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Generally, physical objects connected to the internet, directly communicating with others, are limited to personal 

computers and smartphones. However, with the advent of IoT, many other physical objects will interconnect and 

communicate through the internet, enabling the automatic and remote control of the environment. The effectiveness of 

this system will depend on our ability to collect data on the environment. Transducers are materials that gather 

information about the environment and transform it into electrical signals. Therefore, the discovery of potential 

transducer materials has become the need of the hour.  

In this study, we investigate the potential of a microcrystalline cellulose (MCC) sheet for remote humidity sensing. The 

variation in MCC’s incremental moisture adsorption with relative humidity shows a sharper change at higher 

humidities, comparable to tropical climatic conditions. The findings of the study reveal that the relative humidity (RH) 

changes can be converted to electrical signals by an MCC sheet, and the linearity of this transduction depends on the 

frequency. The highest linearities can be obtained at lower frequencies, and the level of sensitivity of this transducer 

also depends on the frequency. Better sensitivities are observed at lower frequencies. Therefore, the MCC-sheet 

transducer is more appropriate for remote sensors operating at lower frequencies.  
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INTRODUCTION 
Natural materials are the primary source of all 

technological products. Besides minerals and 

petroleum, plants are the other largest source of 

natural materials.
1
 Plant-derived cellulose holds a 

vital position as the most abundant natural 

biopolymer on the earth.2-6 The cellulose polymer 

is composed of D-glucose units linked through 

β(1-4) glycosidic bonds (Fig. 1). The mechanical 

properties of cellulose, and specifically, those of 

microcrystalline cellulose (MCC) fibers have 

been widely investigated. The results recommend 

microcrystalline cellulose as a good reinforcing 

filler for polymer composites.
7-23 

Though cellulose is a cost-effective dielectric 

material, with a dielectric constant between 3.2-

7.5, the application of MCC in the field of 

electrical technologies is limited.
20-24

 This is 

mainly   because  the  electrical  characteristics  of  

 

 

microcrystalline cellulose are not known well 

enough  yet.  Understanding  these  properties  is 

important in finding engineering applications for 

these materials.
25

 As all dielectrics, though their 

electrical conductivity is very low,
26

 they get 

polarized in an electric field. The polarization of 

dielectrics can occur due to various mechanisms. 

When a dielectric is subjected to an electric field, 

its charge distribution changes and becomes 

aligned with the external field.
27

 Due to this, a 

capacitor can store energy in the form of an 

electric field. When a dielectric is subjected to an 

AC field, instead of an external DC electric field, 

the dipole alignments of the dielectric will 

respond to the external field variations. The AC 

dielectric constant depends upon the frequency of 

the applied field, temperature, and chemical or 

physical structure of the material.28 
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The ratio of the capacitance of a dielectric-

filled capacitor to the vacuum or air-filled 

capacitor is recognized as a measure of 

polarization of the dielectric and is also called 

dielectric constant:29 

             (1) 

Recent developments in the area of Internet of 

Things (IoT), which connects objects to the 

worldwide network, have opened new 

perspectives, raising the interest in materials 

properties. The IoT has created a demand for 

developing or re-engineering materials as smart 

functional devices that can gather information 

about the environment.
30,31

 Easy to make, flexible 

and cheap, natural materials are the best 

candidates for these purposes,32 and MCC does 

fulfill all the required criteria.
33

 Also, it can be 

easily converted into paper form, and paper is 

widely used as a packing material.34 Hence, if 

MCC based paper is converted into an active 

device, which can gather information about its 

environment, it will be very useful in the present 

context.  

 

 

 

 

Figure 1: Chemical structure of cellulose 

 

In this work, MCC-based transducer materials 

are studied in detail to explore their potential as 

capacitive humidity sensors. Tropical climates are 

the most challenging environment to control 

humidity, and these hot and humid conditions 

pose challenges in protecting food, drugs, and 

electronic and optical devices from moisture 

attacks. The incremental moisture adsorption of 

MCC with relative humidity shows a sharper 

variation at higher humidity levels than regular 

cellulose. With this property and its lower cost, 

compared to nano-sized cellulose, it is interesting 

to know how well the moisture sensitivity of 

MCC can be converted to an electrical signal, as 

there is lack of published literature in this area. 

This investigation focuses on the responses of 

MCC sheet transducer materials to RH, in terms 

of accuracy and sensitivity, under tropical 

environmental conditions.
20,35,36,37 

 

EXPERIMENTAL  
Raw materials 

MCC was received from Sisco Research Lab. Pvt. 

Ltd., India. Sodium chloride (NaCl) and 99.5% 

potassium chromate (K2CrO4) were purchased from 

LOBA Chemie Pvt. Ltd, India. 99% Sodium nitrate 

(NaNO3), 99.5% potassium iodate (KIO3), 99% 

sodium sulfate anhydrous (Na2SO4), from DAEJUNG 

Chemicals, Korea, and 99.5% sodium hydrogen 

carbonate (NaHCO3), from Fluka Chemie, were used 

for the preparation of saturated salt solutions. 

 

MCC sheet preparation 
A suspension of microcrystalline cellulose was 

prepared, using hot distilled water, and was subjected 

to intense beating. After that, a pulp was obtained and 

it was spread to form sheets, according to the standard 

SCAN-CM 64:00 (Scandinavian Pulp, Paper and 

Board Testing Committee) method for the preparation 

of laboratory sheets.
20

 In the original method, flat-

metal drying plates, blotters (contained no wet strength 

agents), and a template (to facilitate the positioning of 

the sheets) were used. The sheet former with a 

drainage valve, as per the original method, was 

replaced with a wooden frame and a microscale pore 

mesh. The sample was dried using the blotters and 

pressure plates. The compression pressure of 400 ±10 

kPa was applied evenly for 3 minutes at 100 °C and 

then sheets were kept under reduced pressure, of about 

3 kPa, for 48 h to prevent shrinking. The sheets were 

removed from the drying plates and cut to the desired 

dimensions (in this case, of 22 mm × 23 mm). Except 

some specified steps, all the other procedures were 

carried out at room temperature (25 °C). 

 

Capacitance measurements 
A parallel plate capacitor was made with two 

copper plates sandwiching the MCC sheet. The 

capacitance value of this fabricated capacitor was 

measured under different humidity conditions, using an 
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LCR (inductance – capacitance – resistance) tester at 

different frequencies.  

 

Different humidity conditions created with 

saturated salt solutions 
Solubility data for the salts used, at 25 °C, were 

obtained from an online reference.
20,39

 All the solutions 

were prepared using Milli-Q water. 200 mL of Milli-Q 

water was mixed with the appropriate amount of salt to 

make a saturated salt solution under vigorous stirring. 

The saturated solutions and a sample piece of the MCC 

sheet were kept in an enclosed system at room 

temperature. This procedure ensured the equilibrium of 

water vapor with the solution. 

The mass of the MCC sample was measured at 

certain time intervals until it became constant. This 

occurs when the system has reached equilibrium
40

 and, 

the vapor pressure of the enclosed environment is 

equal to the saturated vapor pressure of the salt 

solution. The saturated vapor pressure data of these 

solutions were obtained from the literature. They were 

regressed with the capacitance of the MCC sheets to 

examine the response of MCC. 

 

RESULTS AND DISCUSSION 

Dielectric behavior of MCC sheets  
The AC capacitance of an MCC sheet shows 

an exponential decay type variation with 

frequency. The AC capacitance of the MCC sheet 

samples, with varying thicknesses, was measured 

at different frequencies, ranging from 50 Hz to 5 

MHz. The capacitance–frequency variations are 

given in Figure 2. It is worth noting that the log 

frequency values are plotted against the 

capacitance. As expected, the capacitance values 

at all frequencies depend on the sheet thickness. 

 

Effect of moisture on dielectric behavior  

The MCC sheet adsorbed a fair amount of 

moisture when exposed to ambient conditions 

(Fig. 3).
11,41

 The equilibrium moisture content 

adsorption and desorption isotherms of cellulose 

and microcrystalline cellulose show sigmoidal 

variation with RH, typical of cellulosic 

materials.42 The incremental change in moisture 

content with RH curve shows that MCC displays 

sharper variation above RH 85%, compared to 

regular cotton.42 This RH range is typical of 

tropical climates. 

The moisture adsorption has a direct effect on 

the dielectric properties of an MCC sheet. The 

dielectric constant of a material is a function of 

temperature and frequency.
28

 The moisture effect 

on the dielectric behavior of the MCC sheet is 

clearly visible in the variations depicted in Figure 

3. The data show a significant dielectric 

enhancement after moisture adsorption. For 

example, the desorption of adsorbed moisture by 

vacuum reduces the dielectric constant by about 

30%. This observation confirms the potential of 

MCC as a transducer material for capacitive 

sensors.  

The MCC sheet shows two significant steps of 

weight loss due to thermal degradation.43,44 In the 

first step, a small weight loss was observed below 

100 °C due to the removal of absorbed water and 

other volatiles (Fig. 4).45 Moisture adsorption onto 

the MCC sheet could take several mechanistic 

paths and, thereby, it displays different binding 

affinities, such as tightly bound, loosely bound 

and bulk water.
46

  

 

  
Figure 2: Capacitance values of four MCC sheets 

(thickness of 0.454 mm, 0.462 mm, 0.590 mm, 0.756 

mm); log frequency values are used in the horizontal axis 

Figure 3: Capacitance variations of vacuumed (circles) 

and non-vacuumed (squares) MCC samples 
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Figure 4: TGA thermogram of MCC 

 

Table 1 

Vapor pressure data at 25 °C (298 K) 

 

Salt 
Solubility  

per 100 g of H2O (g) 

Vapor pressure 

at 25 °C (kPa) 

Relative humidity 

at 25 °C (%) 

NaCl 26.45 2.48 77.74 

KIO3 9.16 3.0814 96.59 

NaNO3 88.00 2.383 74.70 

Na2SO4, 21.94 3.08 96.55 

K2CrO4 65.00 2.75 86.50 

NaHCO3 9.32 3.18 99.68 

H2O - 3.19 - 

 

At first, water molecules connected with the 

hydroxyl (OH) groups on two carbon six (C-6) 

atoms in the cellulose structure, which are in the 

amorphous region of cellulose.46 Consequently, at 

low humidity, the adsorbed water molecules bind 

tightly to the cellulose, however at higher relative 

humidity (RH) values, molecules lose their 

binding strength.46 Under these high RH 

conditions, hydrogen bonds between cellulose 

chains collapse to accommodate more water 

molecules.46 When the RH is as high as 60%, 

adsorbed water molecules tend to bind with other 

water molecules, and the result is a loosely 

packed bulk liquid phase.46 

The permittivity (or the dielectric constant) of 

a material represents its ability to polarize in 

response to an applied field. The loosening of 

polar groups at higher RH, therefore, could also 

assist the dielectric constant increase.
47

 The other 

possibility for this increase is the discharge of the 

ions in the cellulose fiber at higher RH.
47 

 

Potential of the MCC sheet as a transducer 

material  
A parallel plate capacitor was made using the 

MCC sheet as a dielectric material, as described 

in the experimental procedure, and capacitance 

values were measured under different humidity 

conditions. Table 1 summarizes the saturated 

vapor pressure values and the corresponding 

relative humidity (RH%) values48,49,50,51 of the six 

different salt solutions used in this experiment. 

 

Selecting frequency for the sensor  

This transducer material is meant to convert 

RH value changes to an electrical signal 

(capacitance). Though the linear response is 

always preferred,
52

 almost all transducers 

associate with some non-linearity in their 

responses. These non-linearities could lead to 

providing non-accurate linear equivalents. In 

actual applications, the tolerable degree of error 

varies. However, it is vital to understand the 

inherent non-linearities of the transducer response 

in sensor designing.  

Therefore, the collected capacitance values (at 

different RH) were linearly regressed on RH 

values, and the results are shown in Figure 5. The 

goodness of fit, R-squared, can be used as a 

measure of transducer response linearity.
52

 

According to Figure 6, lower frequencies provide 
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more linear responses, and with the increase of 

frequency, linearity exponentially decreases. 

The sensitivity of a transducer is another vital 

parameter in sensor development. Sensitivity is 

defined as the ratio between the output, dielectric 

change, and the input, RH change. In other words, 

it can be defined as an output capacitance change 

for a given change in input parameter, RH. 

Therefore,  can be taken as a measure of 

sensitivity. It is a partial derivative, as the 

transducer material exhibits sensitivities to other 

ambient or operating parameters. The gradient 

variation of RH vs capacitance (dielectric) graphs 

with frequency is given in Figure 7. It is obvious 

from the graph (Fig. 7) that the highest 

sensitivities can be achieved at the lowest 

frequencies, while with the increase of 

frequencies, sensitivity drops exponentially. 

 

 

 
Figure 5: Capacitance variation with RH at different frequencies (solid squares – 50 Hz, solid circles – 500 Hz, 

hollow circles – 5000 Hz, hollow squares – 50000 Hz, solid triangles – 500000 Hz, solid stars – 500000 Hz) 

  
Figure 6: R-squared variation with frequency 

 Figure 7: Variation of gradient  vs frequency 

 

These data suggest that damped RLC resonator 

circuits can be employed with the MCC sheet as a 

dielectric material for the capacitor in 

constructing humidity sensors. Such setup will 

allow monitoring temperature variations with the 

resistance variations and correct them. 

 

CONCLUSION 

Concepts, such as that of IoT, have created an 

immense demand for real-time data acquisition 

regarding the environment and the human body. 

The revolutionary advancement of 

communication technology has made profound 

changes in the field of measurement systems. The 

points or locations that are not within reach can 

now be monitored in real-time. For such 

applications, it is necessary to identify potential 

transducer materials that can convert 

environmental changes to electrical signals.  

In the current study, electrical properties of an 

MCC sheet were investigated to assess its 

suitability as a transducer material to convert RH 

changes to electrical signals. The capacitance of 

the MCC sheets has been found to be sensitive to 
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moisture adsorption. The study results have 

demonstrated the potential of MCC as a 

transducer material to convert RH variations to 

electrical signals (in this case, dielectric constant 

values).  

Generally, hot and humid tropical climates 

are the most challenging climatic zone, as far as 

humidity control is concerned. MCC exhibits 

sharper moisture adsorption behavior in the RH 

range of interest, making it a suitable candidate 

for humidity sensing. In addition, it was the 

investigation revealed that, at low frequencies, 

both the sensitivity and the accuracy of the 

transducer increases.  
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