin
coating of GO. We found that the spin coating process was
mainly unaffected by the electrode design.

III. RESULTS AND DISCUSSION

Measurements were performed using in-house measure-
ment setup, illustrated in Fig. 3. It consists of a chamber
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Fig. 4. Capacitance of 3 different sensors (encoded in different colors) as a
function of time. (a) Sensors without the GO film. (b) Sensors with the GO
film. In both cases humidity was changed from 55 %RH to 95 %RH and then
back to 55 %RH. The blue curves (with the scale on the right) show the RH
measured by the commercial sensor at the same time.

(plastic box) and humidity source (aerosol). Capacitance and
resistance of the fabricated sensors were measured using
Agilent LCR meter 4284A. Commercially available Omega
RH USB probe with a temperature sensor was also placed in
the chamber and used as a reference [31].

The capacitance and resistance of all 3 sensor samples were
measured as a function of time while changing the RH as
follows. The sensor was placed in the chamber with laboratory
atmosphere at room temperature, and its stable output was
recorded. The humidity source was then turned on and it
was kept running for 9 min after which the steady state with
95 %RH was reached, as determined by the commercial sensor
placed in the same chamber. Finally, the humidity source
was turned off and the sensor was exposed to laboratory
atmosphere again. The measurements were initially performed
at three different frequencies: 1, 10 and 100 kHz. The highest
sensitivity was obtained at 1 kHz, which was then used in all
present measurements. Fig. 4(a) shows the results obtained by
measuring the capacitance of the sensors, without and with
the GO film, under such conditions. In sensors without the
GO film, the capacitance increased ∼10 times in the humidity
range from 55 %RH to 95 %RH, but it did not exceed

120 pF. However, in sensors with the GO film, Fig. 4(b), the
capacitance increased by almost five orders of magnitude, from
43 pF to 1.6 μF, in the same humidity range. The difference
in the Omega sensor response, which can be observed by
comparing Fig. 4(a) and (b), is a consequence of the drying
process which was simply done by exposing the sensors to
ambient air. This probably left some residual humidity in the
sensing area of the Omega sensor.

The obtained results can be explained by the expression for
the capacitance of the sensing material [32].

C = ε∗C0 =
(

εr − iγ
ωε0

)
C0 (1)

where ε∗ is the complex dielectric constant of the material,
C0 is the capacitance of the vacuum capacitor with the same
dimensions as the sensing layer, εr is the relative dielec-
tric constant of the material, ε0 is the vacuum permittivity,
γ is the leak conductance, and ω is the angular frequency.
This shows that the capacitance of the sensing material is
proportional to γ . With the increase of RH, water molecules
are physisorbed through single hydrogen bonding on the
hydroxyl groups in GO [11]. When exposed to the exter-
nal electric field, the water molecules undergo protonation
(due to a transfer of oxygen from the large number of oxygen-
containing groups in GO, e.g., epoxy groups) and yield a
large number of hydronium ions (H3O+) which act as charge
carriers [11]. Because of this, the increase of RH increases
γ which increases the capacitance. A very good sensitivity,
observed here at large RH, is due to the physisorbed water
layers behaving as liquid which allows hydronium ions to
freely move and contribute to the ionic conduction [11]. Large
surface area of the GO flakes is also beneficial for increasing
the sensitivity of the sensors, which ultimately depends on the
film thickness and its uniformity. For instance, we found that
the GO film was not uniform over the entire active area due to
the limitations of the spin coating process. Agglomerates of the
GO flakes were found in many places leading to the increase of
sensitivity. The different humidity response of different sensors
can also be attributed to the nonuniformity of the GO film.

Fig. 5 shows the time dependence of the resistance of
the fabricated GO sensors recorded at the same time as the
capacitances shown in Fig. 4(b). In the previous reports [33],
the change of resistance has been from 300 k� to 20 k�
over the humidity range from 45% to 85 %. In our work,
the obtained resistance change was in the range from 2.5 M�
to 5 k� under the same conditions.

Long term stability measurements were performed for all
three sensors after 21 months from their fabrication. The
measurements showed a decrease of capacitance response by
an order of magnitude, which is not that significant considering
their total response.

Response and recovery time is one of the most important
figures of merit of humidity sensors, especially in commercial
settings. Fig. 4(b) and 5 also show the response–recovery
characteristics of the GO based humidity sensors. The time
taken by a sensor to reach 90 % of the final capacitance change
was defined as the response time in the case of adsorption
and recovery time in the case of desorption. The measured
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Fig. 5. Resistance of 3 different sensors (encoded in different colors) with
GO as sensing material. The resistances were measured at the same time as
the capacitance of the sensors shown in Figure 4b. The blue curve (with the
scale on the right) shows RH measured by the commercial sensor at the same
time.

Fig. 6. Humidity hysteresis curves of the GO based sensor.

average response and recovery times were 30 s and 150 s,
respectively, for all fabricated sensors. This could be explained
by different speeds at which the humidity was introduced
and removed from the chamber (i.e., the plastic box depicted
in Fig. (3)). The humidity was introduced into the chamber
by an aerosol device, whereas the humidity exhaustion was
performed by self-drying in laboratory atmosphere, similar
to previous reports [13]. However, the realized sensor had
much higher sensitivity. The rapid response–recovery behavior
benefited from the porous structure, hydrophilic functional
groups, and large inter-layer space of the GO film.

Hysteresis is one of the most important performance metrics
of humidity sensors. Hysteresis leads to the measurement
errors because different capacitances (i.e., RH readouts) could
be obtained at the same RH depending on whether RH
increases or decreases. Fig. 6 shows the hysteresis curve in
the adsorption and desorption phase of the fabricated GO
sensors. The humidity hysteresis characteristic of the sensors
was measured by increasing the RH from 55% to 95% and
then decreasing the RH back to 55 %. RH was measured
by the commercial sensor which has a hysteresis width

Fig. 7. Repeatability of the GO sensors compared to a commercial sensor
(with scale on the right) over three response/recovery cycles.

TABLE I

PERFORMANCE OF THE SENSORS PRESENTED IN THIS WORK
COMPARED TO THE STATE-OF-THE-ART SENSORS

�RH ∼ ± 1 %. The maximum hysteresis width of the
fabricated sensors was �RH ∼10 %. This indicates that further
improvements would be needed if the high sensitivity of the
presented sensors were to be used in commercial applications.

Fig. 7 shows the repeatability measurement of one of the
fabricated GO sensors. The repeatability of the GO sensors
was tested by exposing the sensors to three alternat-
ing RH cycles between 55%RH and 95%RH. During the
response/recovery cycles, the capacitance response was highly
repeatable demonstrating the advantage of the sensors in
possible sensor applications. The fabricated sensors compared
favorably to the used commercial sensor both in terms of
repeatability and sensing performances.

Sensitivity (S) used to characterize the sensor performance
is defined as:

S = �C
�RH

(2)

where �C is the sensor response change of capacitance and
�RH is the RH change. In the present case, the sensitivity
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Fig. 8. The humidity measurements performed on one of the sensors without
(the magenta line) and with (the blue line) bending.

was ∼40 nF/%RH. The sensing properties of the proposed
sensor are comparable to previously demonstrated capacitive-
type humidity GO sensors realized in different technolo-
gies [11], [17]–[20], [23], [24] or with different sensing
materials [4], [25]. The main advantage of the presented
sensor is its very large change of capacitance with humidity,
as shown in Table 1. The fabrication procedure was also found
to provide a reproducible sensing property which is of the
utmost importance in the possible applications of the realized
sensors.

The influence of bending on sensors response was also
investigated. Sensors were bent around a cylinder with a radius
of 3.5 mm encompassing an angle of 120° and exposed to the
same humidity tests. The obtained results were almost identical
compared to that without bending, as shown in Fig. 8. This
represents an important advantage of the proposed sensors for
simple monitoring of humidity because they can be placed on
almost any surface without affecting their response.

IV. CONCLUSION

The capacitive interdigitated GO based humidity sensors
were fabricated on flexible foil by combining ink-jet printing
and spin coating. The sensors comprised interdigitated elec-
trodes made by ink-jet printing of Ag nanoparticle ink and
a sensing layer made by spin coating of GO ink. Application
of additive ink-jet printing process reduced costs and provided
good mechanical properties. Flexible substrate and GO used in
the presented sensors enable simple monitoring of humidity in
various environments. The humidity sensing properties of the
fabricated GO based sensors were investigated by exposing
the sensors to humidity in the range 55–95 %RH at room
temperature. The sensors exhibited excellent sensitivity in the
investigated range of humidity, changing the capacitance by
almost 5 orders of magnitude (from 43 pF to 1.6 μF).
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VASILJEVIĆ et al.: PERFORMANCE ANALYSIS OF FLEXIBLE INK-JET PRINTED HUMIDITY SENSORS BASED ON GO 4383

[21] R. Guo, W. Tang, C. Shen, and X. Wang, “High sensitivity and fast
response graphene oxide capacitive humidity sensor with computer-
aided design,” Comput. Mater. Sci., vol. 111, pp. 289–293, Jan. 2016,
doi: 10.1016/j.commatsci.2015.09.032.

[22] C.-L. Zhao, M. Qin, W.-H. Li, and Q.-A. Huang, “Enhanced perfor-
mance of a CMOS interdigital capacitive humidity sensor by graphene
oxide,” in Proc. Solid-State Sens., Actuators Microsyst. Conf. (TRANS-
DUCERS), vol. 16, Jun. 2011, pp. 1954–1957, doi: 10.1109/TRANS-
DUCERS.2011.5969243.

[23] P.-G. Su, W.-L. Shiu, and M.-S. Tsai, “Flexible humidity sensor
based on Au nanoparticles/graphene oxide/thiolated silica sol–gel film,”
Sens. Actuators B, Chem., vol. 216, pp. 467–475, Sep. 2015, doi:
10.1016/j.snb.2015.04.070.

[24] Y. Yao, X. Chen, H. Guo, and Z. Wu, “Graphene oxide thin film coated
quartz crystal microbalance for humidity detection,” Appl. Surf. Sci.,
vol. 257, pp. 7778–7782, Sep. 2011, doi: 10.1016/j.apsusc.2011.04.028.

[25] F. Molina-Lopez, D. Briand, and N. F. de Rooij, “All additive inkjet
printed humidity sensors on plastic substrate,” Sens. Actuators B, Chem.,
vols. 166–167, pp. 212–222, May 2012, doi: 10.1016/j.snb.2012.02.042.

[26] J. Weremczuk, G. Tarapata, and R. Jachowicz, “Humidity sensor
printed on textile with use of ink-jet technology,” Proc. Eng., vol. 47,
pp. 1366–1369, Dec. 2012, doi: 10.1016/j.proeng.2012.09.410.

[27] A. De Luca et al., “Temperature-modulated graphene oxide resistive
humidity sensor for indoor air quality monitoring,” Nanoscale, vol. 8,
no. 8, pp. 4565–4572, 2016, doi: 10.1039/c5nr08598e.

[28] V. Dua et al., “All-organic vapor sensor using inkjet-printed reduced
graphene oxide,” Angew. Chem. Int. Ed., vol. 49, no. 12, pp. 2154–2157,
2010, doi: 10.1002/anie.200905089.

[29] GTS Flexible Materials Ltd. Electronics. Accessed: Nov. 20, 2017.
[Online]. Available: http://www.gts-flexible.com/home/

[30] Dimatix Inc. Dimatix Materials Printer DMP-3000. Accessed:
Jun. 7, 2017. [Online]. Available: http://www.dimatix.com

[31] OMEGA Humidity Probe. Accessed: Nov. 20, 2017. [Online]. Available:
http://www.omega.com/

[32] Q. Wang, Y. Z. Pan, S. S. Huang, S. T. Ren, P. Li, and J. J. Li,
“Resistive and capacitive response of nitrogen-doped TiO2 nanotubes
film humidity sensor,” Nanotechnology., vol. 22, no. 2, p. 025501, 2010,
doi: 10.1088/0957-4484/22/2/025501.

[33] G. Naik and S. Krishnaswamy, “Room-temperature humidity sensing
using graphene oxide thin films,” Graphene, vol. 5, no. 1, pp. 1–13,
2016, doi: 10.4236/graphene.2016.51001.
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