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In this paper, we propose a novel bio-compatible organic humidity sensor based on natural inner egg
shell membrane (IESM) with multilayer cross linked fiber structure that can be used as a substrate
as well as a sensing active layer. To fabricate the proposed sensors, two different size inter digital
electrodes (IDEs) with 10 mm X 4 mm for sensor 1 and 12 mm X 6 mm for sensor 2 are printed on the
. surface of the IESM through Fujifilm Dimatix DMP 3000 inkjet material printing setup, which have finger
. width of 100 um and space of 100 pm. The fabricated sensors stably operates in a relative humidity (RH)
. range between 0% RH to 90% RH, and its output impedance and capacitance response are recorded at
1kHz and 10 kHz. The response time (T,.,) and recovery time (T,..) of sensor 1 are detected as ~1.99 sec
and ~8.76 sec, respectively and theT,., and T,.. of sensor 2 are recorded as ~2.32sec and ~9.21 sec,
respectively. As the IESM for the humidity sensor, the natural materials can be implemented in our daily
life as they open a new gate way for bio-compatible devices.

In environment sensing, there are various factors to be detected like humidity level', temperature?, various
. gases (N,, CO,, O,, etc.)>, and light intensity®. In these features, a humidity sensing is widely investigated by
. many researchers®®. Sensors based on impedance and capacitance responses are the best choice for humidity
sensing due to low cost, easy fabrication, and nominal time response®, which can detect amount of water con-
tent in environment with following parameters like impedance!?, capacitance!! and resistance!>"'. To fabricate
a humidity sensor, the various materials are studied like, graphene', organic'é, inorganic'’, organic-inorganic
nano-composite'®, and other composites'*.
For an eco-friendly, low cost and high performance devices, many researchers are exploring natural materials,
for example, humidity sensing layer and substrate using onion membrane?®!, piezoelectric nanogenerator using
. onion skin®, silk fiber applied in electronic devices and non-volatile resistive memory*»*, and fish scale based
© piezoelectric nanogenerator?. Hence, a biomaterial can be obtained from a hen egg and it is widely using as
food in the world. It can be applied in different applications like egg albumen as an active layer for non-volatile
resistive memory?, a high performance electrode for super capacitor using carbonized egg shell?’, a bio-sensor to
determine the glucose using inner egg shell membrane (IESM)?, and piezoelectric flexible nanogenerator using
IESM?®. The self-assembled nano fiber humidity sensor (based on donor and acceptor mechanism) can be used
for monitoring purpose®. Although the IESM is structured with natural multilayer cross linked fibers, it is not
applied for a humidity sensor. The natural biomaterials available in our daily life have potential to be employed in
sensing applications as they can opens a new possibilities towards bio-compatible electronic devices.
Many researchers are focusing on transferable, wearable, and implantable electronic devices on thin sub-
. strates, which are highly flexible and light in weight®'. Moreover, such substrates are used only to support device
: printed on them with no sensing properties and additional sensing layer is required to be top printed on elec-
© trodes. For these attributes, natural biological organic materials available in our daily life are very attractive for
sensing in wearable electronic devices?. In this expectation, to achieve good results, the various printing methods
are utilizing for high performance and transferable wearable devices’>**. The conventional printing methods
. utilized to transfer wearable electronic devices are very complex and damage may occur while transferring to
© arbitrary shaped substrate®'. While an IESM is ultra-thin with thickness of ~19 pum, it is allowed to transfer to
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Figure 1. (a) The Processing of the IESM. (b) The wave shape of printing nozzles of the Fujifilm DMP-3000
inkjet printer. (c) Dimension of the IDEs and Printed IDEs on the surface of the IESM using inkjet printer.

any arbitrary shaped substrate. The IESM can be transfer in a single step to an arbitrary shape substrate without
causing any damage.

The proposed humidity sensor is fabricated by using the IESM as an active sensing layer and substrate. The
IESM is contacted with the egg albumen and an external contact with the egg shell minerals***°. Especially, the
IESM has fibrous and porous structure, which is a suitable to absorb a permeable solvent like water; hence it can
be used as a humidity sensing active layer. To get a signal from the IESM, we fabricated inter digital electrodes
(IDEs) pattern with finger width of 100 um and spacing of 100 pum through Fujifilm Dimatix DMP-3000 material
as shown in Fig. 1. We fabricated two sensors (sensor 1 and sensor 2), and their size are 10 mm x 4 mm for sensor
1and 12mm x 6 mm for sensor 2. The fabricated sensor is tested with homemade humidity sensing setup, which
has a impedance and capacitance response range from 0% RH to 90% RH, and this bio-compatible humidity
sensor achieves a response time (T,,) of ~1.99 sec and a recovery time (T,..) of ~8.76 sec using sensor 1 and T, of
~2.32sec and T, of ~9.21 sec using sensor 2. The surface morphology and cross sectional image of the proposed
sensor is analyzed with NV-2000 Universal non-contact surface profiler, Scanning electron microscopy (SEM)
Jeol JSM-7600F and TESCAN MIRA 3 scanning transmission electron microscope (STEM), and Fourier trans-
form infrared spectroscopy (FTIR) is performed with Bruker IFS 66 V spectrometer. To find the material charac-
teristics of the IESM, its elemental composition is performed with energy dispersive X-ray (EDS) spectrometer.

Results and Discussion

SEM of IESM and IDEs.  Hen egg is shown in Fig. 2a, which insure that IESM is present between egg albu-
men and egg shell. The IESM is consisted of an intricate lattice network of fibers®. A network-like structure is
perceived in the natural IESM with 10 pm scale at x500 magnification as shown in Fig. 2b. This indicates that
the IESM is consisted of cavities and pores of diameter 5 pm, and has highly crosslinked fibers of protein with
diameter 0.5-1.5 pm. Figure 2¢ shows the microscopic image of the patterned IDEs. The 2D and 3D nanoprofile
of the IDEs is illustrate as shown in Fig. 2¢,d, which insures that electrodes are properly fabricated with the inkjet
printer. Figure 2f shows the surface morphology of IDEs with magnification level of 10 um, which insures that
the electrodes are properly fabricated on the surface of IESM. The cross sectional of an IESM is shown in Fig. 3a
with magnification level of 20 pm, which indicate that dried IESM have thickness of ~19 pm. The variability of the
thickness of dried IESM is presented in Fig. 3a with mean value (u) of 19.67 um, standard deviation (o) of 0.94 pm
and variance (0?) of 0.89 um. These results shows that the thickness of the dried IESM is almost uniform with
small value of standard deviation as shown in Fig. 3a.

2D and 3D Nano profile of IDEs.  The 2D and 3D nano profile of the printed IDEs is shown in Fig. 2c and
d, which indicates that printed electrodes have roughness of 197.33 nm and the IDEs are uniformly fabricated.
The height profile of IDEs is shown in Fig. 2e, which indicate that average height of the Ag nanoparticle based
IDEs are ~1.77 pm.

FTIR of IESM. The Fourier transform infrared spectroscopy-potassium bromide (FTIR-KBr) spectra of IESM
showed the characteristic absorption peaks related to the organic structure of the membrane. In the FTIR spectra

SCIENTIFICREPORTS| (2019) 9:5824 | https://doi.org/10.1038/s41598-019-42337-0 2


https://doi.org/10.1038/s41598-019-42337-0

www.nature.com/scientificreports/

a Air Gap
Inner shell Membrane

Thin Albumen
Thick Albumen
Yolk Membrane

Germinal Spot

Yolk

Chal

Egg Shell + cuticle

Outer Shell Membrane e b

| ’ \ ‘>'SFI 150KV ' X500 10im WD 7.7mm
3D Nano Profile
of IDEs

s3Q140
3|1o1d ouBN 4z

Ra: 197.33 nm RQ:245.12nm Rt 1.79um Rz 1.55um

e m

Histogram

Figure 2. (a) Structural image of hen egg. (b) FESEM image of IESM. (c¢) Microscopic image of printed IDEs
showing electrode width of 100 um and electrode spacing of 100 pm. 2D surface roughness of 197.33 nm and
(d) 3D surface nano profile with thickness of 1.77 pm. (e) Histogram of height for nano profile of IDEs. (f) SEM
image of the IDEs.

of an IESM shown in Fig. 3b, the amide and protein characteristic peaks are found as three highly intense peaks.
Amide I shows two sharper bands of C=0 stretching vibrations at 1650 cm™!, amide IT shows NH in plane bend-
ing and CN stretching at 1440 cm™!, and amide A shows NH stretching vibration at 3400 cm™'. An absorption
band shows stretching vibration of C-S bonds appeared at 670 cm ™!, which is associated with cysteine-rich pro-
teins of an IESM fibers®***’. A sharp absorption peak of eggshell was also present at 875 cm™! which shows out of
the plane bending vibration of (CO572)%.

EDS mapping of IESM.  The elemental composition on the surface of IESM can be confirmed by energy dis-
persive X-ray spectroscopy (EDS) as depicted in Fig. 3¢ with magnification of 20 pm. The EDS energy dispersive
analysis of X-ray spot profile of the IESM clearly shows peaks of C, O, S and Na as inset shown of Fig. 3d. EDS
mapping of the IESM is performed with TESCAN MIRA 3. As EDS SEM image is shown in Fig. 4a, it shows the
magnification level of 100 um and Fig. 4b shows the EDS layered image which insurances the presence of carbon
series with weight 67.06%, Oxygen series with weight 27.03%, Sulfur series with weight 5.77%, and Sodium series
with weight 0.14% as shown in Fig. 4c-f. EDS confirms the presence of carbonyl, amino protein and carboxyl
group as we discussed in FTIR of IESM.

Impedance response. The impedance response of the humidity sensor was recorded on different levels
of humidity in the environment. The effect of humidity on the surface of the IESM was recorded on different
frequencies as shown in Fig. 5. These results clearly indicate that the impedance of Sensor under test (SUT) is
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Figure 3. (a) Cross sectional image of IESM. (b) FTIR of the IESM. (c) Surface morphology of the IESM using
TESCAN MIRA 3. (d) The EDS representation of the IESM and insert image showing element composition of
the IESM.
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Figure 4. (a) EDS mapping SEM image of IES. (b) EDS layer image, and element mapping of the IESM
representing as (c) C K series, (d) O K series, (e) S K series, and (f) Na K series.

decreased with increase in humidity level. This behavior is consistent at 1 kHz and 10kHz of sensor 1 and sensor
2 as shown in Fig. 5a-d. The increase in test frequency results in the decrease in the impedance state of the SUT.
It indicates that the impedance state of the SUT is inversely proportional to the test frequency as given by Eq. (1).
Here, R, f, and ¢ represent the resistance, test frequency, and capacitance of SUT, respectively.
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Figure 5. Impedance response of the sensor 1 at (a) 1 kHz and (b) 10 kHz. Impedance response of the sensor 2
at (¢) 1kHz and (d) 10kHz.

z=—L 4R

2mfe 1

IESM mounted on arbitrary surfaces. The fabricated sensor was mounted/transferred on the different
arbitrary surfaces as a substrate. The target substrates have different uneven surfaces with different curvature,
which includes plant leaf and stem, computer mouse, and conical flask as shown in Fig. 6a—c. The SUT is attached
to different targeted surfaces with different curvature are shown in Fig. 6a-c. The output response of SUT shown
in Fig. 6d is obtained from the transferred on plant steam, computer mouse and conical flask. The impedance
response of the sensor was increased due to the formation of micro cracks in IDEs after bending as shown in
Fig. 6e. Figure 6 indicates that IESM can easily be transferred to an arbitrary shape substrate without causing any
damage. The EDS spot profile of the IDEs after transferred to arbitrary surface is shown in Fig. 6f.

Capacitance response. Asshown in Fig. 7, the absorption of water molecules changes the dielectric coeffi-
cient, as a result change in capacitance of SUT. The capacitance of SUT increases with decrease in impedance with
increase in relative humidity. The change in capacitance can be observed on different test frequencies of sensor
1 and sensor 2 as given in Fig. 7a—d. The intrinsic capacitance of SUT decreases with increase in test frequency
range from 1kHz to 10 kHz. This phenomenon is due to flow of leakage conduction (y) and capacitance at higher
frequencies. The capacitance of SUT with leakage conduction is given in Eq. (2).

C

o

C=e"C’=le—i i
27fe,

()

where, ¢, Cy, 7, f; €,» and ¢, are the complex dielectric contact, expected capacitance, conductance, frequency, rel-
ative dielectric constant of ideal capacitor, and permittivity of free space, respectively. The capacitance response of
the SUT ensures that it can be implemented in real time systems without any extra circuit.
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Figure 6. Images of the fabricated sensor on IESM transferred to various shaped as a substrates: (a) plant stem
as a substrate with 5.53 mm diameter, (b) computer mouse with diameter 10 mm, and (c) round shape conical
flask with diameter 13.1 mm. (d) Impedance response of IESM on transferred to arbitrary surface. (¢) FESEM of
IDEs after transferred to arbitrary surface. (f) EDS spot profile shows the presence of Ag in FESEM.

Transient response. The transient response of SUT is shown in Fig. 8, and it was recorded using breath
detection system®. The exhaling and inhaling act as humidification and dehumidification, respectively. The tran-
sient response of the sensor indicates that, sensor can detect sudden change in humidification levels in environ-
ment. The T, and T, of sensor 1 was recorded as ~1.99 sec and ~8.76 sec, respectively as shown in Fig. 8a. The
T,es and T, of the sensor 2 was recorded as ~2.32 sec and ~9.21 sec, respectively as shown in Fig. 8b. The Transient
response of the fabricated sensor has fast response time and recovery time and it can be employed in the real life
for the humidity sensing purpose. The stability of the fabricated sensor 1 and sensor 2 were investigated at 1 kHz
and both sensors were kept in the ambient chamber for 120 min at 90% RH, at 40% RH (open air response) and
0% RH. Both sensors as shown in Fig. 8c,d maintained stable impedance response at 90%, 40%, and 0% RH,
respectively. The sensor 1 maintained a stable impedance response with maximum 0.17% error rate as shown in
Figs. 8c and 0.198% error rate was recorded in sensor 2 as shown in Fig. 8d.
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Figure 7. Capacitance response of the sensor 1 at (a) 1 kHz and (b) 10kHz. Capacitance response of the sensor
2 at (c) 1kHz and (d) 10kHz.

Mechanism. The proposed bio-compatible humidity sensor has been reported that the main constituent of
the IESM are collagen and saccharides®. The chemical composition of the membrane consists of uronic acid
and amino acids (alanine and glycine)*. The uronic acid is a product of monosaccharide in which the terminal
carbon’s hydroxyl group has been oxidized to carboxylic acid. It contains both aldehyde and carboxylic acid moi-
eties and lot of hydroxyl, carbonyl, and amino functional groups* are present on the protein fibers of IESM* to
interact with moisture content present in the environment®” and can be used as a humidity sensing layer. Hence,
the humidity sensing mechanism can be explained as shown in Fig. 9a. It is a porous structure as shown in Fig. 9b,
which allows the flow of air and moisture® and it can easily can catch humidity. The structure of IESM also can
observed using NV-2000 Universal non-contact surface profiler, which indicate that IESM has surface roughness
of 1.35 pm and it also confirm the average thickness between ~18 to 21 pm as shown in Fig. 9¢,d. Due to the natu-
ral multilayer crosslinked fiber structure of the IESM, its porous structure can be observed using 2D and 3D nano
profile as given in Fig. 9¢,d. It indicates that IESM is highly porous and consist of micro spacing fibrous structure.
The height profile of IESM is shown in Fig. 9e, which indicate that average height of the IESM is 18.24 pm. The
IESM is a good insulator and in dried form its impedance value is very high, and the impedance change depends
on the water content inside the IESM. The relative permittivity of water significantly differs from the dried IESM.
The absorption of water molecules in the thin film of the IESM can dissolve the dried organic materials inside
the cells that result in the change in impedance and ionic current flow through the IDEs. From these results, the
proposed IESM based humidity sensor shows a notable characteristics comparing another natural materials®! for
humidity sensing as shown in Table 1.

Hysteresis curve. The main reason of the hysteresis in the IESM is due to the porous structure and chemical
absorption. The proposed senor 1 and sensor 2 was analyzed for the hysteresis characteristics at 1kHz as shown
in Fig. 10. Here, sensor 1 and sensor 2 were fabricated with the different size 10mm x 4mm and 12mm X 6 mm,
respectively, using inkjet printing technology in Fig. 10. The main reason to observe hysteresis at 1 kHz is, IESM
is showing large change in impedance and capacitance at 1 kHz as compare to 10 kHz. For this characteristic, the
sensor was sorted at 0% RH and then humidity level was increased to 90% and back from 90% to 0% RH. The
impedance and capacitance was recorded against each humidity level during absorption and desorption cycles.
The impedance hysteresis is shown in Fig. 10a,b and capacitance hysteresis is shown in Fig. 10c,d of the sensor 1
and sensor 2. In each case hysteresis curve is observed from 30% RH to 80% RH.
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Figure 8. Transient response of (a) sensor 1 and (b) sensor 2. Stability on 0% RH, 40% RH (open air), and 90%
RH of (c) sensor 1 and (d) sensor 2.

Conclusion

For weather monitoring applications, the paper proposed the bio-compatible humidity sensor based on IESM.
This IESM applied as a humidity sensing layer and substrate using IESM. Here, Inter digital electrodes (IDEs) with
finger width of 100 pm and spacing of 100 pm were deposited on the surface of IESM through Fujifilm Dimatix
DMP 3000 inkjet material printer for sensor 1 and sensor 2. The proposed sensor achieved a good response and
recovery time, and its impedance and capacitance change are recorded from 0% RH to 90% RH. Hence, the 19 pm
thin IESM could be used to replace flexible and ultra-thin substrate based on PDMS. The Possible areas of [IESM
were applied as ultra-thin substrate for electronic skin applications, which could be conformably transferred to
different arbitrary shape surfaces. The IESM is an environment friendly and can be used as a disposable substrate
for environment sensing applications.

Materials and Methods

Characterizations. Different characterization techniques are used to investigate the chemical and structure
composition of IESM as shown in Figs 2-4 and 9. The SEM has been powerful tool for characterizing funda-
mental physical properties and surface morphology of the samples. The morphology of IESM can be studied by
coating sample with platinum (Pt) sputter using Pt 20mA 120 mode with Scanning electron microscopy (SEM)
Jeol JSM-7600F. The damages may occur on the surface of an IESM during fabrication process. For this reason,
the fabricated sensor was observed with optical microscope after each step to make sure that, IESM was intact
and IDEs were properly fabricated with the DMP-3000 inkjet printer. 2D and 3D nano profile of top electrode and
IESM was analyzed with NV-2000 Universal non-contact surface profiler for roughness measurement in phase
shifting minterferometry (PSI) mode. The Fourier transform infrared spectroscopy (FTIR) spectra of an IESM
were recorded on a Bruker IFS 66 V spectrometer by using the potassium bromide (KBr) pellet, at a resolution
4cm™!. EDS mapping is performed to confirm the element by element composition of IESM using TESCAN
MIRA 3 STEM.

Materials. Fresh egg was processed using white vinegar. The humidity sensing electrodes were patterned on
the surface of the IESM using the Ag nanoparticle ink with 50% dispersion in triethylene glycol monomethyl
ether (TGME). Ethanol and de-ionized water was used for cleaning purpose and purchased from sigma Aldrich.
The silver (Ag) conductive epoxy CW2400 was used for connecting wires and purchased from circuitsworks. Dry
nitrogen gas (N,) was used as dehumidification.
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Figure 9. (a) Sensing mechanism of the IESM showing adsorption of water molecules and resulting ionic
current flow through the thin film. (b) Cross sectional image of the IESM at 50 um magnification, and (c) 2D
and (d) 3D nanoprofile of IESM. (e) Histogram of IESM.

1 Egg shell membrane IDEs (Im pedance and 0-90% | ~1.99sec ~8.76 sec This work
capacitive based sensor)

2 Onion membrane IDEs (Impedance based 0-80% | 1sec 10.75sec 2
sensor)

Table 1. Comparison of Egg membrane humidity sensor with onion membrane humidity sensor.

IESM processing. The manual separation of the IESM can be done, but it is difficult to obtain the IESM as it
is tightly bonded to the mineral shell. The egg shell is made of calcium carbonate crystals*"*2. It consist of a porous
structure”, that is why IESM is called semi permeable membrane*. IESM can be easily extracted by dipping the
egg in vinegar. The IESM processing is given in Fig. la as we dipped the egg in vinegar at room temperature 28 °C.
During reaction tiny bubbles of CO, will be released on the surface of vinegar, as a result it will release carbon
dioxide (CO,)*. Then, the naked rubbery egg will remain at the end after 3 days. We make a small hole on the
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Figure 10. Impedance response hysteresis curve of (a) sensor 1 and (b) sensor 2 showing abortion and
desorption from RH 0-90% at 1kHz. Capacitance response hysteresis curve of (c) sensor 1 and (d) sensor 2
showing adsorption and desorption cycle with humidity range from 0 to 90% at 1 kHz.

surface of the IESM and pour out the yolk and albumen. The IESM was cleaned with 20 ml ethanol and 30 ml
de-ionized water, and place it on a flat surface in a high tension wet state to remove all the water trapped inside the
membrane and make it dry at room temperature.

Sensor fabrication. To fabricate the proposed sensor 1 and sensor 2 on the surface IESM, the IDEs were
designed using EAGLE version 7 in dxf format. The design file was converted into bmp file format using ACE
3000 and exported to Dimatix Drop manager software, which converts bmp into ptn format. The ptn file was
loaded into software controlled Fujifilm Dimatix DMP-3000 material inkjet printer. The Ag ink was loaded in 10
pL 16 nozzles cartridge with diameter of 9 pm. The 30 V were applied on cartridge nozzles for a stable printing
with drop spacing of 20 pm as shown in Fig. 1b and a temperature of the printing platform was controlled at 30°C
through software control system attached with the inkjet printer. IESM was pasted on a flat PET and wrinkles
were removed using a tissue paper and it was fixed at its position using tape. The proposed sensor was fabricated
by printing IDEs on the surface of IESM through Fujifilm Dimatix DMP-3000 material inkjet printer. The IESM
was selected due to good moisture sensitivity, and it can easily detect a small change of humidity. The applied
IDEs were designed as electrode finger width of ~100 um and electrode space of ~100 um as shown in Fig. 1c, and
these parameters were optimized through experimental process to achieve a high sensitivity of the IESM. The
IESM were cracked at high temperature annealing due to shrinking of organic nature of thin membrane. That’s
why fabricated IDEs are cured at low annealing temperature for longer time duration at 30 °C for 1 hour. The fab-
rication process of the IDEs on the surface of IESM is explained in detail as given in Fig. 1.

Humidity analysis. Humidity setup consist of airtight homemade humidity box, HTU21D sensor with reso-
lution 0.04% RH, accuracy £2% RH, temperature coefficient —0.15% RH/°C and response time <5 sec was used
as a reference sensor. Arduino UNO is used as a controlling board and PC is used for data acquisition. The imped-
ance of the fabricated sensor was measured with KEYSIGHT Digital U1700C handled LCR meter, for humidifica-
tion and dehumidification humidifier and dry nitrogen gas (N,) are used, respectively. Cool term software is used
for reference sensor data logging and OrignPro 8.0 is used for graph plotting. The fabricated sensor 1 and sensor
2 data is logged with built-in software of KEYSIGHT Digital U1700C handled LCR meter.

Figure 11a shows the block diagram of the humidity setup. The airtight humidity box covers the humidity
from 0% to 100% RH respectively with reference sensor and the IESM as a sensing layer and substrate with
printed IDEs used as a SUT. The reference sensor is connected with Arduino UNO and SUT is connected with
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Figure 11. (a) Schematic diagram of the humidity verification setup. (b) Realized image of the humidity setup
using Arduino UNO, DHT21D humidity sensor, sensor under test (SUT), KEYSIGHT LCR meter, humidifier,
dry nitrogen (N,), LCD, and PC.

LCR meter. For real time data acquisition, LCR meter and Arduino UNO are connected with PC through data
line (USB port) for automatic data logging. The dry N, is injected for dehumidification level from 40% to 0% and
the commercialized humidifier is used to increase the humidification level from 0% to 100%. The external valve
is used to control the level of humidity inside airtight box using humidifier and N, gas. The temperature of the
experiment setup was controlled at 25 °C. Figure 11b shows the realized image of the humidity setup. Using this
setup, we measured the proposed sensors. The transient response is measured with sudden increase in humidity
level from 0% RH to 100% RH and then dehumidified the sensor from 100% RH to 0% RH.

Sensor transferred to different curvature surfaces. The targeted surface was wetted with water and
non-printed side of IESM was placed on the wet surface as shown in Fig. 6a—c. Due to the fibrous and porous
nature of IESM, it absorbs water droplets on the target surface upon coming in contact and it becomes a flexible
and soft. After the placement of IESM on an arbitrary surface as substrate, the membrane was dried with blowing
hot air. This process removes the trapped water inside the membrane and it is ready to test humidity on trans-
ferred substrate.

References

1. Zhang, Y. et al. Zinc oxide nanorod and nanowire for humidity sensor. Applied Surface Science 242, 212-217, https://doi.
org/10.1016/j.apsusc.2004.08.013 (2005).

2. Ren, X, Chan, P.K. L, Ly, ], Huang, B. & Leung, D. C. W. High Dynamic Range Organic Temperature Sensor. Advanced Materials
25, 1291-1295, https://doi.org/10.1002/adma.201204396 (2013).

3. Lee, D.-S., Han, S.-D., Huh, J.-S. & Lee, D.-D. Nitrogen oxides-sensing characteristics of WO3-based nanocrystalline thick film gas
sensor. Sensors and Actuators B: Chemical 60, 57-63, https://doi.org/10.1016/S0925-4005(99)00244-0 (1999).

4. Waghuley, S. A., Yenorkar, S. M., Yawale, S. S. & Yawale, S. P. Application of chemically synthesized conducting polymer-polypyrrole
as a carbon dioxide gas sensor. Sensors and Actuators B: Chemical 128, 366-373, https://doi.org/10.1016/j.snb.2007.06.023 (2008).

5. Wilson, A. et al. A photoactive carotenoid protein acting as light intensity sensor. Proceedings of the National Academy of Sciences
105, 12075 (2008).

6. Borini, S. et al. Ultrafast Graphene Oxide Humidity Sensors. ACS Nano 7, 11166-11173, https://doi.org/10.1021/nn404889b (2013).

7. Yawale, S. P,, Yawale, S. S. & Lamdhade, G. T. Tin oxide and zinc oxide based doped humidity sensors. Sensors and Actuators A:
Physical 135, 388-393, https://doi.org/10.1016/j.sna.2006.08.001 (2007).

8. Yao, Z. & Yang, M. A fast response resistance-type humidity sensor based on organic silicon containing cross-linked copolymer.
Sensors and Actuators B: Chemical 117, 93-98, https://doi.org/10.1016/j.snb.2005.10.051 (2006).

9. Hassan, G., Bae, ], Lee, C. H. & Hassan, A. Wide range and stable ink-jet printed humidity sensor based on graphene and zinc oxide
nanocomposite. Journal of Materials Science: Materials in Electronics 29, 5806-5813, https://doi.org/10.1007/s10854-018-8552-z
(2018).

10. Li, Y., Chen, Y., Zhang, C., Xue, T. & Yang, M. A humidity sensor based on interpenetrating polymer network prepared from
poly(dimethylaminoethyl methacrylate) and poly(glycidyl methacrylate). Sensors and Actuators B: Chemical 125, 131-137, https://
doi.org/10.1016/j.snb.2007.01.048 (2007).

11. Schubert, P. J. & Nevin, J. H. A polyimide-based capacitive humidity sensor. IEEE Transactions on Electron Devices 32, 1220-1223,
https://doi.org/10.1109/T-ED.1985.22104 (1985).

12. Yoo, K.-P. et al. Novel resistive-type humidity sensor based on multiwall carbon nanotube/polyimide composite films. Sensors and
Actuators B: Chemical 145, 120-125, https://doi.org/10.1016/j.snb.2009.11.041 (2010).

13. Rittersma, Z. M. Recent achievements in miniaturised humidity sensors—a review of transduction techniques. Sensors and
Actuators A: Physical 96, 196-210, https://doi.org/10.1016/S0924-4247(01)00788-9 (2002).

SCIENTIFIC REPORTS |

(2019) 9:5824 | https://doi.org/10.1038/s41598-019-42337-0 11


https://doi.org/10.1038/s41598-019-42337-0
https://doi.org/10.1016/j.apsusc.2004.08.013
https://doi.org/10.1016/j.apsusc.2004.08.013
https://doi.org/10.1002/adma.201204396
https://doi.org/10.1016/S0925-4005(99)00244-0
https://doi.org/10.1016/j.snb.2007.06.023
https://doi.org/10.1021/nn404889b
https://doi.org/10.1016/j.sna.2006.08.001
https://doi.org/10.1016/j.snb.2005.10.051
https://doi.org/10.1007/s10854-018-8552-z
https://doi.org/10.1016/j.snb.2007.01.048
https://doi.org/10.1016/j.snb.2007.01.048
https://doi.org/10.1109/T-ED.1985.22104
https://doi.org/10.1016/j.snb.2009.11.041
https://doi.org/10.1016/S0924-4247(01)00788-9

www.nature.com/scientificreports/

14. Zhu, Z.-T., Mason, J. T., Dieckmann, R. & Malliaras, G. G. Humidity sensors based on pentacene thin-film transistors. Applied
Physics Letters 81, 4643-4645, https://doi.org/10.1063/1.1527233 (2002).

15. Chen, M., Hsu, C. & Hsueh, T. Fabrication of Humidity Sensor Based on Bilayer Graphene. IEEE Electron Device Letters 35, 590-592,
https://doi.org/10.1109/LED.2014.2310741 (2014).

16. Azmer, M. I, Zafar, Q., Ahmad, Z. & Sulaiman, K. Humidity sensor based on electrospun MEH-PPV:PVP microstructured
composite. RSC Advances 6, 35387-35393, https://doi.org/10.1039/C6RA03628G (2016).

17. Conghui, Y. et al. CuO based inorganic-organic hybrid nanowires: a new type of highly sensitive humidity sensor. Nanotechnology
21, 415501 (2010).

18. Wei-Han, T., Chuan-Liang, H., Lung-Yu, S., Chien-Chang, H. & Tsai-Wang, C. In SENSORS, 2002 IEEE. 641-646 vol.641.

19. Sajid, M., Kim, H. B., Yang, Y.]., Jo, J. & Choi, K. H. Highly sensitive BEHP-co-MEH:PPV + Poly(acrylic acid) partial sodium salt
based relative humidity sensor. Sensors and Actuators B: Chemical 246, 809-818, https://doi.org/10.1016/j.snb.2017.02.162 (2017).

20. Ali, S., Hassan, A., Hassan, G., Bae, J. & Lee, C. H. All-printed humidity sensor based on graphene/methyl-red composite with high
sensitivity. Carbon 105, 23-32, https://doi.org/10.1016/j.carbon.2016.04.013 (2016).

21. Sajid, M. et al. Bio-compatible organic humidity sensor transferred to arbitrary surfaces fabricated using single-cell-thick onion
membrane as both the substrate and sensing layer. Scientific Reports 6, 30065, https://doi.org/10.1038/srep30065, https://www.
nature.com/articles/srep30065#supplementary-information (2016).

22. Maiti, S. et al. Bio-waste onion skin as an innovative nature-driven piezoelectric material with high energy conversion efficiency.
Nano Energy 42, 282-293, https://doi.org/10.1016/j.nanoen.2017.10.041 (2017).

23. Zhu, B. et al. Silk Fibroin for Flexible Electronic Devices. Advanced Materials 28, 4250-4265, https://doi.org/10.1002/
adma.201504276 (2015).

24. Hota, M. K., Bera, M. K,, Kundu, B., Kundu, S. C. & Maiti, C. K. A Natural Silk Fibroin Protein-Based Transparent Bio-Memristor.
Advanced Functional Materials 22, 4493-4499, https://doi.org/10.1002/adfm.201200073 (2012).

25. Ghosh, S. K. & Mandal, D. High-performance bio-piezoelectric nanogenerator made with fish scale. Applied Physics Letters 109,
103701, https://doi.org/10.1063/1.4961623 (2016).

26. Chen, Y.-C. et al. Nonvolatile Bio-Memristor Fabricated with Egg Albumen Film. Scientific Reports 5, 10022, https://doi.org/10.1038/
srep10022 (2015).

27. Li, Z. et al. Carbonized Chicken Eggshell Membranes with 3D Architectures as High-Performance Electrode Materials for
Supercapacitors. Advanced Energy. Materials 2, 431-437, https://doi.org/10.1002/aenm.201100548 (2012).

28. Wu, B,, Zhang, G., Shuang, S. & Choi, M. M. F. Biosensors for determination of glucose with glucose oxidase immobilized on an
eggshell membrane. Talanta 64, 546-553, https://doi.org/10.1016/j.talanta.2004.03.050 (2004).

29. Karan, S. K. et al. A new insight towards eggshell membrane as high energy conversion efficient bio-piezoelectric energy harvester.
Materials Today Energy 9, 114-125, https://doi.org/10.1016/j.mtener.2018.05.006 (2018).

30. Mogera, U,, Sagade, A. A, George, S. J. & Kulkarni, G. U. Ultrafast response humidity sensor using supramolecular nanofibre and its
application in monitoring breath humidity and flow. Scientific Reports 4, 4103, https://doi.org/10.1038/srep04103, https://www.
nature.com/articles/srep04103#supplementary-information (2014).

31. Aziz, S. et al. Fabrication of ZnSnO3 based humidity sensor onto arbitrary substrates by micro-Nano scale transfer printing. Sensors
and Actuators A: Physical 246, 1-8, https://doi.org/10.1016/j.sna.2016.04.059 (2016).

32. Linder, V., Gates, B. D., Ryan, D., Parviz, B. A. & Whitesides, G. M. Water-Soluble Sacrificial Layers for Surface Micromachining.
Small 1,730-736, https://doi.org/10.1002/smll.200400159 (2005).

33. Zhou, Y., Hu, L. & Griiner, G. A method of printing carbon nanotube thin films. Applied Physics Letters 88, 123109, https://doi.
0rg/10.1063/1.2187945 (2006).

34. Armitage, O. E,, Strange, D. G. T. & Oyen, M. L. Biomimetic calcium carbonate-gelatin composites as a model system for eggshell
mineralization. Journal of Materials Research 27, 3157-3164, https://doi.org/10.1557/jmr.2012.379 (2012).

35. Carrino, D. A. et al. The Avian Eggshell Extracellular Matrix as a Model for Biomineralization. Connective Tissue Research 35,
325-328, https://doi.org/10.3109/03008209609029207 (1996).

36. Wolken, J. J. Structure of hen’s egg membranes. The Anatomical Record 111, 79-89, https://doi.org/10.1002/ar.1091110106 (1951).

37. Tsai, W. T. et al. Characterization and adsorption properties of eggshells and eggshell membrane. Bioresource Technology 97,
488-493, https://doi.org/10.1016/j.biortech.2005.02.050 (2006).

38. Naemchanthara, K., Meejoo, S., Onreabroy, W. & Limsuwan, P. Temperature Effect on Chicken Egg Shell Investigated by XRD, TGA
and FTIR. Advanced Materials Research 55-57, 333-336, https://doi.org/10.4028/www.scientific.net/ AMR.55-57.333 (2008).

39. Wong, M., Hendrix, M. J. C., von der Mark, K, Little, C. & Stern, R. Collagen in the egg shell membranes of the hen. Developmental
Biology 104, 28-36, https://doi.org/10.1016/0012-1606(84)90033-2 (1984).

40. Nakano, T., Ikawa, N. I. & Ozimek, L. Chemical composition of chicken eggshell and shell membranes. Poultry Science 82, 510-514,
https://doi.org/10.1093/ps/82.3.510 (2003).

41. Murakami, E S., Rodrigues, P. O., Campos, C. M. T. D. & Silva, M. A. S. Physicochemical study of CaCO3 from egg shells. Food
Science and Technology 27, 658-662 (2007).

42. Rodriguez-Navarro, A. B., Marie, P,, Nys, Y., Hincke, M. T. & Gautron, J. Amorphous calcium carbonate controls avian eggshell
mineralization: A new paradigm for understanding rapid eggshell calcification. Journal of Structural Biology 190, 291-303, https://
doi.org/10.1016/j.jsb.2015.04.014 (2015).

43. Clarke, A. J. & Perry, R. N. Egg-shell permeability and hatching of Ascaris suum. Parasitology 80, 447-456, https://doi.org/10.1017/
$0031182000000913 (1980).

44. Agnew, N. The Corrosion Of Egg Shells By Acetic Acid Vapour. ICCM Bulletin 7, 3-9, https://doi.org/10.1179/iccm.1981.7.4.003
(1981).

Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea
government (MSIP) (NRF-2016R1A2B4015627).

Author Contributions
J.B. conceived the research. M.U.K. realized the sensor device. M.UK. and G.H. performed the experiment and
took the measurement. J.B., M.UK. and G.H. wrote the manuscript and implications at all stages.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS| (2019) 9:5824 | https://doi.org/10.1038/s41598-019-42337-0 12


https://doi.org/10.1038/s41598-019-42337-0
https://doi.org/10.1063/1.1527233
https://doi.org/10.1109/LED.2014.2310741
https://doi.org/10.1039/C6RA03628G
https://doi.org/10.1016/j.snb.2017.02.162
https://doi.org/10.1016/j.carbon.2016.04.013
https://doi.org/10.1038/srep30065
https://www.nature.com/articles/srep30065#supplementary-information
https://www.nature.com/articles/srep30065#supplementary-information
https://doi.org/10.1016/j.nanoen.2017.10.041
https://doi.org/10.1002/adma.201504276
https://doi.org/10.1002/adma.201504276
https://doi.org/10.1002/adfm.201200073
https://doi.org/10.1063/1.4961623
https://doi.org/10.1038/srep10022
https://doi.org/10.1038/srep10022
https://doi.org/10.1002/aenm.201100548
https://doi.org/10.1016/j.talanta.2004.03.050
https://doi.org/10.1016/j.mtener.2018.05.006
https://doi.org/10.1038/srep04103
https://www.nature.com/articles/srep04103#supplementary-information
https://www.nature.com/articles/srep04103#supplementary-information
https://doi.org/10.1016/j.sna.2016.04.059
https://doi.org/10.1002/smll.200400159
https://doi.org/10.1063/1.2187945
https://doi.org/10.1063/1.2187945
https://doi.org/10.1557/jmr.2012.379
https://doi.org/10.3109/03008209609029207
https://doi.org/10.1002/ar.1091110106
https://doi.org/10.1016/j.biortech.2005.02.050
https://doi.org/10.4028/www.scientific.net/AMR.55-57.333
https://doi.org/10.1016/0012-1606(84)90033-2
https://doi.org/10.1093/ps/82.3.510
https://doi.org/10.1016/j.jsb.2015.04.014
https://doi.org/10.1016/j.jsb.2015.04.014
https://doi.org/10.1017/S0031182000000913
https://doi.org/10.1017/S0031182000000913
https://doi.org/10.1179/iccm.1981.7.4.003

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:5824 | https://doi.org/10.1038/s41598-019-42337-0 13


https://doi.org/10.1038/s41598-019-42337-0
http://creativecommons.org/licenses/by/4.0/

	Bio-compatible organic humidity sensor based on natural inner egg shell membrane with multilayer crosslinked fiber structur ...
	Results and Discussion

	SEM of IESM and IDEs. 
	2D and 3D Nano profile of IDEs. 
	FTIR of IESM. 
	EDS mapping of IESM. 
	Impedance response. 
	IESM mounted on arbitrary surfaces. 
	Capacitance response. 
	Transient response. 
	Mechanism. 
	Hysteresis curve. 

	Conclusion

	Materials and Methods

	Characterizations. 
	Materials. 
	IESM processing. 
	Sensor fabrication. 
	Humidity analysis. 
	Sensor transferred to different curvature surfaces. 

	Acknowledgements

	Figure 1 (a) The Processing of the IESM.
	Figure 2 (a) Structural image of hen egg.
	Figure 3 (a) Cross sectional image of IESM.
	Figure 4 (a) EDS mapping SEM image of IES.
	Figure 5 Impedance response of the sensor 1 at (a) 1 kHz and (b) 10 kHz.
	Figure 6 Images of the fabricated sensor on IESM transferred to various shaped as a substrates: (a) plant stem as a substrate with 5.
	Figure 7 Capacitance response of the sensor 1 at (a) 1 kHz and (b) 10 kHz.
	﻿Figure 8 Transient response of (a) sensor 1 and (b) sensor 2.
	Figure 9 (a) Sensing mechanism of the IESM showing adsorption of water molecules and resulting ionic current flow through the thin film.
	Figure 10 Impedance response hysteresis curve of (a) sensor 1 and (b) sensor 2 showing abortion and desorption from RH 0–90% at 1 kHz.
	Figure 11 (a) Schematic diagram of the humidity verification setup.
	Table 1 Comparison of Egg membrane humidity sensor with onion membrane humidity sensor.




